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Pathogens with multidrug resistance have recently been responsible for widespread disease, fatalities, and economic distress.
A nanomaterial with antibacterial characteristics is used to reduce the infection’s resistance. Metal-oxide nanocomposites are
nanomaterials that exhibit outstanding physical and chemical characteristics. They are prime candidates for innovative functional
materials with antimicrobial activity as one of their main uses. This review will summarize the current progress on the antimicro-
bial activity of metal-oxide nanocomposite, including widely recognized research outputs and recent findings, as these materials
can overcome the limitation of the individual material due to their utterly different properties from the single materials. Addi-
tionally, it describes several metal-oxide nanocomposites that are produced using various methods for the application of antimi-
crobial activity, as well as the variables that can affect such activities and the main inhabitation mechanisms of this materials.

1. Introduction

An individual or population has become infected when
pathogenic germs have invaded and started to multiply
there. Antibiotics are made to prevent the manufacture of
bacterial cell walls, proteins, deoxyribonucleic acid (DNA),
and other biological processes without being hazardous
to nearby tissue to stop bacterial development. Recently,
microbial contamination is a significant issue in clinical or
hospital settings, medical devices, cleaning supplies, water
purification systems, textiles, food packaging, and food stor-
age [1–3]. These are brought on by their intricate growth
and fast genomic changes for antibiotic adaptation [4]. This
is an indication from a report on US healthcare released in
2019 that the result is 2.8 million diseases, 35,900 fatalities
per year, and at least USD 20 billion in costs [5]. Therefore,
scientists started to develop drugs that are very powerful
against a variety of bacterial systems, making it more diffi-
cult for the bacteria to develop resistance to them. One way
to address the gaps left by antibiotics is with antimicrobial
nanoscale materials [6]. Nanoparticles (NPs) frequently
operate at the lowest levels, have a broad antimicrobial

spectrum at short contact times, are affordable and easy to
prepare, are highly stable in their intended applications and
storage, regenerate after losing their efficacy, and enter the
ecosystem’s food chain directly [3, 7]. This antibacterial
compound works against fungus, viruses, and protozoa in
addition to bacteria. Antibacterial NPs (AMNPs) are nano-
materials having antimicrobial capabilities [8]. Due to the
way they hinder the bacterial cell, NPs with antibacterial
properties are more advantageous and effective than anti-
biotics. NPs attack the bacterium by rupturing the cell wall/
membrane, interacting with DNA and proteins, interrupting
electron transport, and altering the bacterial redox state. In
contrast to antibiotics, it can stop the growth of bacteria by
preventing the creation of target biomolecules in bacteria
like cell walls, DNA, proteins, etc. [9]. However, the physi-
cochemical properties of NPs, such as their size, shape,
chemical modifications, coatings, and combinations in vari-
ous ratios with other NPs and solvents, all have an impact
on the antibacterial activity of antimicrobial peptides
[10–12]. To put it simply, as NP’s size reduces, its surface
area grows, increasing its antimicrobial effectiveness since it
creates more active atomic surfaces and raises the risk of
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exposure to microbes [13, 14]. Metal, metal oxide, and
organic NPs are currently used as antimicrobial application.
Numerous metal-oxide nanoparticles (MONPs), including
CuO, ZnO, TiO2, SnO2, Mn3O4, Fe2O3, and MgO, have
been created and tested for antimicrobial activity against a
variety of pathogenic bacterial strains [15] because of their
improved durability, lower toxicity, higher stability, heat
resistance, should not react with food or containers, have
a good taste or no taste, and provide mineral elements nec-
essary for human cells [16, 17]. Nowadays, nanocomposites
are frequently used to boost the efficacy of antimicrobial
activity because of their narrow size distribution, efficient
compositions, stability, longer life, reduced toxicity of the
NPs, microscopic size, and nondispersive, nonaggregative,
and nonagglomerative properties [18–20]. A subset of com-
posite materials known as nanocomposites can be created
artificially or naturally and consist of one or more phases
with at least one dimension of order 100 nm or less, with the
majority of solid phases falling between 1 and 20 nm [21].
They have better qualities than the original materials when
used in a particular finished structure; this is because they
combine two or more separate constituent elements, each of
which has a unique significant property (physical or chemi-
cal) [22, 23]. In addition to regulate structure and size,
different preparation procedures have been used to generate
nanocomposite materials. A narrow size distribution, con-
trol of particle shape, reduction of particle size, and crystal-
lite management are the fundamental objectives of particle
synthesis. Characterization is crucial for properly compre-
hending and assessing size distributions, composition, the
level of aggregation, surface area, and surface chemistry. It
also helps to identify the application for which we must
employ the material [24]. Similar to other NPs, nanocom-
posites contain unique pathways for bacterial inhabitation.
The two main methods, a nanocomposite utilized to sup-
press the bacterial cell, are depicted in Figures 1 and 2.

(1) Nanocomposite may interact directly with the bacte-
rial cell membrane by electrostatic interactions
between the ions released and the negatively charged
bacterial cell wall [25] or by releasing heavy metal
ions upon surface oxidation [26]

(2) By activating the nanocomposite with UV light and
increasing electron–hole pairs to generate reactive
oxygen species (ROS), including hydrogen peroxide
(H2O2), hydroxyl radical (OH), singlet oxygen (O2),
and superoxide anion (O−

2 ), they are created that can
directly harm the bacteria’s DNA, lipids, and pro-
teins, killing the organism [27]. In this paper, we
review relevant research on metal-oxide nanocompo-
sites, which are useful for antimicrobial activities, as
well as the difficulty (factor) that can restrict the
inhabitation of metal-oxide nanocomposites against
the multidrug resistance bacterial and inhabitation
mechanisms of metal-oxide nanocomposites. We
think that this study will help researchers interested
in the currently hot topic of the antibacterial activi-
ties of metal-oxide nanocomposites that gain a gen-
eral understanding of the subject and identify
effective mitigating tactics for these difficulties

2. Metal Oxides for Antimicrobial Activity

Metals can form oxides by combining at least one metal
cation and an oxygen anion adopting a wide range of struc-
tural geometries and exhibiting metallic, semiconductor, or
insulating properties. The appropriate manipulation of these
materials is at the nanoscale and the production of MONPs
[30, 31]. Engineered MONPs find extensive use in a variety
of fields, including catalysis, sensors, (opto)electronic mate-
rials, environmental remediation, antibacterial agents in
clothing and cosmetics, biomedicine, and food additives.
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FIGURE 1: Mechanism of ROS generation on the surface of a give nanocomposites (adapted from [28]).
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They differ greatly from the analogous bulk material due to
their nanoscale physiochemical properties, which include
their optical, thermal, electrical, surface area-to-volume
ratio, surface charge, catalytic activity, antibacterial proper-
ties, magnetic properties, and reactivity [32–38].

Recently, there has been a lot of interest in the study,
design, synthesis, and characterization of various metallic
NPs for the treatment and targeting of many diseases [39].
Since they have better durability, lower toxicity, higher sta-
bility, and stronger heat resistance, various metallic NPs have
recently attracted a lot of attention for the treatment and
targeting of many diseases. They also supply mineral ele-
ments that are crucial for human cells [17]. To examine
the antibacterial properties of various MONPs, numerous
researchers manufacture these materials. This is a result of
their ions’ capacity to block enzymes, promote the produc-
tion of ROS, damage cell membranes, limit microbial uptake
of critically needed microelements, and exert direct geno-
toxic activity in some metals [40]. The antibacterial capabili-
ties of metal and MONPs, such as silver, zinc, copper, zinc
oxide, titanium dioxide, copper oxide, and iron oxide, are
known to be demonstrated against different bacterial strains.
For those NPs’ bactericidal properties, several methods have
been put forth. These include: (1) the destruction of the
bacterial cell membrane and electron transport chain;
(2) the production of ROS and induction of oxidative stress
as a result of the interaction of NPs with the bacterial cell
membrane and cellular components such as DNA and pro-
tein; and (3) released metal ions from metal or MONPs in
the intracellular environment [41].

