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Abstract

Background: Drug-resistant organisms are on the rise globally, and therefore studies for new forms of antimicrobial
agents. Among them, nanoparticles �nd much utility in drug delivery and possess effectiveness against antibiotic-
resistant strains. Such an approach is a successful one for public health since it has relative advantages in eradicating
microbial infections.

Objective: The aim of this mini-review is to discuss the role of nanoparticles and their functions on microbial
infections, especially regarding their antimicrobial activity. Method: This review involves the conduct of a systematic
review of the literature through publications in different databases like PubMed, Scopus, and Web of Sciences, and only
the peer-reviewed articles that are published are used. This comprises published articles that provide information on
the occurrence of the role of nanoparticles, including metallic nanoparticles like iron oxide, gold, zinc oxide, and silver,
in antimicrobial activity.

Results: There are various reports that nanoparticles possess antimicrobial properties through direct action on mi-
crobial cell membranes, oxidative stress induction, and inhibitory effects on bio�lm formation. They demonstrate
effectiveness against numerous types of pathogens, MDR bacteria. Due to their ability to target microbial infections,
bypass resistance mechanisms, and act as drug delivery systems, nanoparticles have potential in the �ght against deadly
microbial infections.

Conclusions: Nanoparticles present an effective strategy in controlling microbial infection, especially that which is
associated with drug-resistant pathogens. Due to the speci�c characteristics of some of them related to the diverse ways
in which they exert their effect, they are useful in the combat against infection. However, more research is needed to
address concerns about potential toxicity and improve its clinical applications.

Keywords: Nanoparticles, Antimicrobial resistance, Antibiotic, Microbial infections

1. Introduction

M icrobial infections are major global health is-
sues since they are responsible for causing

varied diseases, from a simple infection to fatal ones.
This is because the discovery of the antimicrobials
has really been a breakthrough in dealing with such
infections. However, there are problems that threaten

the ef�ciency of these treatments; one of them is an-
timicrobial resistance (AMR). AMR takes place when
microbes develop ways of counteracting the impact of
antimicrobial drugs, thus making the drugs of no use
[1]. Such situations result in protracted diseases, high
costs of relapse, high mortality, and limited thera-
peutic interventions. AMR is a complex phenomenon
that is informed by the utilization of antibiotics, more
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than recommended doses, massive consumption of
antibiotics, weak access to clean water and sanitation
facilities, inadequate infection control measures, and
weak surveillance system mechanisms [2]. The global
consequence of AMR is believed to have an impact on
both human and animal health, as well as the environ-
ment [3]. Combating AMR is achievable, but this is
only possible if it is a multi-sector and multi-country
effort. Antimicrobial stewardship, infection preven-
tion and control practices, research and development
for new antimicrobials, and promotion of public
awareness comprehensively address strategies in the
prevention and control of AMR. In order to achieve
reasonable solutions for possible prevention of AMR
and to improve the overall results towards protect-
ing the health of the global population’s health, one
has to dedicate a certain amount of time towards
studying the role of microbial infections in the over-
all spectrum of world diseases [4, 5]. Nanoparticles
have immense potential to provide novel solutions
for the prevention of drug-resistant organisms. These
particles have unique characteristics that enable them
to combat various animal diseases. With the help of
nanoparticles, antimicrobial treatments can be made
more effective by targeting speci�c microbes [6].
Research has shown that nanoparticles possess sig-
ni�cant potential to eradicate infections caused by
bacteria, viruses, and fungi. Nanoparticles can be
used in drug delivery systems to target the site of
infection, enabling more effective handling of mi-
crobial infections [7]. They may also be useful in
addressing the challenges associated with the cur-
rent classes of antimicrobials, which include antibiotic
resistance [8]. Furthermore, it has been established
that particles of this size may augment the bioactivity
of the therapeutic agents used in the �ght against
infections [9]. In addition, nanoparticles are useful
to prevent the formation of bio�lm; it is one of the
main defense strategies of microbes leading to chronic
in	ammation and worsening of diseases. Nanotech-
nology is posing new ways to develop preventions
as well as control of microbial infections for future
development in the medical �eld [10]. This review
aims to elaborate on the applicability of nanoparticles
in microbial infections, their pro�les of antimicro-
bial activity, mechanisms of action, and advantages.
It outlines recent progress in the preparation of
nanoparticles, surface modi�cations, and relation-
ships between nanoparticles and conventional antibi-
otics. The review serves as a source of information for
future researchers and clinical practitioners in need of
nanotechnology for second-generation antimicrobial
agents.

