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The universal emphasis on the study of green nanotechnology has led to biologically harmless uses of wide-ranged nanomaterials.
Nanotechnology deals with the production of nanosized particles with regular morphology and properties. Various researches
have been directed on nanomaterial synthesis by physical, chemical, and biological means. Understanding the safety of both
environment and in vivo, a biogenic approach particularly plant-derived synthesis is the best strategy. Silver-zinc oxide
nanoparticles are most effective. Moreover, these engineered nanomaterials via morphological modifications attain improved
performance in antimicrobial, biomedical, environmental, and therapeutic applications. This article evaluates manufacturing
strategies for silver-zinc oxide nanoparticles via plant-derived means along with highlighting their broad range of uses in
bionanotechnology.

1. Introduction

Biological approaches engage all those principles and proce-
dures, which are eco-friendly during the assembly of chemicals.
The biological method for synthesizing starting chemicals for
industrial and agricultural applications has been acknowledged
worldwide for its nontoxic effects on the environment. The lat-
est learning of exploration work on nanobiotechnology has
guaranteed safe uses of a range of nanoparticles. Nanotechnol-

ogy generally focuses on the production of different but regular-
sized, shaped nanoparticles intending to make them more use-
ful for the betterment of mankind. While on the other hand,
physical and chemical approaches have difficulties of being
expensive and environmentally hazardous along with produc-
ing nanoparticles with distinctive properties and precise mor-
phology. This shows that in nanotechnology biological
procedures to synthesize nanomaterials are biologically and
environmentally safe applications [1]. After over years of work,
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nanobiotechnology gets straight to the point where scientists
have researched to develop nanomaterials from biomolecules
such as proteins, lipids, secondary metabolites, and metals from
alive organisms especially plants [2]. Among these biomole-
cules, metals have beenmethodically discovered for the produc-
tion of green nanomaterials. In the application of nanoparticles,
bimetallic materials attained more attention because of their
synthesis by heterogeneous catalyst [3]. Silver (Ag) and zinc
oxide (ZnO) as bimetallic Ag/ZnO nanoparticles are of more
importance, owing to industrial, medical, and environmental
uses. The work done on the synthesis and application of various
metals with zinc oxide nanomaterials has been reviewed
through different studies [4–10].

Bimetallic nanoparticles (BNPs) are preferred over mono-
metallic NPs (MNPs) because of their immensely improved
optical, catalytic, and biological properties [11]. Two different
metal atoms are linked together in a single NP to form BNPs.
Apart from the aggregation of traits associated with the pres-
ence of two separate metals, it is also expected that BNPs
would display unique properties as a result of the synergistic
effect of metals [12–14]. Themetal atoms’ configuration deter-
mines the potential characteristics of BNPs. The redox poten-
tials of the metal ions, as well as the type of the reducing agents
utilized, strongly impact the orientation of BNPs, which can be
core-shell, heterostructure, multishell, cluster-in-cluster, and
random alloy [15]. Specifically, the reducing ability of biomol-
ecules is coupled with metals for the production of other eco-
nomically and environmentally beneficial mono- and/or
bimetallic nanomaterials. Among bimetallic nanomaterials,
Ag/ZnO nanoparticles have acknowledged much consider-
ation because of their vast range of applications [16]. These
engineered nanomaterials Ag/ZnO have dual functional roles,
the capability of high-value uses such as analytical and active
therapeutic agents for the cure of numerous diseases, photody-
namic therapy [17], and photocatalyst [18]. A new exciting
property of Ag/ZnO alloy NPs is their imaginative applica-
tions due to interaction with light and the creation of vibrant
colors. Concerning other nanoparticles, Ag/ZnO alloy nano-
particles could be synthesized by physical, chemical, and
biological procedures. By manipulating surface chemistry
and morphology during amalgam, electrical to optical proper-
ties of Ag/ZnO NPs can be managed. Among biological
approaches, researchers showed more interest in plants for
the synthesis of nanoparticles. This review article emphasizes
the fabrication of clear images of approaches monitored for
synthesis and characterization of Ag/ZnO NPs, their wide
range of importance, and applications. Moreover, the article
discovers diverse paths acquired by biosynthesized Ag/ZnO
nanoparticles aimed at showing deadliness during application.
It also points out prospects of green synthesized Ag/ZnO
nanoparticles concerning its vast significance.

2. The Influence of Plant-Derived Ag/ZnO
Alloy NPs

Common approaches for synthesizing alloy nanoparticles
involved the use of chemical reagents for the reduction of
metallic salts into silver and zinc metals. Reducing agents
directly affects the size of alloy nanoparticles. The method

of synthesizing Ag/ZnO NPs by chemicals led to the creation
of less stable nanomaterials, and the outflow of chemical
reagents to the surroundings causes harmful effects on the
environment and human health. Hence, it is vital to discover
substitutive routes for reduction of silver, zinc, and stabiliza-
tion of their alloy nanoparticles, having the capability of
avoiding linked hardships [19]. Recently, microwave sol-
vothermal synthesis approach was also applied to develop
Ag/ZnO NPs by using microwave reactor, while zinc acetate
dehydrate and silver acetate anhydrous were the reagents
[20]. Plant-based compounds likewise their secondary
metabolites can be utilized as competent agents for reduc-
tion and stabilization, conferring steady size and stable accu-
mulation to synthesized NPs. Sustainable chemistry serves
those procedures and principles which are eco-friendly, con-
cerning minimizing leakage of lethal materials commonly
used for producing nanomaterials. The biological approach
of synthesizing alloy NPs for its vast use has been renowned
worldwide due to its harmless effects [21]. Experiments on
plant-derived approaches of bimetallic nanoparticles have
helped describe novel passages for the production of ranging
sizes and morphological shapes of NPs such as cube, rhom-
bic dodecahedron, tetrahedron, octahedron, and spherical,
irregular, and crystal-shaped nanomaterials [22]. This could
be accomplished by using different plant-based extracts to
precursor salts for the production of a diversity of materials
having a vast range of applications. Through plant extract,
the synthesis of Ag/ZnO NPs is almost the same as utilizing
plants to yield Ag/ZnO from silver and zinc oxide salts [23,
24]. In the area of phytomining, direct use of the plant for
the production of Ag/ZnO has been advantageous. Plants
absorb silver and zinc oxide salts, reduce them, and store
them as Ag/ZnO NPs, which could be taken back for further
use in eco-friendly means. Concurrently, Ag/ZnO alloy NPs
are nontoxic for plants as they do not affect plant growth
[25]. Moreover, plant-derived Ag/ZnO NPs most probably
stay as lesser aggregate in a mixture form than massive
aggregation that occurs due to reagents utilized during
chemical approaches of synthesizing nanoparticles. Even
though the diversity of sizes still occurs ranging from 1 to
100 nm in Ag/ZnO alloy NPs, small-sized Ag/ZnO NPs are
ideal for medical, agricultural, and industrial purposes [26].
Biosynthesized Ag/ZnO NPs from coffee and Prosopis farcta
used as antimicrobial in the wound healing-medical field.
Generally, Ag/ZnO NPs synthesized from greener chemistry
assure regularity in size and shape with lesser masses of
nanoparticles, along with eco-friendly and improved biode-
gradable products [27].