3. Nanocomposites

For indubitable purposes, engineers often ask for innovative
material systems. In response, material scientists are required
by this demand to create novel composite material systems
with explicit strength and stiffness, corrosion resistance, low
density, and high thermal insulation [42]. In complex tech-
nology, a novel functional material is created by fusing two
or more chemically detached materials or phases, so that the
individual components remain distinct and recognizable. By
masking the original material’s flaws, composites enable new
materials to combine the strengths of both types of material
[43, 44]. They have essentially three phases to these materi-
als. The initial, continuous phase is referred to as the matrix,
which is the softest and more ductile phase. It shares a load
with the scattered juncture and holds it. The scattered phase
was the second phase (or phases), which is a continuous/
discontinuous shape embedded in the matrix. Since the scat-
tered juncture typically outperforms the matrix in strength, it
is referred to as the reinforcing phase. The zone where the
matrix phase and reinforcing phase interact via chemical,
physical, mechanical, electrical, and other processes is known
as the interface. Due to chemical or diffusional interactions
between the fiber and matrix, this region of composite mate-
rials has a finite thickness [45, 46]. A multiphase solid sub-
stance called “nanocomposite” having one, two, or three
dimensions on the nanometer scale or less than 100 nm
has more than one phase. Due to the nanometric size effect
and the material’s multifunctionality, nanocomposite mate-
rials can exhibit different mechanical, electrical, optical,
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FIGURE 2: Antibacterial mechanisms of metal ions and nanocomposites. The central modes of action are: (1) release of metal ions from the
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interactions, leading to impaired membrane function and impaired nutrient assimilation; (4) formation of extracellular and intracellular
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uptake, metal nanoparticles and metal ions can directly interfere with both proteins and DNA, impairing their function and disturbing the
cellular metabolism in addition to metal mediated ROS production (adapted from [29]).
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electrochemical, catalytic, and structural properties than
those of each component [47, 48]. Each structure and feature
of the several phases are merged throughout the nanocom-
posite formation process to create hybrid materials that have
multiple functionalities in terms of both structure and mate-
rial properties [49]. Based on whether or not there is poly-
meric material in the composite, nanocomposite materials
can be categorized in the ways listed below. Nonpolymer-
based nanocomposites are those in which the compositions
do not contain any polymers or materials produced from
polymers. The second type is a nanocomposite in which
the formation does accommodate polymer [50]. Their sub-
sequent classification is shown in Figure 3.

4. Antimicrobial Activates of Nanocomposites

Microorganisms can develop resistance to several antibiotics.
Recently, bacterial resistance has increased, necessitating the
urgent need for a new therapeutic agent that is benign to
humans but lethal to microorganisms. Therefore, the creation
of antibacterial drugs mediated via nanocomposite is highly
warranted. Any type of chemical or physical substance that
can treat, eliminate, or stop the spread of microorganisms

(bacteria, fungus, viruses, and protozoans) over the world is
referred to as an antimicrobial agent [52]. Numerous assay
techniques, including well diffusion (WD), disk diffusion,
and agar dilution methods, are used to assess the antimicrobial
activity of synthesized nanocomposites. However, other tech-
niques, like bioluminescent and flow cytofluorometric meth-
ods, are less popular because they call for specialized
equipment [53]. The antimicrobial potency of the sample,
which is measured by this assay method as the minimal con-
centration of inhibition against the targeted bacterial strains, is
determined or indicated. The lowest dose of an antimicrobial
agent required to kill 99.9% of the final inoculum, predict
antibacterial activity in vitro or impede the visible growth of
a bacterium, is known as the minimum inhibitory concentra-
tion (MIC) [54, 55]. Nanocomposites must first be manufac-
tured before they can be used for antibacterial action. Various
techniques can be used to create nanocomposites, as demon-
strated in Figure 4. Nanocomposites can be characterized
using methods that are nearly identical to those used for NPs.

4.1. Mixed Metal-Oxide Nanocomposites for Antibacterial
Activities. By blend two or more metal oxides (p- and
n-type semiconductors) chemically or physically, mixed
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FIGURE 3: Schematic diagram representing classification of nanocomposites (adapted from [51]).
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MONPs are created. In contrast to the individual metal oxi-
des, these exhibit distinct physicochemical traits [18, 57].
Most scientists are currently investigating the antibacterial
activity of these nanocomposites on various bacterial infec-
tions using numerous synthesis techniques. Mixed metal-
oxide nanocomposites were created synthetically and are being
examined by countless writers. In 2015, Subhan et al. synthe-
sized mixed metal-oxide nanocomposite NiO–CeO2–ZnO
and CeO2–CuO–ZnO for antibacterial and photocatalytic
activities [58, 59]. Mixed metal oxides have been widely
employed as antibacterial agents in recent years. Sudhapari-
mala and Vaishnavi [60] created SnO2–ZnO with and without
Aloe vera plant as the medium using a simple and environ-
mentally friendly sol–gel synthesis method. At doses of 100,
200, and 300 μg, an A. vera plant-based nanocomposite exhi-
bits strong antibacterial activity against Staphylococcus aureus
with zones of inhabitation of 17, 21, and 24mm and against
Escherichia coli with zones of inhabitation of 20, 23, and
25mm. The sample that did not use the A. vera plant as a
substrate was unable to maintain bacterial growth [60]. In
2018, Mohammadi-Aloucheh et al. produced ZnO from
zinc(II) nitrate precursor and ZnO/CuO nanocomposite
from Vaccinium arctostaphylos L. fruit extract. Both bacteria
were resistant to the ZnO(W) sample’s meager antibacterial
action. The percentages of bacteria that were still alive were,
however, decreasedwhenZnOwas produced in the presence of
V. arctostaphylos L. extract. Against both E. coli and S. aureus,
however, the ZnO/CuO nanocomposites showed strong
antibacterial activity. When the concentration of CuO was
raised, the antibacterial activity of ZnO/CuO nanocomposites
was somewhat enhanced. Additionally, the ZnO/CuO nano-
composite’s (10%) antibacterial activity against E. coli
(12.1Æ 0.39) was stronger than that shown with S. aureus
(14.9Æ 0.65). Compared to ZnO(W), ZnO/CuO nanocompo-
site is more effective against E. coli and S. aureus bacterial

strains [61]. In the same year, Saravanakkumar et al. developed
the modified perfume spray pyrolysis method (MSP), which
they used for the first time, to produce CuO–ZnO nanocom-
posite with antibacterial activity against Proteus mirabilis,
E. coli, and S. aureus bacterial pathogens.With a concentration
ratio of CuO/ZnO (3 : 1), the results showed that themaximum
zone of inhibition (ZOI) against P. mirabilis is 20mm
for 20L [62]. Figure 5 depicts the area that the prepared
sample occupies. Karthik et al. [63] conducted numerous stud-
ies on the antimicrobial properties ofmixedmetal-oxide nano-
composite. In 2018, they used a microwave-assisted technique
to create a CdO–NiO–ZnO mixed metal-oxide nanocompo-
site, which was conducted in vitro to examine the photocata-
lytic and antibacterial properties of the nanocomposite. They
conducted the test against Gram-negative bacteria (E. coli,
Pseudomonas aeruginosa, P. mirabilis, Aeromonas hydrophila,
Salmonella typhi, and Vibrio cholerae) and Gram-positive
bacteria (S. aureus,Rhodococcus rhodochrous, andBacillus sub-
tilis) at various doses.

The inhabitation zone (16, 25, 26, 24, 26, and 27 nm) for
Gram-negative bacteria and (27, 24, and 25 nm) for Gram-
positive bacteria had obtained at concentration of 100 g/ml.
In their study, three responsible factors for the antibacterial
activity of CdO–ZnO–MgO nanocomposite were specified:
the release of heavy metal ions, the generation of ROS, and
surface morphology. To increase the electron–hole pairs for
the production of ROS, CdO–ZnO–MgO nanocomposite has
activated by UV light, which led to the production of the
electrons on the conduction band and holes on the valence
band. The holes that are created can react with water that has
adhered to the surface of the CdO–ZnO–MgO nanocompo-
site to produce hydroxyl radicals (OH), which then collide
with electrons to create H2O2 molecules that can pass
through the bacterial cell membrane and stop the biological
process. Simultaneously, oxygen on the CdO–ZnO–MgO
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nanocomposite surface is reduced to a superoxide radical
anion (O2) by generating electrons that lead to the genera-
tion of OH. These OH are toxic to the bacterial cell to cause
several damages to proteins, lipids, DNA, and profiles of the
outer wall of the bacteria, thereby leading to the destruction
of the bacteria. The second reason was the ability of CdO–
ZnO–MgO nanocomposite to produce heavy metal ions.
such as Cd2þ, Zn2þ, and Mg2þ ions that can make attraction
with the negatively charged cell membranes and penetrate the
cell membrane to react with the sulfhydryl (–S–H) groups
and damage the cells’ ability to grow through cell division,
which leads to the death of the microbe. Third, uneven sur-
face texture of the nanocomposite due to rough edges and
corners contributes to the mechanical damage of the cell
membrane [63]. In the same year, they created a CdO–
ZnO–MgO nanocomposite to explore its photocatalytic and
antibacterial properties. Different concentrations of the anti-
bacterial agent were tested in vitro against Gram-negative
bacteria such as E. coli, P. aeruginosa, V. cholerae, Klebsiella
pneumoniae, Proteus vulgaris, and S. typhi, as well as Gram-
positive bacteria such as B. subtilis. In their research, the ZOI
significantly increases with increasing concentration, and
100 g/ml is the ideal concentration of nanocomposite for pre-
venting the growth of bacterial test organisms [27]. To assess
the outcome of lead ions (Pb2+) removal from aqueous solu-
tion and antibacterial activity against S. aureus, P. aeruginosa,
and Candida albicans Trichophyton fungi at 75 and
100 weight (g) of sample per ml, ur-Rehman et al. [64] pro-
duced TiO2–SnO2 binary nanocomposite. For both concen-
trations of the NC, the produced NC exhibits good
antibacterial activity against the selected diseases. Similar to
the findings of previous researchers, the produced binary
nanocomposite’s antibacterial activity shows a higher ZOI
when concentration rises from 75 to 100 g/ml [64]. Rakesh
et al. [65] proposed the low-cost and environmental sustain-
ability zeolite cerium oxide (ZEC) nanocomposite for anti-
bacterial application against B. subtilis and E. coli bacteria.
ZEC was synthesized by the coprecipitation method and
assessed using the disk diffusion method. They compared
the inhabitation of the prepared nanocomposite by using
the work of Alswata et al. as a reference. Their comparison
shows that the antibacterial activity of ZEC nanocomposite
shows the highest in both bacterial strains. These were due to
the interaction of the released smaller Ce4þ ions that can
adhere to the bacterial wall and affects the biochemical pro-
cess occurring in the cell and causemembrane damage, which
leads to cell death. The measured zone of inhabitation against
the E. coli and B. subtilis bacteria was 23 and 21mm, respec-
tively, which was the highest result from the compared work
[65]. Abhilash et al. [66] synthesized Cu2O, Fe2O3, and
Fe2O3/Cu2O through the hydrothermal synthesis method
and further tested their potential to inhibit bacterial patho-
gens by the disk diffusion method. Antibacterial activity
results demonstrated that a sizable ZOI occurs against test
pathogens. Their result showed that among the test samples,
Fe2O3/Cu2O composites showed the highest antibacterial
activity due to their large surface area. The observed maxi-
mum inhibition zones of the nanocomposite were 20.13,