2. Antimicrobial potential of nanoparticles

2.1. Antibacterial, antifungal, and antiviral properties of
nanoparticles

The use of nanoparticles has been proven to possess
strong antimicrobial activity against bacteria, fungi,
and viruses, thus becoming potential tools for new
strategies in �ghting microbial infections and resis-
tance. Nanoparticles with sizes less than 1–100 nm
have some special characteristics of physicochem-
istry, which make them effective against microor-
ganisms [11]. Nanoparticles of silver (Ag), copper
(Cu), and zinc oxide (ZnO)-based metal nanopar-
ticles explored in this review have been found to
exhibit promising antibacterial characteristics against
several pathogenic bacteria [12]. The antibacterial
mechanism primarily involves the following effects
have been postulated: formation of reactive oxy-
gen species (ROS), manipulation of bacterial cell
membranes, and alteration of cellular functions. For
example, CTAB-stabilized AgNPs had minimum in-
hibitory concentrations (MICs) ranging from as low
as 0. As noted earlier, it is effective at 0.003 µM
against Escherichia coli and Staphylococcus aureus [13].
Based on the current literature, the antibacterial prop-
erties of nanoparticles are known to be in	uenced by
parameters such as size, shape, surface charge, and
concentration [14].

2.1.1. Antifungal properties
The nanoparticles also possess signi�cant antifun-

gal activity against different pathogenic fungi, such as
Candida species, Aspergillus fumigatus, and dermato-
phytes [15]. Metal nanoparticles have been found
to possess good antifungal properties, with AgNPs
showing a better candidacidal effect than the standard
drugs in some instances. For example, the minimum
inhibitory concentrations of AgNPs were in the range
of 3. 0.1–2.56µ/ml against numerous fungal species.
The antifungal mechanisms include affecting the in-
tegrity of the cell wall and membrane, inhibiting
general functional organelles such as mitochondria
and ribosomes, and inhibiting cell division and repro-
duction [16]. In summary, Fig. 1 illustrates that it can
be seen that nanoparticles (a) eliminate bacterial and
fungal resistance (b) change the cell membrane poten-
tial (c) inhibit the formation of bio�lms (d) stimulate
immune responses (e) activate intracellular reactive
oxygen species.

2.1.2. Antiviral properties
Nanoparticles, particularly those of metallic ori-

gin, have been found to possess antiviral properties
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Fig. 1. Diagram shows that nanoparticles remove bacterial and fungal resistance, alter cell membrane potential, inhibit bio�lm formation, trigger immune
response, and include intracellular reactive oxygen species [17].

against different viruses, such as HIV, HSV, and res-
piratory viruses [18]. The antiviral mechanisms of
nanoparticles include: direct contact with the virus;
preventing the virus from linking to the receptor
that is present in the host cells; and disrupting the
processes through which the virus replicates. Silver
nanoparticles have been found to possess broad-
spectrum antiviral properties, as seen from studies
done on several viruses. It has been shown that
their activity is highly dependent on its size, shape,
functionalization, and concentration. For instance,
copper-silver and copper-zinc intermetallic nanopar-
ticles were highly potent towards RNA viruses and
DNA viruses, with viral reductions of more than 89%
and above [19, 20].