3. The Followed Means of Plant-Derived Ag/
ZnO Alloy NP Synthesis

Besides, the classification of methods was used for preparing
NPs into Top-down synthesis and Bottom-up synthesis.
However, methods of synthesizing alloy nanoparticles can
also be classified into physical, chemical, and biological
approaches [27, 28]. Different researches demonstrated Ag/
ZnO NP synthesis physically and chemically such as sono-
chemical precipitation [29–31], radiolytic preparation [32,
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33], coprecipitation method [34], low-temperature synthesis
[35], solvothermal synthesis [36, 37], polymer-network gel
process [38], and combustion synthesis [39]. These method-
ologies have been progressively more unlikely in terms of
safety and noxiousness matters.

The most often exploited chemical and physical
approach for the synthesis of BNPs is the reduction of com-
pounds in water-based solutions; however, these synthesis
procedures are labour-intensive and expensive and fre-
quently need hazardous/toxic substances. In this aspect, a
procedure that is safer, greener, and more environmentally
friendly is critical [40, 41]. Bacteria, fungus, yeast, and plants
are biological categories that have showed tremendous
potential as bioreactors in the synthesis of NPs.

Figure 1 shows a flow diagram regarding different means
of NP synthesis. The biological method comprises the usage
of microbes (bacteria, fungi), algae Padina gymnospora [42],
and plants for reduction of precursor salts for production of
morphologically different nanoparticles. Plants have been
shown to be substantial and tremendously advantageous
over the others because of their vast availability, low cost,
and, most importantly, their safety to living beings and the
environment. Plant extracts include secondary metabolites
(phytochemicals/bioactive substances) that can decrease
metal ions and stimulate the synthesis of NPs with signifi-
cant and diverse biological and physical activities [43].
Among greener methods of synthesis, plant-based synthesis
produces uniform-sized Ag/ZnO NPs. Figure 2 shows vari-
ous plants used in the synthesis of Ag/ZnO nanoparticles
[44–52]. Moreover, Ag/ZnO NPs could be easily obtained
by mixing precursor salts in a beaker with plant extract as
a reducing and stabilizing agent, making a sustainable and
eco-friendly substitute for metal-based nanoparticle genera-
tion, and NPS tend to become more active as a catalytic
agent. With the rising confirmation of the significance of
plant for synthesizing Ag/ZnO alloy NPs, researches have
been conducted with extract of parts like roots, rhizome,
shoots, stem, bark, leaves, flowers, and seeds of various
plants (Figure 3), utilized for biomolecules like steroids, fla-
vonoids, saponins, alkaloids, and secondary metabolites,
having capacity of precursor salt reduction for the produc-
tion of silver-ZnO nanoparticles [53]. From the beginning
of the 21st century, the synthesis of silver-zinc oxide alloy
NPs from plants has taken the charge and there are several
plants utilized for the generation of silver-zinc oxide nano-
particles ever since [54]. Substances extracted from plants
appeared as a very appropriate influencer for the extensive
synthesis of alloy NPs else than various described procedures
of using risky chemical compounds, causing severe damage
if preserve in the environment. The plant material used also
affects the consistency and flexibility of NPs [55]. More spe-
cifically, the use of peeled Solanum tuberosum common
tuberous crop was suggested, because of the starch compo-
nent; a major form of carbohydrate content could be profi-
ciently utilized as a means for NP synthesis [56].

The phytochemicals present in extract like secondary
metabolites (phenols, flavonoids, alkaloids, steroids, sapo-
nins, etc.) act as reducing as well as capping agents to pre-
cursor solution which leads to formation of nanoparticle of

different sizes and shapes. Morphology studies show that
phytochemicals are effectively controlling the size, shape,
and distribution of particles [57].

The morphology of the nanoparticles is also affected by
the physical factors such as pH and temperature. The effects
of pH and temperature on the biosynthesis of Ag/ZnO NPs
were investigated in a recent study to investigate the opti-
mum conditions for producing Ag/ZnO NPs. The results
revealed that a lower pH (pH6 and T = 150°C) had a signif-
icant impact on the size of the NCs. It appears that at lower
pH values, the rate of nucleation is considerably higher,
resulting in a large number of ZnO nuclei and, as a result,
delayed expansion of the ZnO lattices. The rate of nucleation
is low at higher pHs (pH12 and T = 150°C); therefore, the
ZnO lattices develop quickly. The precipitation of ZnO
nuclei is predicted to begin when the concentration of these
Zn2+ and OH ions surpasses the critical threshold. This is
what is known as the first nucleation step for ZnO produc-
tion. The rise in thermal energy of the system can be linked
to variations in Zn2+ and OH ions. It can be deduced from
this that the reaction temperature during the synthesis of
Ag/ZnO nanostructures has a significant impact in the size
modification of the NPs [58]. Temperature, on the other
hand, has an impact on the form and size of nanomaterials.
At 90, 120, and 150°C, Ag/ZnO NPs were produced. Accord-
ing to the results, increasing the reaction temperature causes
smaller Ag/ZnO assemblies to develop. As a result, raising
the temperature may cause the Ag/ZnO assemblies to disso-
ciate faster. Zn(OH)2 causes the release of free zinc ions Zn

2+

and hydroxide ions in a regulated manner [59].
For characterization of bimetallic nanoparticles, various

approaches can be exploited; that is, UV-Vis spectrum con-
firms synthesis and bimetallic nature of nanoparticles, spec-
tra of EDAX show the existence of certain proportions of
precursor element, and SEM determines size and shape of
bimetallic nanoparticles and ImageJ software has been in
use, analyzing SEM image for particle-size distribution [60]
(Figure 4).

4. Physiochemical Properties of Ag/
ZnO Nanoparticles

As explained previously, certain morphological, physiologi-
cal, and biochemical properties like an increased surface area
to volume ratio, mechanically solid, highly reactive chemi-
cally, and photosensitive made these nanoparticles appropri-
ate and distinctive candidates for several medical and
therapeutic use [61]. The following headers discuss some
of their significantly important properties.

4.1. Electronic and Photosensitive Properties. The photosensi-
tive and electronic properties of silver-zinc oxide nanoparti-
cles are symbiotic to a larger magnitude. That is, the
photosensitive properties of these plant-based bimetallic
nanomaterials depend on the size of particles and show a
strong UV-visible spectrum compared with the extinction
band that exists on the scale of the bulk metal [62]. When
the rate of recurrence of the instance photon is constant with
collective excitation of the conducting electrons, it results in
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the formation of the excitation band and is recognized as
localized surface plasma resonance. This resonance leads to
the wavelength selection preoccupation with tremendously
more coefficient resonance [63]. It is well recognized that
the peak of a wavelength of this resonance scale directly
depends on morphology (size and shape) and gaps between
particles of the nanomaterials along with their electric prop-
erties and their native environments like solvents and sub-
strate [64]. These bimetallic colloidal nanoparticles are
responsible for the rusty colors in glass windows/doors;
monometallic silver and zinc oxide nanoparticles are natu-
rally brown and white. In reality, on the outer surface of
these nanoparticles (silver, zinc oxide), free electrons are
present that are portable over nanomaterials freely [65].
The mean free path for silver and zinc oxide is less than
50nm, which is greater than the size of nanoparticles.