21.09, 08.23, and 20.60 for S. aureus, P. aeruginosa, B. subtilis,
and E. coli, respectively. In the case of B. subtilis, at
the same time, only a slight response to Fe2O3/Cu2O nano-
composite was observed. Generally, they concluded that
Fe2O3/Cu2O nanocomposite inhibits bacterial pathogens
by rupturing the outer and inner cell walls of the bacteria
that lead to disorganization and leakage of the cell membrane
[66]. Ying et al. [67] synthesized WO3/ZnO hybrid particles
by depositing WO3 on presynthesized ZnO particles via the
liquid impregnation method. They tested the antibacterial
activity of this nanocomposite against B. subtilis, S. aureus,
E. coli, and P. aeruginosa bacterial pathogens. The antibacte-
rial susceptibility assay demonstrated that the presence of
WO3, even at the minimum amount, suppressed the antibac-
terial activity of ZnO particles, which exhibited a better
inhibition effect against gram-positive bacteria than Gram-
negative bacteria [67]. Gasmalla et al. [68] investigated
the application of Fe3O4/Ag3PO4/WO3 as antibacterial prop-
erties. S. aureus was chosen as a representative microorgan-
ism. From their finding, it was presumed that successful
deposition of Ag3PO4 imparted antibacterial functions on
the nanocomposites. The antibacterial mechanism of the
as-prepared nanocomposite was performed by interfacial
contact between the test samples and the agar plate, which
should lead to inhibition of the bacterial growth. From
the measured zone of inhabitation, Fe3O4 and WO3 did not
show antibacterial activity against the chosen bacterial
strains. The inhibition zone radius for the synthesized
composites is 13, 19, and 17mm for Ag3PO4, Fe3O4/Ag3PO4,
and Fe3O4/Ag3PO4/WO3, respectively. From their result,
all Ag3PO4-based composites had significant bactericidal
activity against S. aureus. The comparison between
Fe3O4/Ag3PO4/WO3 and Fe3O4/Ag3PO4/WO3 noncompo-
site shows an inhibition zone of 12 and 17mm, respectively
[68]. Jan et al. [69] synthesized pristine ZnO and ZnO–CuO
nanocomposite through a chemical coprecipitation technique.
Using agar disk diffusion and timer kill assessment routine, the
antibacterial activity of pristine ZnO and ZnO–CuO nano-
composite was tested. The test has performed against Gram-
positive methicillin-resistant S. aureus bacterium. The pristine
ZnO nanostructures show an 8mm diameter ZOI, and
ZnO–CuO nanocomposite suspension has produced a
24mm diameter ZOI against S. aureus that is significantly
higher than pristine ZnO nanostructures. The polyoxyethy-
lene result shows that ZnO–CuO nanocomposite had more
surface defects than pure ZnO nanostructures. Therefore,
they concluded that the presence of a large number of
surface defects in ZnO–CuO nanocomposite could trap the
electron and transfer to dissolved oxygen, which leads to
large amount of ROS production and, hence, result in
higher antibacterial activity [69]. Panchal et al. [70] recom-
mended phytoextract-mediated ZnO/MgO nanocomposites
for photocatalytic and antibacterial activities. In their work,
they synthesized MgO, ZnO NPs, and ZnO/MgO nanocom-
posites (NCs) from Ricinus communis L. plant seedless fruit
extract (SFE) through the green synthesis method. In compar-
ison to the pure NPs and NCs, the ZnO/MgO–NCs (1 : 1)
exhibited an enhanced antibacterial activity and resulted in a
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1.5–2.8 times and 1.27–3.5 times larger radius for the ZOI in
the case of E. coli and Klebsiella, respectively (Table 1) [70].

Pandiyan et al. [71] synthesized SrO/CeO2 nanocompo-
site with a green synthesis route for antimicrobial activity
against S. aureus and E. coli bacteria with different concen-
trations of SrO/CeO2. The prepared nanocomposite attacks
the bacteria through ROS generation. The lowest bandgap
(∼3.17 eV), small crystal size, and the nanorod shape of
SrO/CeO2 nanocomposite help to have a higher antibacterial
activity to the corresponding CeO2 and SrO metal oxides.
Figure 6 shows a variation of a ZOI with the concentration
of the ceramic mixed metal-oxide nanocomposite [71].
Munawar et al. [72] synthesized triphase ZnO–Yb2O3–Pr2O3
nanocomposite by the coprecipitation method. The grown
nanocomposite exhibited superior activity with 26, 29, and
31 ZOI against S. aureus and 29, 29, and 30 ZOI against
E. coli bacterial strains at concentrations of 10, 20, and
40 g/ml. They also compared the antibacterial activity of
ZnO–Yb2O3–Pr2O3 nanocomposite with other researchers’
work. Their work shows high antibacterial activity than
others. They suggested that a small crystallite size and larger
surface area of the nanocomposite could cause a high

production rate of ROS species that can cause the destruction
of cellular proteins and DNA or may cause the death of the
cell, facilitating the mass transportation and diffusion of
reactant molecules [72].

Ahmad et al. [73] synthesized ZnO/Ag2O that showed an
increment in the zone of inhabitation from 17 to 34mm in
the case of E. coli and also for B. subtilis from 19 to 30mm as
compared to the inhibition zones of ZnO. This test also
proved that the NCs are effective [73]. Kannan et al. [74]
used a microwave-assisted synthesis technique to study the
antibacterial activity of CdO–CuO nanocomposite. The test
had performed against Gram-positive S. aureus and Gram-
negative S. typhi bacterial strains. The antimicrobial property
of the nanocomposite at concentrations of 50 and 100 g/ml
exhibits higher antibacterial performance against S. aureus
(26mm) at a concentration equal to 100 g/ml [74]. In the
same year, Syed et al. proposed that CeO2–ZnO extracted
from Acacia nilotica fruit has good antibacterial activity
against Klebsiella aerogenes and S. aureus bacterial strains.
The antibacterial properties of the nanocomposite were per-
formed via the agar WD method for both pathogen strains.
The inhibition zones of the bacterial strains measured at

TABLE 1: Inhibition zone of pure MgO–NPs, ZnO–NPs, and composites of ZnO/MgO (1 : 2, 1 : 1 and 2 : 1) toward E. coli and Klebsiella
bacteria [70].

Sr No. Material Concentration (mg)
Zone of inhibition (mm) against

E. coli Klebsiella

1 Pure MgO–NPs 10 17 14
2 Pure ZnO–NPs 10 10 8
3 ZnO/MgO–NCs (1 : 2) 10 18 15
4 ZnO/MgO–NCs (1 : 1) 10 28 22
5 ZnO/MgO–NCs (2 : 1) 10 14 12
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FIGURE 6: (a) Graphical representation of zone of inhibition of mixed metal oxide NCs against Gram-positive bacteria (S. aureus);
(b) graphical representation of zone of inhibition of mixed metal–oxide NCs against Gram-negative bacteria (E. coli) (adapted from [71]).

