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Abstract

Multidrug-resistant (MDR) bacteria pose a significant global health challenge, rendering many conventional antibiotics
ineffective. Nanomaterials have emerged as a potential solution to combat this growing threat. The objective of this study is
to evaluate the effectiveness of various nanomaterials in treating MDR bacteria and identify trends in their mechanisms of
action, efficacy against different bacterial strains, and potential synergistic effects with conventional antibiotics. This study
was conducted as a systematic literature review following PRISMA guidelines. For articles published from inception until
April 2024, a comprehensive literature search was conducted in PubMed, Cochrane Library, Dimensions, and Google Scholar.
Of the 7022 potential articles assessed, 19 met the inclusion criteria. Nanomaterials, especially silver nanoparticles, showed
significant antimicrobial activity against MDR bacteria. The efficacy against MDR bacteria was influenced by factors such as
surface charge, particle size, and combination with conventional antibiotics. Positively charged silver nanoparticles showed
the highest bactericidal activity. The combination of nanoparticles demonstrated significantly enhanced antimicrobial effects
compared to single-element nanoparticles (P <0.01). Synergistic results were produced by combining nanoparticles with
antibiotics. This review explores the potential of nanomaterials in combating MDR bacteria.
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1 Introduction

Antimicrobial resistance (AMR) is among the twenty-first
century’s most catastrophic and widely researched health-
care issues. The World Health Organization (WHO) has
ranked AMR as one of the top ten threats to the global pop-
ulation, which shows a need for new strategies to address
this challenge [1]. As traditional antibiotics have proven
less effective when it comes to these resistant pathogens,
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it is imperative to seek new strategies for containing these
bacteria [2]. Hence, nanomaterials have emerged as a viable
strategy for developing new antimicrobial compounds and
enhancing the existing treatment modalities.

The development of antibiotic resistance is a gradual
process accelerated by the increased misuse and overuse
of antimicrobial agents in medical practice and agriculture
[3]. Bacteria can develop antibiotic resistance in multiple
ways, including target site modification, enzymatic antibi-
otic degradation, efflux pumps, and alteration of the outer
membrane permeability [4]. This has led to the evolution of
several resistant genes, especially the horizontal gene trans-
fer, which has produced MDR strains resistant to several
antibiotic classes [5].

Among them are methicillin-resistant Staphylococcus
aureus (MRSA), vancomycin-resistant Enterococci (VRE),
and carbapenem-resistant Enterobacteriaceae (CRE), which
are classified as either severe or urgent by the CDC [6]. Fig-
ure 1 shows the classification of common MDR bacteria.

The consequences of AMR are significant and predomi-
nantly unfavorable. AMR could cost 1.2 trillion USD and
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Fig. 1 The classification of
common MDR bacteria
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annually kill between 20 and 40 million people if no meas-
ures are taken [7]. The effects of AMR are that it does not
only affect mortality rates but also food security, economic
development, and health [8]. The COVID-19 pandemic
has further highlighted the understanding of global health
issues’ interconnectivity and the need to search for different
solutions.

With this threat still developing, the scientific community
has turned its focus to the application of nanotechnology.
Nanomaterials are materials with at least one physical prop-
erty feature within 1 to 100 nm, providing unique properties
for antimicrobial activity [9]. These characteristics include
high surface area-volume ratios, greater reactivity, and the
ability to interact with biological systems at the molecular
level [10]. Various types of nanomaterials have also been
examined for their antibacterial effects, such as metal nano-
particles (silver, gold, copper), metal oxide nanoparticles
(zinc oxide, titanium oxide), and carbon nanomaterials (gra-
phene oxide, carbon nanotubes) [11]. Among these, silver
nanoparticles, especially AgNPs, have gained much interest
because of their broad-spectrum antimicrobial activity and
non-toxicity to human cells [12]. Silver has been known to
possess antimicrobial properties and used to treat infection
in wounds and burns for some time [13]. Nanoformulations
of silver particles show enhanced antimicrobial efficiency
compared to bulk silver mainly because of the enhanced
surface area and unique physiochemical characteristics [14].

Nanomaterials have several possible advantages for com-
bating MDR bacteria. Most nanomaterials exhibit multiple
modes of action against bacteria [15]; they can disrupt bacte-
rial cell membranes, produce reactive oxygen species (ROS)
[16], and interfere with bacterial metabolism [17]. Addi-
tionally, they inhibit biofilm formation, which makes them
effective against resistant strains and reduces the likelihood
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of further resistance development. Figure 2 illustrates the
role of common nanomaterials in combating MDR bacteria,
although the potential for resistance cannot be entirely ruled
out. Furthermore, nanomaterials have a potential synergetic
effect when used with conventional antibiotics [18]. Several
works indicate that nanoparticles enhance the action of anti-
biotics against resistant bacteria, suggesting the ability to use
smaller antibiotic dosages or resensitization of bacteria to
previously effective drugs [19]. This combination technique
may help to conserve the existing stock of antibiotics and
provide solutions to treat MDR infections [20].