Hence, upon optic interaction, there is no expectation of
scattering from the bulk metals; alternatively, they stand
fixed into resonance environments, which is accountable
for the localized surface plasma resonance in these bimetallic
nanoparticles [66].

4.2. Magnetic Properties. The magnetic properties of bio-
genic nanoparticles are of great interest for researchers from
a wide-ranging field, including homo- and heterogeneous
catalysis, magnetic fluids, MRI data store, bioremediation
like water refinement, and biomedicine. The research work
illustrates the following: the size (mean 15nm) is less than
the critical value which executes the best performance of
nanoparticles [67]. The magnetic properties of bimetallic
nanoparticles conquered efficiently at a low scale, resultantly
making these materials priceless, and could be used in

Figure 1: Various routes of Ag/ZnO NP synthesis.
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various solicitations [68]. The irregular distribution of elec-
tronics in nanoparticles is responsible for their magnetic
property. The means and methods such as the coreduction
method by greener approach and the production of silver-
zinc oxide nanoparticles also affect this property [69].

4.3. Mechanical Property. The distinctive mechanical prop-
erties of greener bimetallic nanoparticles let scientists inves-
tigate the new use in numerous areas, like surface
engineering, nanobased manufacturing, and nanobased fab-
rication [70]. Various mechanical attributes like harness,
friction, adhesion, stress, and strain and electric modules
can be measured to get information about the mechanical
nature of greener synthesized silver-zinc oxide nanoparticles
thoroughly. Along with these attributes, coagulation, lubri-
cation, and surface coating assist mechanical properties of
nanoparticles as well [71]. While comparing with monome-
tallic nanoparticles, microparticles, and bulk metals, it is
obvious that bimetallic nanoparticles demonstrate different
mechanical properties. Furthermore, during lubrication or

grease interaction, when the pressure is large considerably,
the distinction in the rigidity and toughness between nano-
sized particles and the interaction of outer surface controls
whether the nanoparticles are concaved into the plan surface
or distorted [72]. This significant knowledge could reveal the
performance of nanoparticles in contact conditions. Produc-
tive results in these areas usually require a deep vision into
the fundamentals of the mechanical properties of bimetallic
nanoparticles, for example, movement law, interfacial adhe-
sion, hardness, elastic modulus, size-dependent characteris-
tics, and friction [73].

4.4. Thermal Properties. It is well recognizing statement that
plant-based metallic nanoparticles have thermal conductivity
more than solutions in hard form. The thermal conductivity
of silver and even oxides like zinc oxide is more than that of
engine oil and water at room temperature [74]. Consequently,
the solutions having dispersed particles are predicted to show-
case increased thermal conductivities comparative to dis-
persed particles of heat transfer solutions [75]. Nanobased

Avena sativa Silybum marianum Rosa canina Ocimum tenuiflorum

Prunus cerasiferaLawsonia inermisChonemorpha grandifloraCalotropis gigantea

Moringa oleiferaUrtica dioica

Thymus vulgarisVerbascum speciosumTridax procumbens Sida rhombifolia

Figure 2: Various plants used in the synthesis of Ag/ZnO nanoparticles.
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solutions are formed by scattering nanosized particles into a
solvent like water, oils, or alcohol. Nanobased solutions are
predicted to display greater properties comparative to heat
transfer solutions and solutions having particles of micro-
scopic size. As the transfer of heat takes place at the outer sur-
face of the material, it is needed to utilize the nanosized
materials with a more surface area to volume ratio. The
increased surface area increases the steadiness of suspension
as well [76]. In recent times, it has been illustrated that nano-
based solutions containing silver and zinc oxide reveal
advanced thermal conductivity [77].

5. Plant-Derived Ag/ZnO NPs: Uses

Among alloy nanoparticles, silver-zinc oxide NPs initiate
numerous uses including Aesculapian and non-Aesculapian
fields. Figure 5 demonstrates applications of Ag/ZnO alloy
nanoparticles. Perhaps, this is due to its distinctive physiolog-
ical and chemical nature like minimized size, the capability of
bonding with biological molecules due to high reactivity, great
constancy, and increased surface area-mass ratio, effortless
generation and characterization, luminous extension actions,
and their reduced toxicity to cells [59, 78–81].

5.1. Antimicrobial Use. Plant-derived Ag/ZnO alloy nano-
particles turned out to be competently stated as an agent that
stops microbial growth by killing them. These alloy NPs
showed greater antimicrobial activity as compared to mono-
metallic nanoparticles [82]. Ag/ZnO NPs have shown activ-
ity against Micrococcus luteus and E. coli because of their
small size and photocatalytic ability [83]. Furthermore, Ag/
ZnO NPs also exhibit antibacterial activity against S. aureus
[39], P. aeruginosa [84], S. epidermis, B. subtilis, K. pneumo-

nia, and P. aeruginosa. Therefore, Ag/ZnO NPs came to be
hired in studying its effects against microorganisms among
different nanomaterials [85]. These NPs established high
activity against infective gram-positive and gram-negative
bacterial strains. Figure 6 explains the mechanisms of action
of nanoparticles against bacteria [86]. Cell walls and plasma
membranes are the main protective hurdle to bacterial toler-
ance in the surrounding environment. While the absence of
peptidoglycan layer in gram –ve bacterial cell wall directed
to enhanced bacterial activity on them [87]. There is more
generation of reactive oxygen species by NPs because of their
higher surface-to-volume ratio [88]. However, anions like
hydroxide and superoxide remained on the cell wall of bac-
teria disrupt comprehensiveness, which might ultimately
destruction of the cell wall, ensuring the release of intracellu-
lar substances eventually leading to cell death. While a com-
pound like H2O2 cause harmfulness to respiratory enzymes
of the cells. The roughness of the nanoparticle’s surface
caused damage to the cell wall, resulting in increased plasma
membrane penetrability to Ag+ and ZnO+ leading to toxicity
to bacteria [89]. As compared to other nanoparticles like
titanium oxide-zinc NPs, Ag/ZnO nanoparticles are more
effective antibacterial agents. As a final point, it could be
resolved that on the surface of bacterial cell wall generation
of ROS species causes cell wall rupturing as the negative
charged cell wall absorbs positive charged silver and zinc
ions causing alternation in electrodynamic interaction ulti-
mately leads to death [90]. Ag/ZnO NPs use against
microbes and organisms causing disease in plants not yet
been given more consideration. Meanwhile, the world goes
through the problem of malnourishment and deficiency of
food where these harmful organisms employ a role in
demolishing significant crops; that is why, this could be a

Ag-salt solution Zinc oxide-salt solution Salt Solution

Flower

Leaves

Stem

Shoot

Root

Plant Salt solution

Ag/ZnO alloy NPs

Figure 3: Schematic illustration of different plant parts for the plant-derived synthesis of Ag/ZnO alloy NPs.
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foremost area of concern regarding revolutionary explora-
tion on Ag/ZnO nanoparticles, hence rising the importance
of these NPs in their applicability [91].