Journal of Nanomaterials 7



500 and 1,000 µg concentrations show an increase in anti-
bacterial activity of the nanocomposite with the concentra-
tion. The nanocomposite also exhibited better antibacterial
performance than pure ZnO and CeO2 NPs [75]. In this year,
Sunaryono et al. successfully synthesized ZnO/TiO2 nano-
composite by coprecipitation method. Their result shows
that the inhabitation zone is greater than the individual
nanoparticle, i.e., 7.71mm for S. aureus and 13.40mm for
E. coli bacterial pathogens [76]. Dhanalekshmi et al. [77]
synthesized novel garlic-loaded WO3–TiO2 chitosan (CS)-
blended WO3–TiO2 and WO3–TiO2 nanocomposites by a
simple sol–gel and precipitation methods. The antimicrobial
activities ofWO3–TiO2, CS-blendedWO3–TiO2, and garlic-
loaded WO3–TiO2 were determined by using a WD method
employing Gram-negative bacteria (E. coli) with four differ-
ent concentrations (250, 500, 750, and 1,000 g). The inhibi-
tion zones of all nanocomposites are shown in Figure 7. The
WO3–TiO2 nanocomposite is inert to the antibacterial activ-
ity. CS-blended WO3–TiO2 has no antibacterial activity for
250 and 500 g but shows significantly less activity for 750 and
1,000 g. Garlic-loaded WO3–TiO2 exhibited good antibacte-
rial activity for all four concentrations. Due to the presence of
the allicin compound in garlic, the garlic-loaded nanocom-
posite had a higher inhibitory effect on the growth of E. coli.

Allicin compound decomposes into other sulfurous com-
pounds such as diallyl disulfide and ajoene. Sulfurous com-
pounds interact with the cell wall of bacteria by rupturing
their layer and changing their total metabolic activity,
thereby inhibiting the bacterial activity of the cell [77].
CdO–CuO–ZnO (CCZ NC) mixed metal-oxide nanocom-
posite was proposed for antibacterial and photocatalytic
activities in 2021 by Kannan et al. [74]. The antimicrobial
property of the NC was performed against Gram-positive
bacteria (S. aureus) and Gram-negative bacteria (S. typhi)
with a concentration of 50 and 100 g/ml. At 100 g/ml, the
CCZ NC had higher antibacterial action against S. aureus
(28mm) and S. typhi (22mm). The antibacterial mechanism
of the fabricated CCZ NC could be elucidated by the man-
ufacture of ROS and the discharge of heavy metal ions [78].

Kannan et al. synthesized NiO–CYO–CSO in the same
year by wet chemical route to study the structural, electro-
chemical, photocatalytic, and antibacterial properties. The
antimicrobial test was performed against Staphylococcus
epidermidis, E. coli, and A. hydrophila with disruption of
cell walls/membranes and generation of ROS to damage
membranes of the bacterial cell. By varying the concentra-
tion of the composite from 20 to 80 g/ml, they obtained
a high ZOI (22, 18, and 22 nm) at 80 g/ml concentration
[79]. A rare-earth-based mixed metal-oxide nanocomposite
(NiO–CGYO) was proposed by Kannan et al. in 2021 [74].
It shows excellent antibacterial activity against Gram-
negative (Shigella flexneri, E. coli) and Gram-positive (Micro-
coccus luteus, R. rhodochrous) bacterial pathogens [80].
Uyen et al. [81] proposed that Cu2O–ZnO nanocomposite
has excellent antimicrobial performance than Ag–ZnO and
ZnO NPs when they compared to their work. In this work,
they got 0.16 and 1.25mg/ml MIC for S. aureus and E. coli
bacterial strains that are greater than that of the works men-
tioned above. They also show that the antibacterial activity of
Cu2O–ZnO nanocomposite was reduced after 45 days when
stored at room temperature in a becher without cover [81].
Mukhtar et al. [82] tested the antibacterial features of ternary
NiO–Fe2O3–CdO and binary NiO–Fe2O3–CdO, NiO–CdO
nanocomposites. The prepared nanocomposites were tested
against E. coli bacteria by varying the concentrations (10, 20,
30, and 40 g/ml). They also compared the assessment of the
antibacterial activity of NiO–Fe2O3–CdO nanocomposite
with other research work in which their work shows higher
antibacterial activity than others. In addition, their result indi-
cates that ternary nanocomposite shows higher antibacterial
activity (17mm) compared to binary nanocomposite (14mm)
at 40 g/ml concentration. The higher inhibition zone of nano-
composite is due to contact stress or direct oxidation, in addi-
tion to the heavy metals Ni2þ, Fe3þ, and Cd2þ ions in the
nanocomposite’s surface can communally interconnect with
the cell membrane, which is negatively charged. These metal
ions cause the death of microbes by penetrating the cell mem-
brane [82]. Rahmah et al. [83] used the hydrothermal synthesis
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of γ−Fe2O3/Ag2O nanocomposite that is used to study
their antibacterial activity against Gram-positive bacteria
(S. aureus and S. epidermidis), Gram-negative bacteria
(E. coli andK. pneumoniae), and fungi cultures Gram-positive
(C. albicans) with a zone of inhabitation (18 and 13mm) for
Gram-positive, 13.5 and 13mm for Gram-negative, and
13mm for the cultured fungi. The antibacterial activity of
γ−Fe2O3/Ag2O nanocomposite is mainly associated with the
release of silver ions Ag+ and iron oxide ions (Fe2þ and Fe3þ)
due to their ability to bind the cell wall of bacteria through
electrostatic attraction and reacted with the thiol group of
bacterial cell wall and blocked the transport of nutrients
through the cell wall and finally the bacterial death [83].

Al Farraj et al. [84] reported that the enhancement of
the antimicrobial agent of CeO2 was the loading of Al2O3
NP. Their result shows that the antibacterial effect increases
when NPs dosage increases as a result of composite forma-
tion. Figure 8 shows the antibacterial activity of the synthe-
sized NPs and NCs against different pathogens at different
concentrations [84].

Gandotra et al. [85] reported the morphology-dependent
antibacterial activities of CuxO/ZnO nanocomposites toward
E. coli. Aqueous CuxO nanostructures are photoreduced
on solution-grown ZnO nanorods as part of the fabrication
process. Different morphologies of CuxO nanostructure
are verified using scanning electron microscopy such as
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nanocubes, nanoclusters, nanospikes, and nanowebs by
adjusting the temperature and photoreduction duration.
Antibacterial test performed in a dark and under low-
intensity blue-light irradiation for a 10min antibacterial
reaction time. The nanoweb sample exhibits the lowest bac-
terial survival ratio of 4.2% in the dark, and the nanospike
sample exhibits the lowest survival ratio of 0.5% under
1mWcm−2 blue-light illumination. Furthermore, the nanos-
pike sample and ZnO NRs exhibit remarkable survival ratios
of 3× 10−4 and 10−5 in the dark and under light for 60min,
as shown in Figure 9 [85].

Noor et al. [86] synthesized a well-controlled CeO2/
CePO4 nanocomposites using Artocarpus heterophyllus
aqueous leaf extract as a reducing agent. In order to examine
cytotoxicity, two mammalian cell lines HeLa and Vero used.
Antibacterial activity of synthesized nanocomposite has
tested against S. aureus, Bacillus cereus, Salmonella typhi-
murium, and E. coli bacteria. Their study demonstrated
that the phytosynthesized CeO2/CePO4 nanocomposites
show enhancement in antibacterial efficacy against both
Gram-positive and Gram-negative bacteria as compared to
the other phytosynthesized CeO2 nanoparticles found in lit-
erature; these might be due to the increase the penetration of
positively charged nanocomposites through the negatively

charged bacterial cell walls that result in redox switching
between Ce3þ and Ce4þ in CeO2/CePO4 nanocomposites.
The cytotoxicity analyze of CeO2/CePO4 nanocomposites
relieved that the cell survival rate was beyond 95%, with a
concentration range from 0.5 to 3 g/l [86]. Bisht et al. [87]
synthesized bismuth oxybromide (BiOBr) and silver oxide-
loaded BiOBr Ag2O/BiOBr nanocomposite using the high
efficient solution-based method. Antibacterial activity of
the synthesized nanocomposite had tested against five
different human pathogens under light and in the absence
of light in a concentration ranging from 0.5 to 2.0mg/ml.
Their result showed that Ag2O/BiOBr highly had good anti-
bacterial activity than BiOBr. The MIC of Ag2O/BiOBr was
0.5mg/ml against E. coli, K. pneumoniae, and S. typhimur-
ium, and 1mg/ml against P. aeruginosa and Aeromonas
salmonicida, respectively. Minimum bactericidal concentra-
tion (MBC) ofAg2O/BiOBrwas 1.5mg/ml againstP. aeruginosa
and Aeromonas salmonicida, and 1mg/ml against E. coli,
K. pneumoniae, and S. typhimurium under the observation
of light. The result demonstrated that BiOBr and Ag2O/
BiOBr have superior bactericidal efficiency and photocata-
lytic activation in the irradiation with indoor light. Ag2O/
BiOBr nanocomposites in the dark show slight inhibition
of tested bacterial strains compared to BiOBr. Thus, mere
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exposure to indoor light could activate the bactericidal
activity of Ag2O/BiOBr nanocomposites [87].