Moreover, the possibility of using nanomaterials in the
design of lateral flow rapid diagnostic tests for MDR bacte-
ria has been considered to improve the rational use of anti-
biotics [21]. However, there are some disadvantages and
concerns regarding applying nanomaterials against MDR
bacteria. The two main concerns are the characteristics of
stability of nanomaterials and the consequences on human
beings and the environment in the long course of use [22];
these areas require more extensive comprehensive studies
before these nanomaterials go for general use in clinical set-
tings. Some problems that need to be addressed include tox-
icity to human cells, its accumulation in tissue, and effects
on other species in ecosystems. Nevertheless, the current
approaches of nanoparticle fabrication should be flexible and
cost-effective to be integrated into the healthcare system.

The legal requirements for nanomaterial-based antimi-
crobials are also evolving. Currently, the US Food and Drug
Administration (FDA) and the European Medicines Agency
(EMA) are developing appropriate regulatory policies for
the assessment of Nano-therapies and antimicrobial nano-
materials [23]. One of the primary regulatory challenges is
the characterization of physicochemical properties, which
are crucial for understanding the behavior of nanomaterials
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Fig.2 The role of common nanomaterials in combating MDR bacteria

in biological systems. This includes assessing their size,
shape, surface charge, and composition, all of which can
influence their pharmacokinetics and pharmacodynamics.
Regulatory bodies such as the FDA and EMA have empha-
sized the need for robust characterization methods to ensure
consistent quality and performance of nanomedicines [24,
25]. Another significant hurdle is the assessment of nanotox-
icity. Due to their small size and high surface area, nanoma-
terials can interact with biological systems in unpredictable
ways, potentially leading to oxidative stress, genotoxicity,
and other adverse effects. Current regulatory guidelines
often lack specific provisions for nanoscale materials, which
complicates the evaluation of their safety profiles. This has
led to calls for developing nanospecific testing protocols to
predict better potential risks associated with nanomedicines
[26, 27].

The manufacturing process of nanomedicines also pre-
sents regulatory challenges. The complexity of these pro-
cesses can lead to variability in product quality, making it
essential to establish stringent quality control measures.
Implementing Quality by Design (QbD) approaches has
been recommended to address these issues, ensuring that
critical quality attributes are consistently met throughout the
production process [24, 28]. Based on the study’s findings,
the development of nanomaterials and their transition to
clinics will necessitate the revision of many guidelines and
the standardization of testing protocols. As the research and
application of nanomaterial-based antimicrobials continue,

collaboration between material scientists, microbiologists,
pharmacologists, and clinicians will be essential. Such
collaborations can lead to advancements in the design of
nanoparticles, the identification of pathways, and the opti-
mization of the efficacy and safety of nanomaterial-mediated
therapies for MDR infections.

Given the need to develop new strategies to combat
AMR and the potential of nanomaterials in this fight, the
following systematic review aims to offer a critical review
of the literature on using nanomaterials in managing MDR
bacteria. By synthesizing and analyzing the available evi-
dence, this review seeks to evaluate the efficacy of various
nanomaterials and the potential of the mutual influence of
nanomaterials and traditional antibiotics against MDR bac-
terial strains. The following comprehensive analysis should
provide insights that would aid in designing novel nanoma-
terial-based strategies for overcoming the global issue of
MBDR bacteria.

2 Materials and Methods

2.1 Research Approach

This study was conducted as a systematic literature review
focusing on nanomaterials’ role in treating MDR bacteria.

Preferred Reporting Items for Systematic Review and Meta-
Analysis (PRISM A2020) guidelines [29] were used to find
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relevant published studies. This review evaluated nanomate-
rials’ effectiveness in treating MDR bacteria and compared
this efficacy to standard antibiotic treatments. Studies ful-
filling the modified PICOS criteria were selected [30]. The
PICOS criteria for eligible studies were defined as follows;

Population (P): The range of microorganisms included
the Gram-positive bacteria Staphylococcus aureus, Pseu-
domonas aeruginosa, Escherichia coli, and Proteus vul-
garis.

Intervention (I): Treatment using different nanomaterial
particles.

Comparison (C): Treatment using standard antibiotics
without nanomaterials.

Outcomes (O): Reduced rate of bacterial infections and
antibiotic resistance.

Study design (S): Experimental studies, including
in vitro, in vivo, and clinical trials, evaluated the role of
nanomaterials in the treatment of MDR bacteria.