5.2. Antioxidant Use. Plant-derived Ag/ZnO alloy NPs are
being acknowledged for carrying antioxidant use as com-
pared to metallic NPs. DPPH free radicals indicate antioxi-
dant action depending upon quantity at an optimal
concentration of synthesized NPs compared to ascorbate
(standardized antioxidant anion). Additionally, solution
change of color is due to NPs observed. Researchers showed
that the combination of silver with zinc oxide forming plant-
based nanomaterials increases their antioxidant capacity and
their antiproliferative behavior causes the elimination of free
radicals [92]. Thus, compared with monometallic silver and
zinc oxide nanoparticles, bimetallic Ag/ZnONPs synthesized
by greener chemistry using fenugreek plant had the more
antioxidant capability. Ag/ZnO NPs as an antioxidant agent
could be additionally applicable against vital fights like liver
problems and cancer [93].

5.3. Cytotoxic and Cancer Curative Agent. Plant-derived Ag/
ZnO NPs had not been frequently used against human can-
cer cells, but these nanoparticles have the potential of acting
against cancer when applied to various cancers of humans
such as ovarian, liver, pancreatic, and lung cancer. Still, their
efficiency is necessary to experiment. However, the function
of silver/zinc-oxide NPs towards brain gliomas could be
effective due to brain stem glioma, which acts as a barrier

to drugs and makes cure utterly problematic. Biosynthesized
bimetallic Ag/ZnO NPs from Chonemorpha grandiflora
extract showed noteworthy outcomes for the investigation
of toxicity. To evaluate the in vitro cytotoxic capabilities of
silver/zinc-oxide alloy NPs different cell lines were utilized
such as, MCF-7, HCT-116, and A-549. The phyto-
synthesized silver/zinc-oxide alloy NPs exhibited different
cytotoxic effects on these cell lines; however, toxicity to cell
line depends on the dosage of nanoparticles. The practicabil-
ity examinations also confirm that sustainability of cells sig-
nificantly reduced with an increased amount of
nanoparticles; moreover, cell sustainability that deceased in
the following order was also recorded: MCF-7>HCT-
116>A-549. Figure 7 illustrates the adverse effects of NPS
on cancer cells, also reported in the literature [94]. Silver/
zinc oxide nanoparticles prepared by plants with specified
nanosize and shape are more effective as anticancerous sub-
stances as compared to bulk size NPS. Reasonably, this is
due to the availability of more quantity of plant extract that
is reducing and stabilizing agents at the earliest steps of
greener synthesis. Additionally, bimetallic nanoparticles
showed a prohibitive influence on HepG-2 growth. As can-
cerous cells are dissimilar from regular cells, particularly
concerning metabolic necessity, leading to diversified toxic-
ity to cells [95]. Certain researches demonstrated that in can-
cerous cells, NPs having zinc-II cation produces reactive
oxygen species which eventually destroys them [96, 97].
Death of cancer cells occurs due to zinc oxide-based nano-
particles as these NPs alter histone methylation and silver

(a) (b)

(c) (d)

Figure 4: SEM images of different Ag-ZnO NPs. (a) Silver-zinc oxide nanocomposites synthesized using Pistacia atlantica resin [173]; (b)
synthesis of Ag/ZnO nanoparticles by using aqueous extract of oak fruit hull [26]; (c) silver-zinc oxide nanocomposites synthesized using
Beta vulgaris (beetroot) extract [103]; (d) silver-zinc oxide nanoparticles synthesized by using Padina gymnospora seaweed extract [42].
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metal prompt programmed cell death in them by generating
a maximum quantity of free radicals [98]. Because of more
cellular absorption and withholding of plant-based silver-

zinc oxide alloy nanoparticles, these NPs induce more toxic
effects against HepG-2 cell line than normal cells like NIH-
3T3 which was certainly time and quantity dependent. The

Applications of Plant based -Ag/ZnO NPs

Anti-inflammatory 

Biosensor 

Drug Delivery 
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Antimicrobial 
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Photocatalysis 
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Figure 5: Various applications of plant-based Ag/ZnO NPs described in the literature.
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Figure 6: Mechanistic effect of Ag/ZnO NPs on bacterial cell.
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nanometer size of particles showed the best toxic effect on
human cervical cancer cells (HeLa), which can readily enter
cells, generating reactive oxygen species resulting in cell
mortality [99]. Justicia adhatoda derived silver/zinc oxide-
based nanoparticles that positively charged silver, zinc metal
ion produces more injuries as compared to negatively
charged ion, because of ionic contact with cell membrane
which is negatively charged. These metal ions result in cell
membrane leakage and destruction of enzymes. Hence, sil-
ver/zinc oxide-based nanoparticles can be executed as the
best operational and effective anticancer agents [100].

Similarly, in vitro cytotoxicity efficacy of phytosynthe-
sized AZnO NPs was tested against human cancerous cell
lines such as breast (MCF-7 and MDA-MB-231), colon
(HCT-15) and lung (A549), and peripheral blood mononu-
clear cells (PBMCs). The highest cytotoxicity activity was
observed against all the tested cell lines at 25μg/mL [101].
The cytotoxicity of various doses of biocapped Ag/ZnONCs
(0.05, 0.1, and 0.2mg/mL) to treat cell lines was evaluated by
using cell viability test of human A549 cell line. The obtained
results showed that concentrations of up to 0.1mg/mL of
biocapped Ag/ZnONCs induced no significant harmful to
the cells [59]. Rad et al. demonstrated that low concentra-
tions of Ag/ZnO NPs possess cytotoxicity and induce dose-
dependent cell death [102].

Ag/ZnO NPs were examined for their cytotoxic effects in
the cervical (HeLa) and ovarian (SKOV-3) carcinoma cell
lines. The dose-dependent cytotoxicity was investigated by
studying the cell viability assay, ROS generation, and adeno-
sine triphosphate (ATP) contents when the cell lines were
exposed to the ZnO/Ag composites for 48h. Among the var-
ious concentrations ZnO/Ag composites produced, the
2.0mg/mL ZnO/Ag 7.5 composite exhibited superior anti-
cancer activity against HeLa and SKOV-3 cell lines. The cell
viability and ATP contents were reduced significantly in a

dose-dependent manner, whereas ROS generation was
increased appreciably [103].

5.4. Antileishmanial Potential. In the tropical zone, leish-
maniasis is a life-threatening disease and new techniques
have been developed for its cure to gain popularity. Various
biofabricated metal and their oxide NPs are being practiced
[104]. Following the MTT assay, the heterostructure of
plant-derived Ag/ZnO bimetallic nanoparticles showed the
best activity against Leishmania tropica (KMH-23) as com-
pared to monometallic ZnO nanoparticles [85]. Spherical
shaped multimetallic NPS and Ag/ZnO synthesized by leaf
extract ofMirabilis jalapa were also reported as having antil-
eishmanial potential. Vector-based illness caused by the bite
of mosquitoes such as dengue, malaria, and leishmaniasis
bases the death of 0.6 million people worldwide. Regrettably,
the research work explains the application of bimetallic Ag/
ZnO nanomaterials as antileishmanial only whereas its use
as antidengue and antimalarial agent is still required to be
discovered [85].