4.2. Metal-Metal-Oxide Nanocomposites for Antibacterial
Activities. This class of nanocomposites is intended to con-
tain both metal and metal oxide. They are further classified
into metal ornamented metal-oxide nanoarrays, metal-
metal-oxide yolk/shell nanostructures, Janus noble metal/
metal-oxide nanostructures, and metal/metal-oxide core/
shell nanostructures based on the geometric arrangement
[88]. The effectiveness of Ag–ZnO NC on Bacillus thurin-
giensis, E. coli, and P. aeruginosa was examined by
Ghosh et al. [89] by adjusting the concentration of the nano-
composite using a microwave-assisted manufacturing pro-
cess (i.e., 10, 20, 50, 100, and 200 g). According to the
findings, P. aeruginosa, a pathogenic bacterium, formed a
negligible inhibition zone with Ag–ZnO NC, although
E. coli and B. thuringiensis were sensitive to 200 g NC
concentration, generating an inhibition zone of 15 and
9mm. The antibacterial activity of the greenly produced
Ag@Fe2O3 and Fe2O3 NPs was examined by Kulkarni et al.
[90] utilizing the agar WD and National Committee for
Clinical Laboratory Standards macrodilution broth method.
At concentrations of 20, 40, 60, 80, and 100μgml−1 for both
pure Fe2O3 and Ag@Fe2O3 nanocomposites, the produced
material’s antibacterial activity was evaluated against the
bacterium S. aureus and E. coli. At 60 and 40μgml−1

concentrations of Fe2O3 NPs, S. aureus and E. coli exhibit
antibacterial action. However, Ag@Fe2O3 nanocomposite
shows excellent growth inhibition at all concentrations,
indicating that the addition of Ag has enhanced the
antibacterial activity of Fe2O3 [90]. Using an Alamar Blue
Assay (ABA) absorbance method, Tibayan et al. produced
Ag/SnO2 nanocomposite in 2019 to study the antibacterial
capabilities. Their research revealed that the toxicity of
E. coli and S. aureus rose with the amount of Ag present in
the composite, indicating that the 4 : 1 ratio of Ag to SnO2
exhibits good antibacterial action. Furthermore, when
particle size was decreased from the micro to nanometer
range, the antibacterial properties of the composites were
improved [91]. Citrus sinensis fruit extract was used as a
reducing and stabilizing agent during the green synthesis of
a novel Au@Fe2O3 nanocomposite by Shams et al. [92]. With
inhibitory zones of 20(Æ0.5)mm for E. coli and 20(Æ0.8)mm
for B. subtilis, respectively, the Au@Fe2O3 nanocomposite
demonstrated outstanding antibacterial properties 2mgml−1

(120 g). A ZOI of 18(Æ0.4) for E. coli and 15(Æ0.5) for
B. subtilis at 1mgml−1 (60 g) for the antibacterial activity
was also noted. It is evident from the data that Au@Fe2O3 is
more effective against the studied bacterial strains when used
at higher concentrations because these bacteria exhibit more
microbial activity [92]. Hassanpour et al. [93] used the WD
method to determine the antimicrobial activity of Ni/ZnO
nanocomposites against 12 bacteria. However, the
synthesized composite shows antibacterial activity in the
three of them (P. aeruginosa, B. subtilis, and C. albicans)
with a diameter inhibition zone of 15, 14, and 9mm and
also 125, 15, and 200 MIC values, respectively [93].

According to the baking duration and S. aureus growth
temperature, Muflikhun et al. [94] created Ag/TiO2
nanocomposite in various forms. Ag/TiO2 nanocomposite
nanorods are the only contender among the several shapes
in this study that can destroy bacteria by rupturing their
membrane using the sharp point at the top of their shape
[94]. Khan et al. [95] created an Ag/Fe2O3 nanocomposite
using an aqueous extract of Aglaia monozyga leaves. The
extracted leaf serves as a natural source for the reduction
and stability of the nanocomposite. With ZOI of 23, 21,
and 19mm, respectively, the Ag/Fe2O3 nanocomposite
strongly inhibits the development of S. aureus, E. coli,
and Pseudomonas putida [95]. The usual disk diffusion
approach was used by Saranya et al. [96] to conduct
bactericidal testing on Ag/Fe2O3 NCs. Utilizing A. vera
gel extract as a gentle, safe, reusable, and active stabilizer
without the use of any hazardous chemicals, Ag/Fe2O3 NCs
were made using a one-pot microwave-assisted process. As
model strains, S. aureus and E. coli, two different bacterial
species, were used. The outcome shows that the presence
and rising concentration of Ag/Fe2O3 NCs indicate a rising
inhabitation against all the investigated species. Inhibition
diameters for S. aureus were 8.21Æ 0.45, 8.75Æ 0.31,
9.32Æ 0.61 and 11.69Æ 0.63mm, whereas those for E. coil
were 12.13Æ 0.22, 14.36Æ 0.41, 15.01Æ 0.18 and 17.16Æ
0.41mm. Similar to other researchers, gram-negative
E. coli’s inhibition rate was substantially higher than that of
Gram-positive bacteria (S. aureus). This could be the presence
of different bacterial strains with thicker cell walls. Gram-
positive bacteria (such as S. aureus) often have a dense cell
wall made up of many mucopeptides and lipoteichoic acid
surface constituents, whereas Gram-negative bacteria (such as
E. coli) have a relatively thin cell wall. As a result, Gram-
negative bacteria’s cell wall on the membrane has an
opportunity to interact with the manufactured Ag/Fe2O3
NCs and kill the bacterial cell by entering the bacterial
cell, degrading lipopolysaccharide molecules, creating
membrane permeability, and resulting in DNA damage [96].
CuO/Ag and ZnO/Ag nanocomposites that are separately
made using a mixed wet chemical process were examined
for their antibacterial activity by Asamoah et al. [97]. Due to
the production of the composite with silver, CuO and ZnO’s
energy bandgaps have shrunk, according to UVvis
spectroscopy analysis. ROS, which are harmful to bacterial
cells, are created as a result of the discharge of electrons at a
lower energy wavelength than the individual metal oxides.
Using Kirby–Bauer disk diffusion and microdilution
techniques, the antibacterial activity of nanocomposites is
examined against Gram-negative and Gram-positive bacteria.
According to the Kirby–Bauer disk diffusion test, CuO/Ag and
ZnO/Ag both had a MIC of 0.25mg/ml against S. aureus and
E. coli. Microdilution also revealed that ZnO/Ag achieved 91.7%
and 89.3% effectiveness against both bacterial species, as
opposed to CuO/Ag’s 98.8% and 98.7% efficiency. As shown
in the results, S. aureus was more vulnerable to the individual
effects of CuO/Ag and ZnO/Ag nanocomposites than E. coli
(Figure 10) [97].
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In a study by Bhardwaj and Singh (2021), green synthetic
Origanum majorana leaf extract of Ag/TiO2 NCs and TiO2
NPs was tested for antibacterial activity against pathogens of
both Gram-positive S. aureus and B. subtilis and Gram-neg-
ative E. coli and P. aeruginosa bacteria. For all bacterial
strains, the ZOI increases when the concentration of
Ag/TiO2NCs and TiO2 NPs rises from 25 to 100mg/ml.
However, their findings indicate that Ag/TiO2 has a larger
inhibition zone than TiO2 [98]. Bhavyasree et al. [99]
reported the biosynthesis of copper oxide/carbon (CuO/C)
nanocomposite via the aqueous decoction of Ficus religiosa
leaves. Ficus religiosa leaves are used as a capping factor, an
origin of carbon, and a reducing agent to investigate. They
studied the antimicrobial, antioxidant, and adsorption
properties of the nanocomposite. By evaluating the ZOI at
various concentrations (i.e., from 0.25 to 1mg/ml), the anti-
bacterial performance of the CuO/C nanocomposites
against the bacteria P. aeruginosa, Streptococcus mutans,
E. coli, S. aureus, and K. pneumoniae, as well as the fungus
C. albicans and Aspergillus niger was ascertained. The mate-
rial exhibits the highest bacterial resistance against S. aureus
compared to other bacteria. The inhibitory zone for
S. aureus measures 16mm in diameter, 14mm for E. coli,
and 13mm for P. aeruginosa. With K. pneumoniae and
S. mutans, the material displays a 12mm inhibitory zone.
With the fungus C. albicans, the best antibacterial effective-
ness is shown. The inhibition area’s diameter in this
instance is 29mm. They contended that the nanoscale range
of nanocomposites, which might have a high dispersion
ability that facilitates strong interaction with the microbial
surface and OH radicals present in the nanocomposite to
bond with the DNA, is responsible for the nanocomposites’
maximum antibacterial activity. After that, the distributed
nanocomposite enters the microbial cell membrane and
modifies the metabolic reaction taking place there, killing
the microbes [99].