2.2 Publication Search

A comprehensive electronic database search was conducted
via PubMed, Cochrane Library, Dimensions, and Google
Scholar to retrieve scholarly articles evaluating nanomateri-
als’ role in treating MDR bacteria. Web of Science and Sco-
pus were not included in the search strategy due to their over-
lap with the selected databases and the focus on biomedical
literature, which is well-covered by PubMed and Cochrane
Library. Additionally, Google Scholar was included to cap-
ture grey literature and ensure a broad coverage of relevant
studies. The following keywords were utilized in different
combinations to optimize the search in different databases:
Nanoparticles OR nanomaterial OR nanotechnology, OR
“multidrug-resistant bacteria” OR MDR, and treatment OR
therapy, as shown in Table 1 (Appendix).

2.3 Inclusion and Exclusion Criteria
Inclusion criteria

i. Scholarly articles published in the English language
or could be translated into the English language.
ii. Scholarly articles focused on nanomaterials’ role in
treating multi-drug-resistant bacteria.
iii. Scholarly experimental articles, i.e., in vitro, in vivo,
and observational studies.

Exclusion criteria

i. Scholarly research articles that duplicated or contin-
ued the work of previous publications, opinion pieces,
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reviews, abstracts, or editorial articles that did not
have precise methods or results.
ii. Scholarly research articles that deviated from the role
of nanomaterials in the treatment of MDR bacteria.
iii. Scholarly research articles were conducted on plants.

2.4 Study Selection and Extraction

After completing the initial search strategy, studies were sys-
tematically selected through title and abstract screening to
eliminate ineligible articles. Full texts of the remaining stud-
ies were additionally assessed based on the specified inclu-
sion and exclusion criteria. The following data sets were
systematically extracted from the included studies: study,
study design, study settings, type of nanomaterial, targeted
bacteria, method of nanomaterial application, outcomes, and
findings. Extracted data were tabulated in an Excel work-
book using Microsoft Excel software version 2019.

2.5 Data Synthesis and Statistical Analysis

Extracted data were thematically analyzed and reported
according to the following predominant themes: antimicro-
bial efficacy and bacteria response. A meta-analysis was not
conducted due to insufficient quantitative data from included
studies.

2.6 Methodological Quality Assessment

The Joanna Briggs Institute critical appraisal checklist for
cohort study was used to assess the methodological quality
of the included studies.

2.7 Evidence Certainty Assessment

The quality of evidence for each outcome was assessed using
the Grading Recommendations to Assess Development
and Evaluation System (GRADE), one of the international
standards for the quality of evidence and the classification
of recommendation strength [31]. Moreover, the quality of
the evidence can be classified into four levels: I (high), II
(moderate), III (low), and IV (very low).

3 Results
3.1 Study Selection Outcome

A total of 7022 articles were identified, of which 309 were
in PubMed, 1 in Cochrane Library, 3252 in Dimensions,
and 3460 in Google Scholar. Of the 7022 relevant citations,
2307 were duplicates, and 3273 articles were eliminated due
to lack of concise methods and results to be evaluated. After
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checking the titles and abstracts against the inclusion crite-
ria, 108 potentially relevant studies were sought for retrieval
and subsequently retrieved. After screening the complete
text, 89 articles were excluded. The reasons for exclusion
were articles did not focus on the role of nanomaterials in
the treatment of MDR bacteria, case reports, and system-
atic reviews. Nineteen articles were considered eligible for
review after screening, as shown in Figure 3 (Appendix).

3.2 Methodological Quality Assessment

The results of the methodological quality assessment are
summarized in Table 3 (Appendix). The tool assessed the
quality of each study through several parameters, includ-
ing group similarity, exposure measurement, validity and
reliability of measurements, identification and handling of
confounding factors, outcome measurement, follow-up pro-
cedures, and statistical analysis. All studies in the final col-
umn (overall) received an “include” status, indicating they
met the minimum quality standard for inclusion.

3.3 Main Study Characteristics

A summary of the characteristics of included studies in
terms of the author, study design, study settings, type of
nanomaterial, targeted bacteria, method of nanomaterial
application, outcomes, and findings has been provided in
Table 2 (Appendix). All the included studies were in vitro
experimental studies. The studies were published between
2009 and 2022, and most were conducted in India. The pri-
mary outcome measures were antimicrobial activities, bac-
terial growth, and minimum inhibition concentration levels
of nanoparticles.

3.4 Outcomes
3.4.1 Antimicrobial Efficacy

Numerous studies assessed various nanoparticle antimi-
crobial efficacy, especially silver nanoparticles (AgNPs),
against different MDR bacterial strains. For instance,
according to an investigation by Abbaszadegan et al. [32]
on the impact of surface charge on bacterial activity, it was
revealed that silver nanoparticle surface charge was a sig-
nificant factor in terms of impacting bacterial activity. The
highest bacterial activity against various tests performed
on microorganisms was recorded from an experiment that
had silver nanoparticles that were positively charged, with
the least bacterial activity being shown by the negatively
charged silver nanoparticles and intermediate bacterial
effects being manifested by neutrally charged silver nanopar-
ticles [32]. Similarly, research by Almalah et al. [33] showed
that AgNPs synthesized using C. zeylanica extract exhibited

strong antibacterial activity against both Gram-positive and
Gram-negative bacteria, with S. aureus, A. baumannii, P.
aeruginosa, and K. pneumonia producing inhibition zone
diameters of 25, 22, 24, and 24 mm, respectively.