5.5. Drug Delivery Application. Drug transfer to the specific
sites is of significant use in biological and medical science aim-
ing at delivering drugs to the targeted site, avoiding harmful-
ness to the normal cells present in their surroundings. By
surface alternation of green synthesized nanoparticles, biolog-
ical molecules like carbohydrates, protein, phenols, receptors,
and drugs could be associated with plant-derived silver-zinc
oxide NPs. This alternation discusses a particular role of bio-
nanoassembles, making them capable of their application in
medicine for specified drug delivery [69]. Hence, it is reason-
able to specifically attack tumor cells by the mean of endocyto-
sis, a lively targeting method [105–107]. Similarly, the outer
surface of green processed nanomaterials is enclosed within
biological compounds driven from plant extract, which could

Ag+ Zn2+

PLANT-DERIVED ALLOY
 NANOPARTICLES

HUMAN CANCEROUS CELL
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Figure 7: Adverse effect of NPs on cancerous cells leading cell death.
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be transferred. Meanwhile, Ag/ZnO bimetallic nanoparticles
are recognized for extraordinary proficiency of assemblage
because of increased surface area, letting them bind with
numerous chemical substances such as biological molecules
and drugs. Thus, plant-based Ag/ZnO nanoparticles can take
up or function by biomolecules of plant extracts, which can
be exploited as a natural linker for drug delivery to the speci-
fied sites [108]. The biostable capability of biosynthesized
silver-zinc oxide bimetallic nanoparticles headed to healthy
and unhealthy cells building them more certain as a vector
for delivering drugs. Green synthesized silver-zinc oxide-
derived drug delivery system using the FDA-approved anti-
cancer drugs could be effectively manufactured and applicable
for enhanced therapeutic ability, compared with drug only.
The better activity of the drug delivery system could be due
to additional targeted effects, improved penetrability, and
holding effects of these bimetallic nanoparticles. Analyzing
biocompatibility of plant-derived Ag/ZnO nanoparticles, it is
easy to certain the usefulness of biologically fabricated manu-
factured Ag/ZnONPs as a competent vehicle for targeted drug
delivery against cancer in the upcoming time [109].

5.6. Photocatalytic Use. Plant-based silver-zinc oxide bime-
tallic nanoparticles are popular for photocatalysis mainly
for their reduction capabilities. The better mechanism of
photocatalytic efficiency of green synthesized Ag/ZnO NPs
can be described in Figure 8, as reviewed from research arti-
cles. Zinc oxide NPs grip energy photons that are equal or
greater to holes, electrons, and bandgap energy produced

in the valence band and conduction band. Meanwhile, the
Fermi level of silver-zinc oxide is less than the energy level
of zinc oxide conduction band; transfer of electrons could
be done to silver from zinc oxide NPs. Henceforth, silver
NPs could inhibit their recombination by trapping light-
induced electrons. The electrons induced by light could pro-
duce ∙O2; however, holes of zinc oxide valence band could
counter water resultantly producing a hydroxyl group. Both
of these are the reason for the degradation of organic dye
[110–113]. Hence, better photocatalytic efficiency of silver-
zinc oxide nanoparticles could be recognized due to the
establishment of Schottky junction at the interface of
silver-zinc oxide, leading to upgradation of separation of
charge carriers and resultantly minimizing recombination
level, whereas these nanoparticles exhibited 90% photocata-
lysis with degradation of methyl orange dye after 2.5 hours
under ultraviolet radiation, when discoloration was notice-
able. Henceforth, nanosized materials with increased surface
area and more transparency of silver-zinc oxide nanostruc-
tures might showcase a significant role in the improvement
of photocatalysis [85, 114, 115].

5.7. Detection of Heavy Metals and Biosensor. In water, the
existence of heavy metals like cadmium, lead, and mercury
is unquestionably a major issue for decades. Lately, silver-
zinc oxide NPs synthesized by biological method ensure its
significant use for removal of inorganic pollutants like chro-
mium (VI) [116]. The viability of this agent is experimen-
tally checked in the ecosystem by the use of water samples.
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Figure 8: Demonstration of photocatalytic activity of Ag-ZnO nanoparticles.
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Additionally, these NPs could be used for the detection of
other inorganic pollutants like lead and mercury in an eco-
system. Ag-ZnO nanomaterial-based sensors made by phys-
ical and chemical means are already in use for the detection
and degradation of hazardous gases like NO2 from the envi-
ronment [117]. Biosensors made of silver-zinc oxide bime-
tallic nanoparticles are being in use for the detection of
uric acid in serum. The indicated usage could be further
advanced for the detection of contaminations like inorganic
pollutants, urea in water, and milk, respectively, mainly in
developing and underdeveloped countries whereby common
people use various harmful chemicals as agents for the thick-
ening of milk [118].

5.8. Molecular Recognition Use. Biological molecules for
example nucleic acid and proteins are well recognized for
their application in coating silver-zinc oxide nanoparticles,
illustrating conjugation of bimetallic nanoparticles with
nucleic acid (Ag/ZnO-NA) like DNA and RNA. Meanwhile,
this genetic material can bind with complementary strands;
the NPS-NA can be used in molecular recognition of NA
from solution [119]. Moreover, the capability of NA’s self-
assemblage enhances their recognition efficiency starting
with sequence to specified molecular sites like proteins, cells,
organs, and organisms. The identified application of bime-
tallic silver-zinc oxide nanoparticles could be extensively
used for the detection of multiple deoxyribonucleic acid
sequences to detect mutations in the polynucleotide
sequence [120, 121].

5.9. Other Applications. Silver/zinc oxide-based bimetallic
nanoparticles synthesized by the biological method are
reported for several other usages, for example, sensor selec-
tivity [122], photoluminance [123], excellent osteointegra-
tion, infection prevention [124], and anti-inflammation
[125]. Ag/ZnO NPs prepared by propolis extract are
reported for wound healing treatment [126], whereas Ag/
ZnO NPs prepared by Prunus cerasifera are being used for
pollutant degradation and in vitro biocidal performance
[127]. The applications of silver-zinc oxide bimetallic nano-
particles are summarized in Table 1.