5. Polymer–Metal-Oxide Nanocomposite for
Antibacterial Activities

Polymer nanocomposites are polymers reinforced with
nanomaterials as nanofillers [100]. Polymer nanocomposites
have many applications, especially in the automotive and
packaging industries. Another highly potential application
of polymer nanocomposites is for energy, which includes
energy generation and energy storage [101]. To control or
restrict the growth of microorganisms and avoid foodborne
illnesses and nosocomial infections, the creation of polymer
nanocomposites with antimicrobial characteristics is crucial.
Antimicrobial polymer nanocomposites are gaining an ever-
increasing interest as promising candidates for healthcare
and packaging materials as they can hinder the colonization
and transmission of pathogens [102]. Sanmugam et al. [103]
proposed novel CS, CS–ZnO, and CS–ZnO–graphene oxide
(GO) hybrid composites prepared using a one-pot chemical
strategy for dye adsorption characteristics and antibacterial
activity. The prepared CS and the hybrids such as CS–ZnO
and CS–ZnO–GO are tested for antibacterial studies against
S. aureus and E. coli at different concentrations (0.1, 0.3,
0.5, 0.8, and 1.0 µg/ml) and the manifest inhibition zones
measured in the agar plates after incubation. The composite
sample has superior antibacterial effects as they were able to
kill S. aureus and E. coli, which are the most resistant and
responsible for infections in wounds and contamination of
foodstuffs. In general, their result shows that CS–ZnO–GO
and CS–ZnO inhibit bacterial growth at lower concentra-
tions than CS [103]. Gutha et al. [104] aimed to design
CS/poly(vinyl alcohol)/zinc oxide (CS/PVA/ZnO) beads as
a novel antibacterial agent with wound healing properties.
The antibacterial activity of CS, CS/PVA, and CS/PVA/ZnO
is examined by measuring the diameter of the ZOI. The
results show the antibacterial activity was improved when
it became a composite form. That is, for E. coli, the diameter
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of the ZOI was 10mm in the CS group, 14mm in CS/PVA
group, and 19mm in CS/PVA/ZnO group. Similarly, the
diameter of the ZOI for S. aureus was 12mm in the CS
group, 15mm in CS/PVA group, and 20mm in CS/PVA/
ZnO group. This shows that the mixed CS with another
polymer (PVA) and inorganic metal NPs (ZnO) have been
introduced into the CS/PVA to improve its antibacterial
activity; this is due to the positive charge, which helps (CS
and ZnO) to bind the negatively charged cell surface through
electrostatic interaction. The incorporation of metal ions and
a significant amount of hydroxide group, combined with the
biocompatibility and nontoxic properties of PVA, enables an
ionic interaction with the negatively charged components of
the bacterial cell membrane to be facilitated. This leads to
higher antibacterial activity in the synthesized nanocompo-
site than in the individual components [104]. In 2018,
Liu et al. created unique virgin polyvinylidene fluoride
(PVDF), PVDF-(0.5%–2%) Ag, and PVDF-(0.5%–2%) Ag-
1% GO nanocomposite materials using the electrospinning
synthesis method. Generally, all PVDF phases have no anti-
bacterial activity due to the hydrophobic PVDF membrane

that favors the bacteria to adhere to its surface. As we know,
bacteria adhere to hydrophobic polymer membranes through
hydrophobic–hydrophobic interactions between their cell
walls and the membrane surface. Therefore, the antifouling
behavior depends on the addition of antibacterial nanofillers
such as silver or GO that can inhabit bacteria by releasing Ag+

ions and attaching to the membrane surfaces. Pure PVDF
membrane exhibits a poor or no bactericidal effect against
E. coli. As shown in Figure 11, the inhibition zone can be
readily observed when PVDF is combined with Ag and GO.
Therefore, it can be concluded that the antibacterial activity of
the PVDF–Ag and PVDF–Ag–GO systems is dependent on
the release of Ag+ ions from the membranes. Furthermore,
the incorporation of GO into the PVDF–Ag system also pre-
vents bacteria from attaching to the membrane surface.
Finally, PVDF-based nanocomposite membranes have a
weaker bactericidal activity for Gram-positive S. aureus
than Gram-negative E. coli because of the difference in the
cell wall structure between S. aureus and E. coli [105].
Beiranvand et al. [106] synthesized hydroxyapatite (HAP),
GO, rGO/HAP, AgNO3, and a novel ternary nanocomposite
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FIGURE 11: (a) Photograph of E. coli; (b) zone of inhibition of electrospun PVDF and its nanocomposite membranes exposed to E. coli;
(c) photograph of S. aureus; (d) zone of inhibition of electrospun PVDF and its nanocomposite membranes exposed to S. aureus [105].

Journal of Nanomaterials 13



GO/hydroxyapatite/silver (rGO/HAP/Ag) by a simple
hydrothermal method. The antibacterial activity of the pre-
pared NP and nanocomposite was tested by the disk diffu-
sion method against Gram-positive and Gram-negative
bacterial strains. From the investigated result, the prepared
sample of HAP, GO, and rGO/HAP did not show bacteri-
cidal activity against bacterial strains. According to these
results, Ag NPs play a determinant role in the antibacterial
effect in the ternary rGO/HAP/Ag nanocomposite. Its
broad-spectrum antibacterial activities at low concentra-
tions, safety in usage, good biocompatibility, intrinsic sta-
bility, and low solubility in aqueous media make Ag a good
candidate for antibacterial activity.

The average inhibition zones for the antibacterial activity
of the rGO/HAP/Ag nanocomposite at the concentration of
35 µg/ml against the given bacteria strains were 28mm for
Bacillus cereus, 30mm for S. aureus, 5mm for E. coli, and
7mm for K. pneumoniae, respectively [106]. Bharathi et al.
[107] reported that CS–ZnO nanocomposite showed signifi-
cant antibacterial activity against chosen bacterial pathogens.
Disk diffusion antibacterial activity assessment method is
used for different concentrations of nanocomposite and
rutin. The prepared nanocomposite shows an excellent
antibacterial activity compared to control and bioflavonoid
rutin. The recorded zone of inhibition are 25.5Æ 0.50mm
for E. coli, 24.5Æ 0.50mm for K. pneumoniae, S. aureus
(22.5Æ 0.50mm), and B. subtilis (21Æ 0.50mm) at 40 µg/ml
concentration of the nanocomposite. In addition, the biofla-
vonoid rutin did not exhibit any zone of inhibition in the
chosen pathogens [107]. Dejen et al. [108] successfully synthe-
sized ZnO/PVA NCs using the solution casting method.
ZnO/PVA NCs extracted from an aqueous Moringa oleifera
leaf in various ratios of precursor salt, and ZnO-coated PVA
nanocomposites from 5%, 9%, 13%, and 16% by wt of ZnO
and PVA. The antibacterial activity of the synthesized ZnO
and ZnO/PVANCs was evaluated against E. coli and S. aureus
bacteria. Based on the obtained result, the antibacterial activity
of PVA is not much significant compared with ZnO NPs,
which revealed that the antibacterial activity of the tested
composite sample is dependent on the concentration of
ZnO NPs in the polymer matrix. The antibacterial

inhibition efficiency of ZnO/PVA NCs is increased with
the concentration of ZnO from 5.5 to 17mm on average
for E. coli and from 5.5 to 22.2mm on average for S. aureus
at 16% activity concentration [108]. Nandana et al. [109]
studied the bactericidal activity of synthesized CS/Ag nano-
composite, evaluated by the agar disk diffusion method
against B. subtilis and E. coli. The synthesized CS/Ag nano-
composite showed significant antibacterial activity against
tested bacterial pathogens. The measured zone of inhibi-
tion for CS/Ag nanocomposite against tested pathogens are
as follows: 13mm for 25 µg/ml and 19mm for 50 µg/ml and
11mm of ZOI for 25 µg/ml, and 14mm for 50 µg/ml
against E. coli and B. subtilis, respectively. As shown in
Figure 12, the synthesized nanocomposite has excellent
antibacterial activity than the rutin and CS. The rutin
exhibited potential activity, whereas CS showed moderate
antibacterial activity against the tested bacterial pathogens
[109].