A comparison of the antimicrobial abilities of different
types of silver nanoparticles was made by Cavassin et al.
[34], with citrate and chitosan AgNPs producing higher bac-
tericidal effects of over 97% and 93 to 94% for antimicro-
bial-susceptible bacteria and MDR bacteria, respectively.
For controls from the same experiment, silver nitrate had a
bactericidal effect of over 83% for both antimicrobial-sus-
ceptible bacteria and MDR. Silver sulfadiazine produced 67
and 61% for MDR and antimicrobial-susceptible bacteria,
respectively [34]. In other similar studies, Huq and Akter
[35] reported that biosynthesized AgNPs showed potent anti-
microbial activity against K. pneumoniae and S. Enteritidis.
Saraswathi et al. [36] reported that silver nanoparticles syn-
thesized with 5% gelatin could produce bactericidal effects
against MDR Pseudomonas aeruginosa biofilms. According
to Panpaliya et al. [37], silver nanoparticles with a concen-
tration of fewer than fivefold exhibited better bacteriostatic
and bactericidal effects than chlorhexidine. Additionally,
AgNP produced MIC and MBC values significantly lower
than chlorhexidine gluconate (P <0.05) [37]. Research by
Arora et al. [38] revealed that when TiO2 nanoparticles were
pre-exposed with one hour of UV irradiation at 0-500 pg/
mL, they showed good antibacterial action against P. aer-
uginosa. The MIC value was obtained at 350 pg/mL for
TiO2 nanoparticles. At the same time, gold, copper, and zinc
nanoparticles have shown significant antibacterial properties
and have been widely studied for their therapeutic effects on
MDR bacteria [39].

3.4.2 Synergistic Effect

Several studies investigated the synergistic effects of com-
bining nanoparticles with antibiotics against various bac-
terial strains, employing appropriate controls to validate
the observed effects. These studies included appropriate
controls, such as nanoparticles alone, antibiotics alone,
and untreated bacterial cultures, to ensure the observed
effects were due to the combination rather than individual
components. The observed effects could be misinterpreted
without such controls, leading to less robust conclusions.
For instance, Abdolhosseini et al. compared the effects
of Ag-TSC nanoparticles combined with ciprofloxacin on
controls treated with nanoparticles alone, antibiotics alone,
and untreated cultures. The combination group showed sig-
nificantly higher antimicrobial activity, confirming a true
synergistic effect [40]. Similarly, a significant synergistic
effect was produced by combining nanosilver particles with
an imipenem [41]. Conversely, even though a combination
of TiO2 nanoparticles and antibiotic CEF did not enhance

@ Springer



293 Page60of 18

BioNanoScience (2025) 15:293

antimicrobial activity against Pseudomonas sp., there was
an excellent synergistic effect of a 24 mm zone of inhibition
when TiO2 nanoparticles were combined with CEZ antibi-
otic [38]. According to Ashajyothi et al. [42], a synergistic
effect was observed from using CuNPs and ZnONPs on anti-
biofilm activity against different pathogenic bacteria when
these nanoparticles were combined with antibiotics. When
used alone, CuNPs reduced the biofilm activity by a percent-
age that was approximately less than 9% in Gram-negative
bacteria and less than 2% in Gram-positive bacteria [42].
When combined with antibiotics, CuNPs showed effective
biofilm inhibition activity by 12% in Gram-negative and
6% in Gram-positive bacteria [42]. Similarly, Bankier et al.
found a significant antimicrobial effect when nanoparticles
were placed in combination (NPCS) compared to SENPs
[43].

3.4.3 Bacterial Response

Multiple studies assessed the response of MDR bacteria to
various nanoparticles. Abdolhosseini et al. observed higher
expressions of MexA and MexB genes for strains treated
with ciprofloxacin, while gene expressions were reduced
among strains treated with Ag-TSC nanoparticles [40].
Ashajyothi et al. [42] observed that while cells from the
control group exhibited normal morphology, those exposed
for 24 h to a gentamicin concentration of more than 9 ug/ml
and CuNPs at a concentration of more than16 pg/ml exhib-
ited an increase in cell size and change in shape. Similarly,
cells treated with a combination of ZnONPs and antibiotics
exhibited morphological deformation and a lacking cyto-
plasm membrane in cells [42]. According to a study by Huq
and Akter [35], cells treated with AgNPs exhibited morpho-
logical changes in the form of irregular and damaged cell
walls, resulting in the ultimate death of the cell. In another
study by Naskar et al., cells treated with SNZO exhibited
membrane corrugations due to wrinkling and cell damage,
while untreated cells displayed a smooth and intact surface
[44].