2.2. Mechanisms of action of nanoparticles against
microbes

Antimicrobial nanoparticles exhibit a number of
anti-microbial activities through different modes of
action and present novel approaches for controlling

microbial infections and resistance [21]. Such mecha-
nisms include the ability to generate reactive oxygen
species, which in turn cause oxidative stress and
damage to essential biomolecules and other struc-
tures, resulting in microbial cell death. It has also
been widely reported that nanoparticles are capable
of penetrating the membrane and damaging it in a
manner that weakens the barrier [22, 23]. Metal-based
nanoparticles release ions, which enter and inter-
act with the membrane functions of microbes, thus
enhancing the antimicrobial effects. Enzymes and
proteins vital for cellular functions can be deactivated
by nanoparticles, and this causes death amongst mi-
crobes [24]. Certain nanoparticles, namely the silver
nanoparticles, alter the DNA of microbes, causing
strain as well as hindering their ability to replicate and
survive. Such DNA damage creates oxidative stress
that plays roles in the antimicrobial mechanisms of
nanoparticles. Other ways that nanoparticles can act
against microbes are by inhibiting the synthesis of
proteins that are essential in the growth and develop-
ment of microbes. The capability to penetrate through
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Fig. 2. Mechanism of action of nanoparticle in bacterial cell [29].

the membrane enables nanoparticles to get through
the cell and membrane wall of microbes and thus pro-
vide an immediate intra-cell antimicrobial effect [25,
26]. It is necessary to comprehend these mechanisms
in order to utilize the full potential of nanoparticles as
the antimicrobial agents since they can interfere with
the microbial resistance peculiarities and make contri-
butions to the development of ef�cient approaches for
the elimination of the microbial infection caused by
bacteria, fungi, and viruses [27, 28]. Fig. 2 explain the
mechanism of nanoparticle action in bacterial cells.

3. Applications of nanoparticles in biomedical
�eld

The biomedical applications have become endless
after the introduction of nanoparticles since they pos-
sess special features and size-dependent behavior.
They vary in 1-100 nm, and due to their large sur-
face area and small mass, the nanoparticles interact
favorably with biological systems [30]. In diagnos-
tics, the nanoparticles have been known to enhance
most imaging procedures. For example, superpara-
magnetic iron oxide nanoparticles (SPIONs) may
be employed as magnetic resonance imaging (MRI)

contrast agents for early diagnosis of diseases [31]. Or-
ganic and inorganic nanoparticles like quantum dots
and gold nanoparticles have found in bioimaging and
as biosensors for biomolecule detection that show
high sensitivity and speci�city [32]. Another impor-
tant area where nanoparticles play a great role is drug
delivery. It can also be tailored to incorporate and
deliver drugs in a controlled fashion for enhancing
the effectiveness of drugs and minimizing side effects.
It has been elicited that nanoparticles can conve-
niently permeate biological barriers, for example, the
blood-brain barrier, hence allowing rightful delivery
of the nanoparticles to the desired tissues or organs
[33]. This is advantageous in cancer therapy because
nanoparticles possess the capability to be trapped
in the tumor tissues as a result of the well-known
EPR effect [34]. In cancer treatment, nanoparticles
are used for drug delivery, as well as in photother-
mal and photodynamic treatment; for instance, gold
nanoparticles can produce heat when exposed to
near-infrared light and would be able to kill cancer
cells. Nanoparticles also have potential in the �eld of
regenerative medicine as well as in tissue engineer-
ing. They can also be applied as templates for cell
attachment and differentiation when applied as for
tissue repair and regeneration [35, 36]. In addition,
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Fig. 3. Biomedical applications of nanoparticles [39].

particles, particularly in, display character, which can
be helpful for usage against antibiotic-resistant bacte-
ria. Among all the silver-containing compounds, it is
the silver nanoparticles that demonstrated extremely
high antimicrobial activity against various pathogens.
However, the use of nanomaterials as reinforcement
in polymer matrices has been found to possess many
applications, but their safety and possible toxicity
cannot be overemphasized. Current work is to make
nanoparticles more biodegradable to eradicate most
of the hazardous impacts [37, 38]. Fig. 3 illustrates the
use of nanoparticles in biomedicine.