6. Lethality of Plant-Based Ag/
ZnO Nanoparticles

The efficient performance of bimetallic Ag/ZnO NPs synthe-
sized by plants depends on their various properties. We
explained the diverse features and effective lethality by
methods mediated by plant-derived silver-zinc oxide nano-
particles. Furthermore, production through ion leakage and
generation of reactive oxygen species from the surface of
Ag-ZnO nanoparticles also take place by their activation
with light [128]. The production of reactive oxygen species
from nanoparticles via excitation with light (with greater
energy level or equivalent to bandgap energy), illuminated
on the outer surface of nanoparticles, assisting elections of
valence band towards conduction band while developing a
hole in valence band. This makes pairs of electron-hole,
responsible for (a) transfer of pairs to the surface of NPs,

(b) permitting the incidence of oxidation-reduction pro-
cesses of adsorbates, and (c) occurrence of oxidation taking
place when oxidation-reduction efficiency of valence band
is more positive as compared to redox efficiency of adsor-
bates. Likewise, electrons of conduction bands reduce adsorb
types when oxidation-reduction efficiency is negative as
compared to efficiency adsorbates. Certainly, the simple
recombination is the feasible result of the creation of
electron-hole pairs; besides the successful discharge of ther-
mal energy (that can be additionally used for photothermal
therapy), (d) at the time when oxidation-reduction processes
are stimulated, recombination processes also take place
responsible for the reduction of photocatalysis significantly.
These circumstances hence lead towards maximum produc-
tion of reactive oxygen species which in turn enhances the
lethality of Ag/ZnO nanoparticles synthesized by biological
means; therefore, they become more harmful [129]. Oxida-
tive stress could be induced due to the generation of reactive
oxygen species of maximum level, causing failure of cells in
continuing usual physiological roles regulated by
oxidation-reduction processes [130]. The destruction of
functions and growth of cells is comprised of oxidative alter-
nation of biological molecules like nucleic acid and proteins
which generates protein radicals, breakage of DNA double-
helical strands, lipid peroxidation, variations of gene expres-
sion by the initiation of transcription factors that are sensi-
tive to oxidation-reduction processes, variation of
inflammatory reactions by signal transduction, cell mem-
brane fluidity, more permeability of charged elements,
resulting destruction of the plasma membrane [131], effects
to genetic material which added towards apoptosis and ulti-
mately leads to death of cells [132]. The adverse effects of
reactive oxygen species generated by biologically synthesized
Ag/ZnO nanoparticles could be reduced. Secondary metabo-
lites like polyphenols are well known as scavengers of reac-
tive oxygen species and their presence as a coating on
bimetallic silver-zinc oxide nanoparticles could alleviate the
production of reactive oxygen species, or else this could have
hindered the functioning of cells and causes damage to DNA
[133, 134]. However, such types of nanomaterials were
reported as enhanced photothermally efficient. Moreover,
the size and morphological size of biosynthesized Ag/ZnO
nanoparticles also affect their lethality. Minute-sized silver-
zinc oxide NPs can easily enter the plasma membrane and
effortlessly penetrate subcellular organelles resulting in inhi-
bition of cellular functions due to the production of reactive
oxygen species and high temperature, while uptake of nano-
materials decreases with an increase in nanomaterial size
[135]. Cancerous cells cured by minute, photothermally effi-
cient Ag/ZnO nanoparticles manufactured by the green
approach go through structural variations including ruptur-
ing of the plasma membrane, cytoplasmic fluid leakage, and
ultimately cell death [136]. These types of materials are also
responsible for the generation of reactive oxygen species,
which moreover increases the harmfulness of these nanoma-
terials [137]. Sometimes, lethality of plant-based silver-zinc
oxide NPs is negotiated due to their aggregation with body
liquids like blood, serum, and others such as cytoplasmic
fluid having amino acids, proteins, vitamins, trace metals,
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and electrolytes, etc. These several constituents could corpo-
rate with NPs, altering physiological and chemical properties
like size, charge, surface chemistry, and aggregation state
through electrostatic transmission [138]. The aggregated
form of NPS could affect their capability of interaction with
cells and/or entrance into cells, hence adding complications
to the system. Numerous proteins of plasma are coated on
NPS intensively, and the chemistry of the outer side of
NPs in plasma or growth media is altered as compared to
nanomaterials that were synthesized initially [139].

Along with diverse therapeutic and medical uses, there
are various hazardous effects linked with Ag/ZnO nanopar-
ticles and nanocomposites and we need a basic understand-
ing of harmful effects to deal with them correctly [140].
Bimetallic nanoparticles furtively take entry to the ecosystem
through the soil, atmosphere, and water by numerous activ-
ities of human beings. Conversely, the use of silver-zinc
oxide nanoparticles for the treatment of the ecosystem
intentionally injects engineered nanoparticles into the litho-
sphere or hydrosphere, resulting in increased apprehension
from all shareholders [141]. The benefit of plant-based
nanoparticles is their high rate of reaction which could be
developed into probable lethal issues by bringing adversative
and harmful effects at the cellular level, rare micron-sized
counterparts [142]. Researchers also explain that nanoparti-
cles could enter living things during eating, drinking, or
breathing, translocating to certain organs or tissues within
the body where the nanoparticles have the opportunity to
put forth the reactivity having toxic effects [143]. Though
various studies illustrate the toxic and lethal effects of nano-
particles on auto- and heterotrophs at the cellular level, the
studies about harmful effects with plant-based silver-zinc
oxide nanoparticles on organisms to date are yet incomplete
[144]. The application of Ag/ZnO nanoparticles produced
by the green method in various products leads their entry
to the hydrosphere, becoming the reason for dissolved Ag
and ZnO, hence inducing hazardous effects on aquatic
organisms like algae, bacteria, and fish [145]. The breathing

system shows an exclusive objective for the potential lethal-
ity because of the statement that being portal of entrance for
inhaled nanomaterials; it also takes the whole cardiac output
[146]. Even with the quiet progress and initial approval of
nanobiotechnology and the wide use of nanoparticles in
the medical and therapeutic fields, the capability of adversar-
ial effects to health due to long-term exposure of certain con-
centrations in humans and the environment has not still
been developed [147]. Moreover, it is expected that in the
future there would be an increased impact of metal-based
nanoparticles on the ecosystem. The organization and coat-
ing around the macrobiomolecules, like proteins depending
upon nanosize, morphology, surface charge, free energy,
and functionalized groups, are one of the toxicological and
lethal capabilities of Ag/ZnO nanoparticles [148]. Because
of this conjugation, silver and zinc oxide creates adverse out-
comes by protein unfolding, thiol crosslinking, enzyme
activity loss, and fibrillation. Thermodynamic properties of
nanoparticles favor their dissolution in organisms, or sus-
pension media show the discharge of lethal ions as an addi-
tional paradigm [149]. In seawater and hard water,
nanoparticles are inclined to aggregate and are importantly
affected by the natural materials or by the organic matter
of a specified type. The form of their dispersion would
change the lethality and toxicity of nanoparticles in living
organisms of their surrounding environment [150].

7. Trends

Including the subject of this reviewed appraisal and the sig-
nificance of nanoparticles in the therapeutic and medical
field, it is appropriate to remark on the latest improvement
on the application of these bimetallic nanoparticles as probes
or sensors and could be applied to various fields, for exam-
ple, biology, chemistry, physics, plant sciences, engineering,
and human health [151]. In recent years, various scientists
had already generated remarkable studies, focusing benefi-
ciaries of using colorimetric and inflorescence properties of

Table 1: Various applications of Ag-ZnO bimetallic nanoparticles.