3.4.4 Bacterial Growth and Inhibition Zones

Some studies separately investigated the impact of nanopar-
ticles on bacterial growth and inhibition zones. Abbaszade-
gan et al. found that in positively charged AgNPs, there
were larger diameters of inhibition zones against all bacte-
rial species than in neutrally and negatively charged AgNPs
[32]. Similarly, Al Yousef [41] reported that from observed
growth curves of P. aeruginosa, Ag-NPs inhibited the
growth of P. aeruginosa at concentrations of 1.25, 2.5, 5,
and 10 pg/ml. Similarly, according to a study by Cavassin
et al., silver nitrate produced a lower inhibitory effect against
MDR Gram-positive bacteria than AgNPs [34].
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3.4.5 Grade Evaluation Outcome

The overall confidence in the evidence for the synergistic
effect and bacterial response to nanoparticles was high due
to consistent results across multiple studies. The certainty of
the evidence for antimicrobial efficacy and bacterial growth
and inhibition zone outcomes was moderate due to minor
variations in results in some studies, as shown in Table 4
(Appendix).

3.4.6 The Anti-antibiotic-Resistant Bacterial Effects
of Other Nanoscale Characteristics

Organic nanoparticles, like liposomes, lipid-based nano-
particles, and polymer nanoparticles, are used due to their
biocompatibility and ability to effectively deliver antimicro-
bial agents [45]. Due to this characteristic, nanoparticles can
serve as delivery carriers for antibacterial drugs, improving
drug targeting and reducing side effects [46]. At the same
time, it can be designed for the controlled release of antibiot-
ics to ensure sustained antibacterial activity [47]. Although
nanoparticles provide many benefits, their potential toxicity
remains a problem that needs further research to address
[47].

4 Discussion

This systematic review explored how nanomaterials, particu-
larly silver nanoparticles (AgNPs), could be used to combat
MDR. The findings show that nanomaterials have the poten-
tial to be used as a replacement or complementary approach
to traditional antibiotics in treating infections from resistant
bacteria. One of the critical findings of this review is the
strong antimicrobial effect of nanoparticles against MDR
bacteria. Most studies observed that nanoparticles, particu-
larly AgNPs, exhibited potent antibacterial activity against
Gram-positive and Gram-negative bacteria, including noto-
riously resistant strains such as S. aureus, A. baumannii, P.
aeruginosa, and K. pneumoniae [33, 35]. This broad-spec-
trum activity is auspicious, given how extremely resistant
MBDR bacteria can be to conventional antibiotic treatments.

The surface charge of AgNPs profoundly influences their
antibacterial activity. Abbaszadegan et al. demonstrated that
of the three charged silver nanoparticles, positively charged
AgNPs exhibited the highest bacterial activity, followed by
neutrally and negatively charged AgNPs charged particles,
respectively [32]. This finding shows why it is essential to
conduct nanoparticle engineering and suggests that optimiz-
ing surface charge could enhance the antimicrobial efficacy
of nanomaterials. The role of surface charge in antimicrobial
activity could be due to the nanoparticles’ electrostatic inter-
action with bacterial cell membranes (negatively charged).
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The positively charged nanoparticles might have a high
affinity for bacterial cell surfaces, facilitating antimicrobial
action. However, this finding may be influenced by several
potential confounders, including variations in experimen-
tal conditions (e.g., pH, temperature), bacterial strains, and
nanoparticle synthesis methods. While nanomaterials show
promising antimicrobial activity, the potential for bacteria to
develop adaptive resistance mechanisms over time remains
a concern.

Comparative studies conducted by Cavassin et al. showed
which of the several types of silver-based antimicrobials
were relatively more efficient. Citrate and chitosan AgNPs
demonstrated superior bactericidal activity compared to
conventional silver compounds, including silver nitrate and
silver sulfadiazine [34]. This implies that nanoformulations
could offer better antimicrobial performance than traditional
silver-based treatments. The better efficacy of citrate and
chitosan AgNPs could be attributed to changes in their phys-
icochemical properties, such as increased surface area-to-
volume ratio and enhanced stability. This would potentially
enhance their interactions with bacterial cells. Another vital
finding Saraswathi et al. reported is the ability of AgNPs
against bacterial biofilms. This offers higher resistance to
antibiotics and the host immune response [36]. The effec-
tiveness against biofilms, particularly for MDR P. aerugi-
nosa, proves the potential of AgNPs in this critical aspect
of bacterial resistance. This antibiofilm activity would be
exciting in clinical settings where biofilm-associated infec-
tions are frequent, such as device-related or chronic wound
infections.