4. Nanoparticles in clinical settings

4.1. Impact of nanoparticles on drug-resistant bacteria

Many bacterial microbes are now becoming resis-
tant to well-recognized antibiotics, and this is now a
cause of severe illness, costly treatment, and increased
mortality. Nanoparticles have recently been reported
to be effective in improving the ef�cacy of antibiotics
and lowering bacterial resistance in bacteria. There-
fore, nanomaterial-based therapy may provide the
ultimate solution to bio�lm eradication and to dealing
with extracellular and intracellular bacteria. The size
and composition of the NPs exert signi�cant in	u-
ence on the extent of the bacterial-resistant organisms
[40]. Interestingly, nanoparticles could also alter bac-
terial physiology in issues such as competence, and

these have implications for the spread of antibiotic
resistance in bacteria [41]. Examples of the impact
of metallic nanoparticles include ZnO nanoparticles
that have been found to cause the death of E. coli
cells and raise the transformation frequency, although
the latter effect may further facilitate the horizontal
transfer of resistance genes [42]. However, metallic
nanoparticles can also interact with the pathogens
and increase their improvements, especially for the
antibacterial effect against gram-positive pathogens.
Nanoparticles application in �ghting drug-resistant
bacteria is crucial because the antimicrobial resistance
rate is rising signi�cantly all over the world [43].
The following properties associated with nanoparti-
cles have proven to be very ef�cient in controlling
the growth and existence of MDRAC bacteria in dif-
ferent sectors of healthcare. Both amorphous and
crystalline nanostructures can act as positive antimi-
crobial agents and as drug carriers for antibacterial
agents addressing planktonic bacteria and bacterial
bio�lms [44]. Nanoparticles are capable of counter-
acting the existing drug resistance factors, including
reduced drug internalization and enhanced extrusion
out of the microbial cell, microbial bio�lm forma-
tion, and intracellular microbes. They can also deliver
antimicrobial agents to the site of infection, thus en-
hancing the ability to apply a high dose of the drug in
a localized area. The use of nanoparticles may offer a
solution to �ghting resistant infections through sup-
pression of MDROs growth and survival in humans,
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animals, and the environment [45]. The behaviors of
particles at the bacterial membrane level play a vi-
tal role in the effectiveness of the nanoparticles in
countering DR bacteria. Concerning the last and most
interesting point, it is possible to state that nanoparti-
cles can encapsulate antibiotics and be protected from
bacterial resistance mechanisms by the process of sur-
face functionalization of nanocarriers. Nanoparticles
in nanomedicine offer potential ways of addressing
antimicrobial resistance since bacteria develop into
resistant versions [46].

4.2. Examination of nanoparticles’ antimicrobial
properties and their clinical applications

Silver, chitosan metal nanoparticles, and other
nanoparticles also have antibacterial properties
against bacteria, fungi, and viruses. These nanopar-
ticles provide certain distinct features and bene�ts,
such as better drug delivery, increased solubility, and
effectiveness against antibiotic-resistant bacteria
[47]. For example, silver nanoparticles have
strong biocidal properties, and they can also be
ef�cient against antibiotic-resistant microorganisms.
These chitosan nanoparticles have been known to
exhibit antimicrobial properties against different
microorganisms, and they have versatile uses in the
pharmacological industry for use in antibiotics,
wound dressing, and food conservation [48].
The ways through which nanoparticles exhibit
antimicrobial action include the ability to produce
reactive oxygen species, DNA destruction, disruption
of the bacterial membrane, and protein synthesis
[49]. These mechanisms help nanoparticles to
successfully address infection diseases and avoid
bio�lm formation, which is a major problem in the
treatment of bacterial infections [50]. In this work,
the advancements made through the application
of nanotechnology in the medical �eld for the
treatment of resistant microbes, AMR, and infectious
diseases have been discussed. Nanoparticles can be
applied as drug delivery systems for antimicrobial
drugs, as this will enhance the effectiveness of