6. Other Nanocomposites for
Antibacterial Activities

Jana et al. [110] studied the antibacterial activity of CdS/ZnO
nanocomposites using the WD agar method with a concen-
tration ratio of CZ1 : 1, CZ1 : 2, and CZ1 : 3 without light
irradiation. Their result showed all the prepared samples
have an antibacterial effect against the selected bacterial
strains without light irradiation. But, the CdS/ZnO compos-
ite with a 1 : 3 ratio shows the highest antibacterial activity
against E. coli, S. aureus, and K. pneumoniae with a zone of
inhabitation of 14, 22, and 13mm, respectively, in contrast to
CZ1 : 1 and CZ1 : 2 samples. They also tested the antibacte-
rial activity of bare CdS and ZnO that did not show antibac-
terial activity without light irradiation. The inhibition zone
against all bacteria increases with the nanocomposite con-
taining a higher ZnO component. This result indicates that
the amount of ZnO in the nanocomposite affects the anti-
bacterial activity of the sample against the bacterial strains
[110]. Archana et al. [111] synthesized GO–zinc oxide
(GO–ZnO) nanocomposite by a simple hydrothermal
method. The GO–ZnO composite NP was subjected to

ðaÞ ðbÞ
FIGURE 12: Disk diffusion antibacterial activity of CS/Ag nanocomposite (25 and 50 µg/ml), chitosan (50 µg/ml), rutin (50 µg/ml), and control
(10 µg/ml) against (a) E. coli and (b) S. aureus [109].
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antimicrobial activity through the disk diffusion method,
and the MIC was measured by the dilution method. The
nanocomposite demonstrated in vitro antimicrobial activity
against the four bacterial strains S. aureus, B. subtilis, E. coli,
and P. aeruginosa, and two strains of fungi, namely, Asper-
gilus flavus, C. albicans. The result of the antimicrobial
activity increases as the concentration of GO–ZnO nano-
composites increases. The antibacterial properties of
GO–ZnO composites are mainly attributed to adhesion
with bacteria because of their opposite electric charges result-
ing in a reduction in the bacterial cell wall [111]. El-Shafai
et al. [112] examined the antibacterial activity of novel
nanocomposites-based GO nanosheet decorated by silver,
titanium dioxide, and zinc oxide nanoflower. Different prop-
erties of ZnO, Ag, and GO motivate them to synthesize
GO–Ag–TiO2@ZnO nanocomposite. Ag ions have a strong
oxidation activity and superhydrophilicity that cause
membrane damage and disturb DNA replication of the bac-
terial cell. ZnO shows antibacterial activity by producing
ROS and/or accumulating NPs in the cytoplasm that
causes the interruption and suppression of membrane and
cellular functions, and GO has a sharp edge that can
harm the bacterial cell membrane. The fabricated GO–Ag,
GO–TiO2@ZnO, and GO–Ag–TiO2@ZnO (0.005 g/10ml
water) nanocomposites were used to investigate antibacterial
activity against Gram-positive bacteria (S. aureus and
B. anthracoid) and Gram-negative bacteria (E. coli and Pas-
teurella multocida) by using the disk diffusion method. Their
result reveals that all nanocomposites were potentially effec-
tive in suppressing bacterial growth with variable potency.
The GO–TiO2@ZnO nanocomposite exhibits strong antimi-
crobial activity against both bacterial species. All of the
examined microorganisms were least inhibited by Ag NPs
alone. The overall results revealed that these nanocomposites
are more effective against Gram-negative than Gram-
positive bacteria, as shown in Figure 13 [112].

Bhavyasree et al. [113] are the first researchers that
develop copper oxide/carbon (CuO/C) nanocomposites by
green synthesis. Adhatoda vasica leaf extract is used as a
capping agent, reducing agent, and carbon source. The com-
posites were examined for antifungal and antibacterial

activities. They show significant antibacterial activity against
the pathogenic bacterial strains E. coli, P. aeruginosa, K. pneu-
moniae, and S. aureus and antifungal activity against the fungi
A. niger and C. albicans. The antibacterial and antifungal
activities of the prepared nanocomposite were analyzed by
varying the concentration of the composite from 0.25 to
1mg/ml. The highest antimicrobial activity was observed at
1mg/ml concentration with a zone of inhabitation 11, 12, 14,
and 11 against E. coli, P. aeruginosa, K. pneumoniae, and
S. aureus and 13 and 14 for A. niger and C. albicans, respec-
tively. They also predict that the inhibition growthmay be due
to the interruptions of cell membranes by the nanocomposites
resulting in the breakdown of cell enzymes [113]. Sharma
et al. [114] synthesized cerium oxide (CeO2) GO nanocom-
posite that shows good antimicrobial properties against
wound pathogens. As a result of the aggregation of CeO2

particles on GO, ROS are generated and inhibited microbial
growth. In their work, they examined the antibacterial activity
of GO, CeO2 NPs, and CeO2/GO nanocomposite under light
and in the absence of light. Their result showed that the
prepared NPs and nanocomposites show better antibacterial
activity under a light. Figures 14 and 15 show the zone of
inhabitation of the prepared NP and NC in the presence
and absence of light [114]. Warsi et al. [115] proposed
WO3, MXene, and the WO3/MXene nanocomposite as anti-
microbial agents. The test was performed through the disk
diffusion method against Gram-positive (S. aureus) and
Gram-negative (E. coli, K. pneumonia, and P. vulgaris) bacte-
rial strains. Due to the structural difference between the cell
membrane and cell wall, the as-synthesized sample exhibited
different sensitivity levels toward the positive and negative
gram strains. All the prepared samples show good antibacte-
rial activity against S. aureus as the concentration of the
sample increase. All compounds were effective against
K. pneumoniae in the event of negative bacteria, and the
WO3/MXene composite shows strong action at low con-
centrations. While WO3 and MXene displayed good anti-
bacterial activity that improved with concentration, the
WO3/MXene nanocomposite showed no action against
E. coli and P. vulgaris. The reason behind the low or zero
antibacterial activity of the WO3/MXene composite against
Gram-negative bacterial strains is the presence of an
extra outer membrane that increased the resistance to
WO3/MXene. Due to its size and agglomeration, antibacte-
rial activity of WO3/MXene nanocomposite decreases
with increased concentration. The above two factors make
WO3/MXene less toxic and unable to penetrate the bacte-
rial cell wall. On the other hand, the pristine WO3 and
MXene showed an increase in antibacterial activity on
increasing concentration [115].

7. Factor Affecting the Antimicrobial
Activity of Nanocomposite

Antibiotics work by limiting or killing microorganisms in a
bacteriostatic or bactericidal manner. These medications
interact with any components necessary for microbial
metabolism, stopping infections from producing useful

S. aureus B. anthracoide

E. coliP. multocida

FIGURE 13: Effect of Ag (1), GO–Ag (2), GO–TiO2@ZnO (3), and
GO–Ag–TiO2@ZnO (4) on Gram-positive and Gram-negative
bacteria [112].
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biological molecules [116]. Since bacteria may now adapt to
medications, treating microbial infections has recently
become more difficult; this is why, nanomaterials were devel-
oped. The surface area, shape, bacterial type, and material
concentration all play major roles in how effectively the
nanostructures stop bacterial development by directly con-
tacting their cell walls [88].

7.1. Bacterial Cell Wall. It is crucial to first pay attention to
the bacterial cell structure in order to comprehend the
mechanisms governing the actions of metal ions, NPs, and
nanocomposites. Bacteria are shielded from their frequently
hostile environment by a thick, strong, slightly elastic, and
multilayered mesh-like structure called a cell wall. This struc-
ture also allows for the import and outflow of certain nutri-
ents and cellular waste products. It has a high capacity to
determine the antigenicity of bacteria, preserve the morphol-
ogy of bacteria, shield bacteria from the low-permeability
environment, and serve as a potential defense against dan-
gerous substances for bacteria. It is mostly made up of pro-
teins, lipids, and carbohydrates. The bacterium cell wall can
be split into two main groups: Gram positive and Gram
negative, depending on their structure, components, and
functions [1, 117, 118]. Gram staining results in the
dark blue or violet coloring of Gram-positive bacteria;

Gram-negative bacteria are unable to retain the stain and
instead take up the counterstain, which causes them to
appear red or pink [119]. Cell walls, membranes, and cyto-
plasm make up bacterial cells. Both the preservation of
cellular architecture and the maintenance of osmotic equi-
librium inside the cytoplasm are functions of the cell wall.
The peptidoglycan layer, which is both mechanically and
chemically robust and protects the bacterial cell, is typically
found outside the cell membrane of the cell wall [120].
Based on the outside of the bacterium, Gram-positive and
Gram-negative bacteria differ from one another. Gram-
positive bacteria have thicker cell walls with several layers
that range in thickness from 20 to 80 nm and are made up of
peptidoglycan and teichoic acid, while between the outer
cell membrane and the inner plasma membrane of Gram-
negative bacteria is a thin layer of peptidoglycan measuring
7–8 nm in thickness. These are what differentiate Gram-
positive and Gram-negative responses to an antibiotic.
Due to the impenetrable lipid layer in their outer mem-
brane, Gram-negative bacteria are more resistant to antibio-
tics than Gram-positive bacteria [121]. However, it has been
noted that when it comes to NPs with antibacterial charac-
teristics, Gram-positive bacteria exhibit more resistance
than Gram-negative bacteria. Two factors account for this:
(1) the absence of a thick peptidoglycan coating makes
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FIGURE 14: Antibacterial activity of GO, CeO2, and CeO2/GO nanocomposites: (a) Escherichia coli; (b) Pseudomonas aeruginosa; (c) S. aureus;
and (d) S. typhi in the presence of light (adapted from [114]).
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Gram-negative bacteria more vulnerable; (2) the additional
lipopolysaccharide layer increases the amount of time that
the bacterial cell membrane is in direct contact with the
NPs. This is due to the negative charge of lipopolysaccha-
ride and the positive charge of the majority of NPs, which
create attractive forces that promote metal ion uptake and

are detrimental to the bacterial cell [122]. Figure 16 shows
the structural difference between Gram-positive and Gram-
negative bacterial cell walls.