One of this review’s emerging themes is the synergis-
tic potential when nanoparticles are associated with con-
ventional antibiotics. Several studies reported enhanced
antimicrobial activity using nanoparticles combined with
antibiotics [38, 40, 41]. This synergistic effect may signifi-
cantly affect clinical practice, as lower doses of antibiotics
would potentially have less risk of further resistance devel-
opment. Ashajyothi et al. [42] demonstrated that CuNPs or
ZnONPs combined with antibiotics enhanced the antibiofilm
activity against various pathogenic bacteria. This raised the
possibility of this synergistic effect for Gram-positive and
Gram-negative bacteria, indicating broad applications of
this approach. The exact mechanisms of such potentiated
effects need further investigation. However, some possible
explanations include the induction of penetration of antibiot-
ics into bacterial cells due to the presence of nanoparticles,
thus causing interference with resistance mechanisms and
complementation in modes of antimicrobial action.

The synergy between nanoparticles and antibiotics
observed makes the development of new, combined treat-
ments possible. These treatment combinations could not
only work better than already known antibiotics but also
bring back into use some antibiotics that have been made

resistant. Combining antibiotics with nanoparticles may
significantly reduce the required dosages needed in a dose-
dependent manner, with concomitant reductions in side
effects and resistance development. Knowledge about the
mechanism of its antimicrobial activity is vital to develop
nanoparticles like therapeutic agents. The research studies
reviewed could explain this since they detect bacterial mor-
phological changes and changes in gene expressions.

Research studies by Ashajyothi et al. [42] and Huq and
Akter [35] indicated significant cellular damage in the cells
of bacteria exposed to nanoparticles. The effects featured
an increase in cell size, damage to cell shape and cell mem-
brane, and leakage of cytoplasm. Therefore, these observa-
tions bring to the fore that the nanoparticles may damage the
integrity of the bacterial cells and thus lead to bacterial cell
death. According to Naskar et al. [44], the membrane of the
treated bacteria, even with low concentrations of nanopar-
ticles, exhibited membrane corrugations and cell damage.
Such morphological alterations present evidence of direct
physical interactions between nanoparticles and bacterial
cells, supporting the hypothesis that membrane disruption
is a general mechanism of nanoparticle action.

Research by Abdolhosseini et al. explored gene expres-
sions and gave more insight into the molecular mechanisms
of reduced gene expression [40]. This could indicate that
the Ag-TSC nanoparticles are interfering in one way or
another with the bacterial efflux pump system associated
with antibiotic resistance by reducing MexA and MexB gene
expression. This result is significant because it indicates
that nanoparticles may reverse or alleviate antibiotic resist-
ance mechanisms at a molecular level. The different facets
involved during nanoparticle antimicrobial activity, such
as physical cell disruption and interference with molecular
resistance mechanisms, may contribute to their effectiveness
against MDR bacteria. This multi-target approach potentially
makes it all the more challenging for bacteria to develop
resistance to nanoparticles compared to conventional sin-
gle-target antibiotics. Several studies in this review directly
compared the efficacy of nanoparticles with conventional
antimicrobial agents. In this regard, Panpaliya et al. [37]
reported that AgNPs demonstrated improved bacteriostatic
and bactericidal activity at lower concentrations than chlo-
rhexidine. This superior performance of nanoparticles over
a widely used antiseptic agent highlights their potential as
an alternative antimicrobial agent.

Research by Arora et al. [38] on TiO2 nanoparticles
uncovered the new potential for non-silver nanoparticles as
antimicrobial agents. Upon UV irradiation, their antibacte-
rial activity against P. aeruginosa showed that photo-acti-
vated nanomaterials could offer a new avenue in fighting
MDR bacteria. This can be important in developing antimi-
crobial surfaces or materials for healthcare settings. A cru-
cial finding in this review is the comparative effectiveness of
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nanoparticles against antibiotic-susceptible and MDR bacte-
rial strains, as exhibited by various studies. This implies that
nanoparticles maintain their efficacy even against bacteria
that have developed resistance to conventional antibiotics.
Due to this feature, nanoparticles could be valuable tools in
addressing infections caused by highly resistant pathogens.

This review highlights that different features of nano-
particles, such as size, shape, surface charge, and coating
materials, modulate their antibacterial activity. For instance,
Abbaszadegan et al. [32] focused on the role of surface
charge. In contrast, others showed the effects of various
coating materials like citrate and chitosan, as revealed by
Cavassin et al. [34]. These results illustrate the importance
of nanoparticle property scrutinization and optimization in
developing successful antimicrobial agents. The capability
of tuning nanoparticle properties also allows solutions to be
tailored for a specific bacterial target or clinical application.
Future research should be designed to carefully probe these
relationships among nanoparticle properties and their activ-
ity against microbes to guide the rational design of nanoma-
terials for medical applications.