the drugs and reduce the impact on healthy
cells. Consideration of how nanoparticles interact
with conventional antimicrobial agents, including
antibiotics, shows that they increase the overall
effectiveness, decrease toxicity levels, and expand
the antimicrobial action spectrum [51]. Nanoparticles
in antimicrobial therapy involve topical application,
wound healing, and infection control, as well as using
antimicrobial coatings on medical equipment. In this
case, nanoparticles have been deemed effective in
treating bacterial infections, especially in the �ght
against both bio�lms and antibiotic-resistant bacteria
[52]. The application of bimetallic nanoparticles
becomes a new method to combat the problem of
antimicrobial resistance and �nd opportunities in the
areas of wound healing and infection prevention [53].
Thus, it can be concluded that nanoparticles possess
immense antimicrobial potential, and they have an
assortment of uses in eradicating infectious diseases.
Due to differences in mode of action, enhanced
activity of conventional antibacterial agents, and
biocompatibility aspects, these compounds have
potential application in today’s medicine [54].

5. Properties and drawbacks of nanoparticles
in antimicrobial

Studies have shown promising results in using
nanoparticles like iron oxide, gold, zinc oxide, and sil-
ver to combat microbial infections. However, Table 1
also highlights some drawbacks associated with their
use.

Some possible disadvantages of nanoparticles in
antimicrobial activities are cytotoxicity in normal
cells and tissues, environmental accumulation and
effects, unknown chronic effects to humans, lack of
cost-effectiveness in large-scale manufacturing for
therapies, and dependence on size, shape, and sur-
face charge [59]. Nevertheless, nanoparticles can be
regarded as one of the most promising substitutes
for traditional antibiotics, particularly for treating the
infections caused by drug-resistant bacteria and the
formation of bio�lms. More studies are required to

Table 1. Advantages and drawbacks on nanoparticles in antimicrobial actions.

Nanoparticles Antimicrobial properties Drawbacks

Iron oxide Eliminates bacterial bio�lms and fought against
antibiotic-resistant bacteria [55].

Murine cytotoxicity, possibility of forming aggregates in
biological 	uids [56].

Gold Selectively embedded in bio�lm and can boost the
effectiveness of using older antibiotics [55].

Expensive and can accumulate in the organs of the body
over time [56].

Zinc oxide A wide spectrum of antibacterial effects, relatively low
toxicity [57].

Activities that may cause build up in the environment,
low stability in certain situations [56].

Silver This product has extremely effective bactericidal action
against various microorganisms [57].

It has toxic affect to human cells at very high
concentration and there is always chances of bacteria
getting resistant to it [56, 58].
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understand how they can be safely used for various
treatments in health facilities [60, 61].

6. Conclusion

Thus, nanoparticles are proving their worth in
serving as an effective tool against antimicrobial resis-
tance. These nanoparticles possess the ability to act as
biocides to different types of pathogens, such as those
resistant to antibiotics, as well as inhibit the formation
of bio�lms. Nanoparticles of bimetallic composition
have also been developed that are endowed with
outstanding antibacterial properties and enhanced
activity when used in combination with other usual
antimicrobial agents. The approaches of nanopar-
ticle incorporation with antimicrobial agents make
more approaches available to combat antimicrobial
resistance challenges. Earlier research has established
that copper nanoparticles, especially in the nanoform,
have prospects when used as bacterial adjuvants,
including their ability to alter resistance in Staphylo-
coccus aureus. The use of nanoparticle technology to
overload resistance poses a step towards decreasing
the public health risk associated with AMR.
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