7.2. Concentration of the Nanocomposite. The concentration
of the given composite is the other factor that can affect the

12
Zo

ne
 o

f i
nh

ab
ita

tio
n 

(m
m

)

10
8
6
4
2
0

GO CeO2 CeO2/GO

7
7.5

8.2 9.1

10.7

9.6
9

6.46.5

8.6

25 μg/ml
50 μg/ml

75 μg/ml
100 μg/ml

10.2

6.1

ðaÞ

25 μg/ml
50 μg/ml

75 μg/ml
100 μg/ml

12

Zo
ne

 o
f i

nh
ab

ita
tio

n 
(m

m
)

10
8
6
4
2
0

GO CeO2 CeO2/GO

6.5
6.9

7.5

10

11.411.1
10.5

8.9

6.76.4

9.1
8.2

ðbÞ

Zo
ne

 o
f i

nh
ab

ita
tio

n 
(m

m
)

12
10

8
6
4
2
0

GO CeO2 CeO2/GO

6.5

8.3
8.9

9.5
9.1

10.6

9.7

8.4

76.2

8.3

25 μg/ml
50 μg/ml

75 μg/ml
100 μg/ml

10

ðcÞ

Zo
ne

 o
f i

nh
ab

ita
tio

n 
(m

m
)

12

8
10

4
2

6

0
GO CeO2 CeO2/GO

11.3

10

7.2
7.8

8.7
10.7

9.5
8.8

8

8.5

7.26.8

25 μg/ml
50 μg/ml

75 μg/ml
100 μg/ml

ðdÞ
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FIGURE 16: Schematic representation showing differences in membrane structures of Gram-positive and Gram-negative bacteria [122].
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antimicrobial activity of the nanocomposite. Widiarti et al.
[123] showed the effect of CuO concentration on antibacte-
rial activity of CuO–ZnO nanocomposite against S. aureus
and E. coli bacteria, as shown in Figure 17. Mohammadi-
Aloucheh et al. [61] also showed that the antibacterial activ-
ity of ZnO/CuO nanocomposites was slightly influenced by
the concentration of CuO in the nanocomposite and
increased by increasing its concentration.

The variation in concentration of the given composite
can also affect the zone of inhabitation (i.e., MIC is defined
as the minimum concentration of an antibiotic to inhibit the
bacterial growth that can measure susceptibility and resis-
tance) of the studied bacteria. Some of the literature those are
dependent on the concentration of the given material is listed
in Table 2. Maulidiyah et al. [124] showed as the potency of

Mn–N–TiO2 composite wall paint as antibacterial activity
was conducted under visible light illumination. They carried
out a bacterial test quantitatively based on the percentage
reduction of bacterial colonies on media. They vary the con-
centration of Mn–N–TiO2 composite coated wall paint from
40% to 60% into the wall paint to obtain high antibacterial
activity to inhibit the S. aureus bacteria. The presence of
several bacterial colonies formed above the nutrient agar
surface and the Mn–N–TiO2 concentration variation
affected the total bacterial colonies. Based on their result,
the Mn–N–TiO2 concentration of 60% coated wall paint
has better activity in inactivating S. aureus bacteria under
visible illumination, as shown in Figure 18. This is due to
Mn–N–TiO2 initiated OH radical formed that is capable of
bacterial reaction. ROS consisting of ⋅OH and ⋅O−
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FIGURE 17: The diameter clear zone antibacterial of ZnO, CuO, and CuO–ZnO composites against S. aureus and E. coli (adapted from
[123]).

TABLE 2: Effect of varying concentration of compound in a given composite.

Sr. No. Nanocomposites Bacterial strains Varied compound References

1 Co@AgNp E. coli and B. subtilis AgNp [125]
2 CuO–ZnO S. aureus, Salmonella, E. coli, B. cereus, and P. aeruginosa CuO [126]
3 ZnO–CuO E. coli and S. aureus CuO [61]
4 ZnO–CuO S. aureus CuO [69]
5 WO3/MXene S. aureus WO3/MXene [118]
6 γ–Fe2O3/ZnO S. aureus and E. coli ZnO [127]
7 ZnO–Ag Ag [128]
8 Ppy/ZnO/CS S. aureus, P. aeruginosa, E. coli, and B. cereus ZnO [129]
9 CS/Ag E. coli and S. aureus CS/Ag [109]
10 Ag/Fe2O3 E. coli, S. aureus, and C. albicans Ag/Fe2O3 [93]
11 NiO–Fe2O3 E. coli NiO–Fe2O3–CdO [82]
12 ZnO/Fe3O4/rGO E. coli and S. aureus ZnO/Fe3O4/rGO [130]
13 Fe2O3/Ag S. aureus and E. coli Fe2O3/Ag [96]
14 Fe2O3/NiO B. subtilis, S. aureus, E. coli, and S. typhi NiO [131]
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produced from photogeneration processes on the titania sur-
face by strong oxidative substances to attack cell walls and
cell membranes in bacteria [124].

7.3. Energy Bandgap of the Nanocomposite. The bandgap of
the synthesized nanocomposite influences antimicrobial
activity. The lowest value of the energy bandgap exhibited
maximum antimicrobial activities in that electrons are
excited from the valance band to the conduction band with
small energy. For example, Pandey et al. [132] showed
the relationship between the energy bandgap and the
antimicrobial activity of ZnO, ZnO–Ag2O/Ag, ZnO–CuO,
and ZnO–SnO2 against P. aeruginosa, K. pneumoniae,
A. baumannii, and C. albicans pathogens. The antimicrobial
activity increases as the bandgap of the nanocomposite
decreases. Table 3 shows the effect of the bandgap on the
antimicrobial activity of selective pathogens.

On the hand, as shown in Table 4, the bandgap of a
nanocomposite has an inverse relation to the concentration
of the composite material. That is the energy bandgap
decreases and have an effective antimicrobial activity as the
concentration of the nanocomposite increases.

8. Conclusion and Future Perspectives

In summary, in this review, we see different nanocomposites
that are synthesized by different synthesis methods in order
to use for antibacterial activity. Nanocomposites are class of
materials in which one or more phases with nanoscale
dimension (0D, 1D, and 2D) are embedded in metal,
ceramic, and polymer matrix. These materials differ from
NPs due to their combination, which make them strong
and cover the weakness of the individual materials. Recently,
NP and nanocomposites materials are more preferable for
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antimicrobial activities due to the existence of microorgan-
isms those have resistance to antibiotic. An antimicrobial
activity is any chemical or physical compound that can treat,
destroy, or prevent the growth of microbes. Due to their
nanosized, longer durability, lower toxicity, higher stability,
heat resistance, should not react with food or container, have
good taste or tasteless, with disagreeable smell and provide
mineral elements essential to human cells, nanocomposites
are currently used for antibacterial activity. Nanocomposites
can inhibit the growth of the bacterial cell by three basic
mechanisms, which are releasing metal ions from the surface
of the prepared nanocomposite, direct contact to the cell wall
of the bacterial, and releasing ROS. The bacterial cell inhabi-
tation mechanism of nanocomposite can be affected by dif-
ferent factors, concentration of the nanocomposite and the
bacterial cell wall type are the most common factors that are
discussed in this review. However, there are also other fac-
tors, which make the antibacterial activity of the nanocom-
posite in effective like shape and size of the nanocomposite.
As we know, the shape and size are the basic physicochemi-
cal properties that can directly related to the surface to vol-
ume ratio of the given nanoscale materials and have relation
on antibacterial mechanism of the nanomaterial. Therefore,
we recommended that it is good to study on how the size and
shape of the nanocomposite affect the antibacterial activity of
a given pathogens.
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