Meanwhile, the anti-antibiotic-resistant bacterial effects
of other nanoscale features also deserve our attention.
Organic nanoparticles, like liposomes, lipid-based nano-
particles, and polymer nanoparticles, are used due to their
biocompatibility and ability to effectively deliver antimicro-
bial agents [45]. Due to this characteristic, nanoparticles can
serve as delivery carriers for antibacterial drugs, improving
drug targeting and reducing side effects [46]. At the same
time, it can be designed for the controlled release of antibiot-
ics to ensure sustained antibacterial activity [47]. Although
nanoparticles provide many benefits, their potential toxicity
remains a problem that needs further research to address
[47]. For instance, the ecotoxicity of metal-based nanoparti-
cles is a critical area of study. These nanoparticles are widely
used across industries, yet their environmental and human
health impact is not fully understood [48]. The complexity
of their chemical composition and the lack of standardized
protocols for their study further complicate the understand-
ing of their toxicity. Continuous research and monitoring
are essential to develop strategies to mitigate their risks to
human and environmental health [49].

In vitro applications of nanomaterials often focus on their
use in drug delivery systems, where they can enhance thera-
peutic agents’ solubility, stability, and bioavailability. For
instance, carbon nanomaterials, such as carbon nanotubes
and graphene, have been widely studied for their potential in
targeted drug delivery due to their excellent biocompatibility
and ability to penetrate cell membranes [50]. Additionally,
nanomaterials are employed in developing biosensors and
diagnostic tools, where their high sensitivity and specificity
can improve the detection of biomarkers and pathogens [51].
In vivo applications of nanomaterials are equally promising,
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particularly in the realm of cancer therapy. Nanoparticles
can be engineered to target specific tumor cells, reducing
off-target effects and enhancing the efficacy of anticancer
drugs. For example, metal selenide nanomaterials have
shown potential in tumor therapy due to their strong near-
infrared absorption and excellent imaging properties, which
allow for precise targeting and monitoring of therapeutic
interventions [52]. Furthermore, using nanomaterials in
imaging applications, such as bioimaging probes based on
magneto-fluorescent nanoparticles, enables non-invasive
visualization of biological processes, aiding in diagnosing
and treating diseases [53].

Integrating nanotechnology into medicine also extends
to developing multifunctional nanomedicines, which can
simultaneously deliver drugs, monitor therapeutic responses,
and provide imaging capabilities. This approach is exempli-
fied by using multifunctional nanomedicines in personalized
treatment plans, facilitating concurrent medication deliv-
ery and therapeutic monitoring [54]. Despite the promis-
ing applications of nanomaterials in medicine, challenges
remain, particularly concerning their safety and biocompat-
ibility. Nanomaterials’ potential toxicity and immunogenic-
ity necessitate thorough in vitro and in vivo evaluations to
ensure their safe use in clinical settings [55]. Additionally,
the development of standardized methods for assessing the
safety and efficacy of nanomaterials is crucial for their suc-
cessful translation from bench to bedside [56].

4.1 Study Strengths, Possible Limitations,
and Future Research.

This systematic review captured several essential strengths.
First, the researchers searched the literature comprehensively
and used rigorous inclusion criteria, ensuring a thorough
examination of the available literature. The review also
incorporated a comprehensive and formal evaluation of the
methodological quality of the reported studies, which pro-
vided substantial insights into the validity and credibility of
the outcomes. Moreover, the synthesis of data regarding the
antimicrobial efficacy of nanomaterials and other combina-
tion effects provided helpful information about the new ways
to fight against drug-resistant bacterial infections. However,
some drawbacks were noted in the review. The researchers
did not conduct a quantitative synthesis or meta-analysis
due to insufficient data, which would have strengthened the
evidence. Additionally, the variability in the study design
and methodological approaches of the included studies may
have influenced the generalization of the results. These limi-
tations highlight the need for future studies to help fill the
knowledge gaps and offer more definitive evidence to inform
clinical practices and decisions.

The review focused on studies involving distinct kinds
of nanoparticles, mainly silver nanoparticles, which may
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not fully represent the impactfulness of all nanomaterials.
Disparities in the methods implemented when conduct-
ing the studies, in terms of nanoparticle synthesis, the
concentrations applied, and the specific bacterial strains
under investigation, may also add bias and affect the gen-
eralizability of findings across the different investigations.
Furthermore, nanomaterials’ long-term safety and environ-
mental impact have not been fully addressed. There is also
a publication bias, given that only English texts or texts
translatable into English were included. Future research
should standardize nanoparticle synthesis and antimi-
crobial testing protocols to enhance result comparability.
More comprehensive studies on the long-term effects of
nanoparticle exposure on human cells and the environ-
ment are also needed. Additionally, future studies should
investigate the potential for bacteria to develop resistance
to nanoparticle-based treatments and explore strategies to
mitigate this risk.