Nanocomposite Applications References

Ag-ZnO

Antioxidant [93, 94]

Antimicrobial action [83]

Antibacterial property (destroy both gram negative and positive pathogenic bacteria) [112, 169, 170]

Bacterial detection and sterilization [171]

Antiseptics [27, 127]

Anticancer (destroy UVB induced skin cancer cell) [95]

Antileishmanial [46]

Anti-inflammatory [125]

Biosensors [119]

Drug delivery [106]

Heavy metal detection [39]

Molecular recognition, osteointegration [42, 172]

Photo catalysis [114]

Pollutant degradation [128]
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silver-zinc oxide nanoparticles, permitting their application
as chemosensor, as soon as nanobased systems had notewor-
thy photochemical and photophysical specialties, leading to
a diversification of uses [152–154]. Likewise, discovered
linkage of amino acid to a coumarin for coating bimetallic
silver-zinc oxide nanoparticles resulted in the formation of
the sensor system of chemo-based in vivo or in vitro prac-
tices [155]. In this particular condition, silver-zinc oxide
NPs were superior because of their use in targeted drug
delivery and in controlling the activity of proteins, among
other applications. For verification of chemosensors, the
researchers carried out studies of those nanoparticles care-
fully by use of various specified procedures, for example,
X-ray or infrared diffraction, elemental analysis, and MS-
spectrometry [156]. Hence, in the count to the creation of
chemo-based sensors, it was promising to get hold of minute
size, stable silver-zinc oxide NPs, allowing the building of a
more urbane chemosensor comprising coumarin-protein-
Ag/ZnO NPs [157]. While the synthesis of Ag-zinc oxide
NPs and description of their characters along with their
detection in samples are combined in the literature, how-
ever, this review focused on their production along with
their therapeutic potential of these NPs by the mean of plant
extracts, the greener biological approach, analytical proce-
dures followed for completion of these goals, the assessment
of the consequences like harmfulness of these nanoparticles
in tissues of living organisms, permitting, for example, an
original visualization of its delivery and movement in the cell
and cell constituents [158]. Stressful reaction to NPS is the
same area of interest, appearing as reasonably easy to
develop, given a broad number of researches on the mono-
metallic and bimetallic stress reaction in living organisms
[159]. Further studies are conceivable which adds assessing
the consequences of nanoparticles buildup in the tissues,
organelle such as chloroplast and mitochondrial apparatus.
Similarly, it is vital to recall that the quantity of NPs, tissue,
duration of research, the form of an element, species, and
chronic/acute type of treatment might outcome a dissimilar
stressful reaction [160]. Experiments with other heavy and
harmful metals are extensively performed, along with phy-
siobiochemical and genetic attributes which have been
examined [161]; however, when bimetallic nanoparticles
are concerned, similar responses continue scarce. Further-
more, a new attribute about the effects of bimetallic NPs
on the interaction of living organisms with physical sur-
roundings is receiving devotion in upcoming studies, possi-
bly giving importance to performing these experiments
under natural conditions rather than controlled ones, which
ensures valuable and favorable effects [162]. The intensive
achievement of examiners conducting main experimental
plans should include a multidisciplinary methodology. For
example, this review explains a diversified number of stud-
ies; nonetheless, one feature that possibly seems to be
deserted was the study of genetic changeability [163]. As dif-
ferent varieties, hybrids, and mutants of the same species
might show different reactions to the same concentration
of bimetallic nanoparticles, another feature that cannot be
abandoned is the uptake of metals and their buildup in
micro- and macroorganisms like autotrophs, which are uti-

lized for human and animal intake [164]. This feature
includes more concern due to the likelihoods of silver, zinc
oxide metals, and bimetallic nanoparticles, inflowing into
the food chain having the ultimate consequences on the
health of human beings [165]. This sort of investigation
would be crucial and supportive, and we need researchers
dealing with nanoparticles for consideration of this feature
leading to detailed studies related to uptake kinetics,
buildup, and translocation of nanoparticles within the sys-
tem directed, giving new vision and understandings about
the application of bimetallic nanoparticles along with their
consequences and harmfulness on organisms [166]. Straight
linkage of this article for researches of upcoming time is nec-
essary as well to remember that various species are taken as
hyperaccumulation of silver and zinc oxide metal; their
investigation and application in phytoremediation have been
discovered, and a necessary amount of writings are accessi-
ble in the literature [167]. Though the similarity is not accu-
rate about hyperaccumulation of metallic nanoparticles in
living organisms, silver-zinc oxide nanoparticles would be
the main component for documentation of mechanisms
responsible for tolerance in stressful conditions and harm-
fulness of bimetallic nanoparticles [168].

8. Conclusion and Future Perspective

While the synthesis of Ag-zinc oxide NPs and description of
their characters along with their detection in samples are
combined in the literature, however, this review focused on
their production along with their therapeutic potential of
these NPs by the mean of plant extracts, the greener biolog-
ical approach, analytical procedures followed for completion
of these goals, the assessment of the consequences like harm-
fulness of these nanoparticles in tissues of living organisms,
permitting, for example, an original visualization of its deliv-
ery and movement in the cell and cell constituents. With the
rising confirmation of the significance of plant for synthesiz-
ing Ag/ZnO alloy NPs, research has been conducted with
extract of parts like roots, rhizome, shoots, stem, bark,
leaves, flowers, and seeds of various plants and is utilized
for biomolecules like steroids, flavonoids, saponins, alka-
loids, and secondary metabolites, having capacity of precur-
sor salt reduction for the production of silver-ZnO
nanoparticles. Secondary metabolites like polyphenols are
well known as scavengers of reactive oxygen species, and
their presence as a coating on bimetallic silver-zinc oxide
nanoparticles could alleviate the production of reactive oxy-
gen species, or else, this could have hindered the functioning
of cells and caused damage to DNA. Bimetallic Ag/ZnO
nanoparticles are of more importance, owing to industrial,
medical, and environmental uses. Thus, bimetallic Ag/ZnO
NPs synthesized by greener chemistry using fenugreek plant
had more antioxidant capability.

Considering the vast significance of Ag/ZnO nanoparti-
cles from the last decade and biological mean of synthesis
for well-being and compatibility with living tissues, it is
expected that silver-zinc oxide nanoparticles manufactured
by the green method will be eventually useful in fields where
these nanoparticles are prepared through other methods are
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already in use with high influence. Due to their effective
microbial activity and biocompatibility at the same time, it
can be predicted that Ag/ZnO NPs derived from plants
would be more fruitful against microorganisms. By this
approach, these nanoparticles could lead towards the devel-
opment of a novel production of wide-scale antimicrobial
drugs. The marketplace centered on Ag/ZnO NPs has now
developed into a massive economy. Plant-derived NPs could
offer a noteworthy part at this point. Because of more
demand from application point of caution experiments,
enormous scale researches, and development of vaccination
and home-derived uses, plant-derived synthesis can propose
a worthwhile and monetary outlet of these NPs. Hence, it is
undeniably required that broad research experiments should
be concentrated on manufacturing and modifying the plant-
derived Ag/ZnO NPs to cope with the potentials usually put
by chemically synthesized Ag/ZnO NPs.