5 Conclusion

This systematic review aims to provide a comprehensive
analysis of the current role of nanomaterials in treating
MDR bacteria and their future use as a possible solution

Appendix

Table 1 Search strategy

to the growing problem of antimicrobial strategy. This
review also discusses the vital nanomaterials that show
significant antimicrobial potential against MDR pathogens,
such as silver nanoparticles. Research also indicates that the
particle size, shape, and surface charge strongly determine
the efficiency of the nanoparticles, with positively charged
particles showing superior bactericidal efficiency. As
expected, the convenience of applying nanoparticles alone
or in combination with conventional antibiotics allows
the prospect of revitalizing existing drugs threatened by
resistance mechanisms.

The review also enlightens the various ways nanomate-
rials fight MDR bacteria, such as through direct physical
damage to cell structures of bacteria, generation of reac-
tive oxygen species, disruption of bacterial membranes, and
modulation of gene expression. This may explain why nano-
materials are likely to be effective against resistant strains
and reduce the probability of bacteria developing further
resistance. However, there is a need to address the limita-
tions and the issues that have been pointed out in the present
literature, such as differences in the methods used for inves-
tigation and the need for more in vivo studies and clinical
trials in order to assess the effectiveness and safety of the
nanomaterials as a treatment in human patients. For future
studies, the researchers should standardize the protocols,
optimize nanoparticle formulations for specific bacterial tar-
gets, and investigate the potential for target delivery systems.

Database Search string

Outcome

PubMed

(“nanomaterial ’[All Fields] OR “nanomaterials”’[All Fields] OR “nanoparticle”[All Fields] OR 309

“nanoparticles”[All Fields] OR “nanotechnology”[MeSH Terms] OR “nanotechnology”[All Fields] OR
“nanotechnologies”[All Fields]) AND (‘multi-drug resistant”[All Fields] OR “multiple drug resistant”[All
Fields]) AND (“bacteria”’[MeSH Terms] OR “bacteria”[All Fields] OR “bacterium”[All Fields] OR
“microbe”’[All Fields] OR “microbes”[All Fields] OR “microorganism”[All Fields] OR “microorganisms”[All
Fields] OR “pathogen”[All Fields] OR “pathogens”[All Fields] OR “gram-positive”[All Fields] OR “gram-
negative”[All Fields]) AND (“treatment”[All Fields] OR “treatments”[All Fields] OR “therapy”’[MeSH
Subheading] OR “therapy”’[All Fields] OR “therapeutics”’[MeSH Terms] OR “therapeutics”[All Fields] OR

“antimicrobial activity”’[All Fields])
Cochrane library

(nanomaterial* OR nanoparticle* OR nanotechnology*) AND (“multi-drug resistant” OR “multiple drug resistant”) 1

AND (bacteria* OR microbe* OR pathogen* OR “gram-positive” OR “gram-negative”) AND (treatment OR

therapy OR “antimicrobial activity”)

Dimensions (nanomaterial OR nanoparticle OR nanotechnology) AND (“multiple drug resistant”) AND (bacteria) AND 3252
(treatment)

Google Scholar (nanomaterial OR nanoparticle OR nanotechnology) AND (“multiple drug resistant”) AND (bacteria) AND 3460
(treatment OR therapy OR antimicrobial activity)

Total 7022

@ Springer
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Fig.3 PRISMA flow diagram
for Systematic review with
included searches of databases

@ Springer

Identification

Screening

Identification of studies via databases and registers

Records identified from*:
PubMed (n = 309)
Cochrane (n=1)

Google Scholar (n = 3460)
Dimensions (n = 3252)
All databases (n = 7022)

\4

Records screened
(n = 5580)

A 4

Reports sought for retrieval
(n=108)

v

Records removed before the
screening:
Duplicate records removed (n
=2307)
Records marked as ineligible
by automation tools (n = 0)
Records removed for other
reasons (n = 3273)

Records excluded
(n =5372)

\4

Reports assessed for eligibility
(n=108)

Included

\4

Studies included in the review
(n=19)

Reports of included studies
(n=19)

v

Reports not retrieved
(n=0)

Reports excluded:
Deviated from the role of
nanomaterials in the
treatment of multi-drug
resistant bacteria (n = 14)
Systematic reviews (n= 73)
Case reports (n=2)
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Table 4 Grade summary of findings

Outcome GRADE Evidence Profile (Zhang et al., 2018)
Quality assessment Quality Importance
Number of Study design  Risk of bias Inconsistency  Indirectness Imprecision
studies
Antimicrobial efficacy 7 In vitro Low shown by (JIB) quality Not serious Not serious Not serious  Moderate  Critical
assessment results
Synergistic effect 5 In vitro Low shown by (JIB) quality Not serious Not serious Not serious ~ High Critical
assessment results
Bacterial response 4 In vitro Low shown by (JIB) quality Not serious Not serious Not serious  High Critical
assessment results
Bacterial growth and 3 In vitro Low shown by (JIB) quality Not serious Not serious Not serious  Moderate  Critical

inhibition zone assessment results
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