Abbreviations

Ag: Silver
ZnO: Zinc oxide
Ag/ZnO NPs: Silver/zinc oxide nanoparticles
UV: Ultraviolet
MRI: Magnetic Resonance Imaging
Nm: Nanometer
M. luteus: Micrococcus luteus
E. coli: Escherichia coli
S. aureus: Staphylococcus aureus
P. aeruginosa: Pseudomonas aeruginosa
S. epidermis: Staphylococcus epidermidis
B. subtilis: Bacillus subtilis
K. pneumonia: Klebsiella pneumonia
ROS: Reactive oxygen species
HCT-116: Human Colorectal Carcinoma
A-549: Adenocarcinomic human alveolar cells
HepG-2: Human Hepatoma Growth
MTT assay: 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphe-

nyltetrazolium bromide assay
FDA: Food and Drug Administration
NPS-NA: Nanoparticles conjugated with Nucleic

Acid
MS-spectrometry: Mass spectrometry.

Conflicts of Interest

The authors of the current manuscript declare no conflict of
interest.

Authors’ Contributions

Maria Ehsan, Amir Ali, and Abeer Kazmi have equal first
author contribution as they have substantially collected the
data from relevant literatures, drafted the article, and designed
the figures for the article. Abdul Waheed, Abd Ullah, Tahira
Sultana, Nilofar Mustafa, andMuhammad Ikram have drafted
the manuscript and contributed during revision of the manu-
script. Naveed Iqbal Raja, Zia-ur-Rehman Mashwani, and

Huanyong Li conceptualized the review article, supervised
the manuscript drafting, critically reviewed the article, and
approved the final version for submission.

Supplementary Materials

The supplementary file is a graphical abstract/summary of
the article which represents the role of medicinal plants
and various approaches for synthesis of bimetallic parti-
cles. Furthermore, the figure also shows the different appli-
cations of the phytosynthesized bimetallic nanoparticles.
(Supplementary Materials)

References

[1] S. Patel, “A review on synthesis of silver nanoparticles-a green
expertise,” Life Sciences Leaflets, vol. 132, 2021.

[2] A. Paul and A. Roychoudhury, “Go green to protect plants:
repurposing the antimicrobial activity of biosynthesized sil-
ver nanoparticles to combat phytopathogens,” Nanotechnol-
ogy for Environmental Engineering., vol. 6, no. 1, pp. 1–22,
2021.

[3] R. Singh, “Use of bimetallic nanoparticles in the synthesis of
heterocyclic molecules,” Current Organic Chemistry.,
vol. 25, no. 3, pp. 351–360, 2021.

[4] M. N. Tahir, “Non-aqueous synthesis of AuCu@ ZnO alloy-
semiconductor heteroparticles for photocatalytical degrada-
tion of organic dyes,” Journal of Saudi Chemical Society.,
vol. 25, no. 4, article 101210, 2021.

[5] Y. Sun, L. Chen, Y. Bao et al., “The applications of morphol-
ogy controlled ZnO in catalysis,” Catalysts, vol. 6, no. 12,
p. 188, 2016.

[6] H. Liu, J. Feng, and W. Jie, “A review of noble metal (Pd, Ag,
Pt, Au)–zinc oxide nanocomposites: synthesis, structures and
applications,” Journal of Materials Science: Materials in Elec-
tronics., vol. 28, no. 22, pp. 16585–16597, 2017.

[7] M. J. Kadhim, M. A. Mahdi, J. J. Hassan, and A. S. Al-Asadi,
“Photocatalytic activity and photoelectrochemical properties
of Ag/ZnO core/shell nanorods under low-intensity white
light irradiation,” Nanotechnology, vol. 32, no. 19, article
195706, 2021.

[8] H. M. Mehwish, M. S. R. Rajoka, Y. Xiong et al., “Green syn-
thesis of a silver nanoparticle using Moringa oleifera seed and
its applications for antimicrobial and sun-light mediated
photocatalytic water detoxification,” Journal of Environmen-
tal Chemical Engineering, vol. 9, no. 4, article 105290, 2021.

[9] W. Li, Z. Huang, R. Cai, W. Yang, H. He, and Y. Wang,
“Rational design of Ag/ZnO hybrid nanoparticles on seri-
cin/agarose composite film for enhanced antimicrobial appli-
cations,” International Journal of Molecular Sciences, vol. 22,
no. 1, 2021.

[10] M. Hu, C. Li, X. Li et al., “Zinc oxide/silver bimetallic nanoen-
capsulated in PVP/PCL nanofibres for improved antibacterial
activity,” Artificial Cells, Nanomedicine, and Biotechnology,
vol. 46, no. 6, pp. 1248–1257, 2018.

[11] A. Behera, B. Mittu, S. Padhi, N. Patra, and J. Singh, “Bimetal-
lic nanoparticles: Green synthesis, applications, and future
perspectives,” in Multifunctional hybrid nanomaterials for
sustainable agri-food and ecosystems, pp. 639–682, Elsevier,
2020.

14 BioMed Research International

https://downloads.hindawi.com/journals/bmri/2022/1215183.f1.docx


[12] A. Zaleska-Medynska, M. Marchelek, M. Diak, and
E. Grabowska, “Noble metal-based bimetallic nanoparticles:
the effect of the structure on the optical, catalytic and photo-
catalytic properties,” Advances in Colloid and Interface Sci-
ence, vol. 229, pp. 80–107, 2016.

[13] Y. Cao, H. A. Dhahad, M. A. El-Shorbagy et al., “Green syn-
thesis of bimetallic ZnO–CuO nanoparticles and their cyto-
toxicity properties,” Scientific Reports, vol. 11, no. 1, pp. 1–
8, 2021.

[14] G. Sharma, A. Kumar, S. Sharma et al., “Novel development
of nanoparticles to bimetallic nanoparticles and their com-
posites: a review,” Journal of King Saud University-Science,
vol. 31, no. 2, pp. 257–269, 2019.

[15] K. Efa, Green synthesis and characterization of Ag/Zn bime-
tallic nanoparticles using garlic (Allium sativum L) plant
extracts for antibacterial applications. [M.S. thesis], ASTU,
2021.

[16] H. B. Bostan, R. Rezaee, M. G. Valokala et al., “Cardiotoxicity
of nano-particles,” Life Sciences, vol. 165, pp. 91–99, 2016.

[17] H. Yavari, N. Ghasemi, B. Divband, Y. Rezaei, G. Jabbari, and
S. Payahoo, “The effect of photodynamic therapy and poly-
mer solution containing nano-particles of Ag/ZnO on push-
out bond strength of the sealers AH-Plus and MTA Fillapex,”
Journal of Clinical and Experimental Dentistry, vol. 9, no. 9,
article e1109, 2017.

[18] C. Ding, K. Fu, Y. Pan, J. Liu, H. Deng, and J. Shi, “Compar-
ison of Ag and Agi-modified zno as heterogeneous photoca-
talysts for simulated sunlight driven photodegradation of
metronidazole,” Catalysts, vol. 10, no. 9, 2020.

[19] A. Gallo, C. Bianco, T. Tosco, A. Tiraferri, and R. Sethi, “Syn-
thesis of eco-compatible bimetallic silver/iron nanoparticles
for water remediation and reactivity assessment on bromo-
phenol blue,” Journal of Cleaner Production, vol. 211,
pp. 1367–1374, 2019.

[20] R. Pokrowiecki, J. Wojnarowicz, T. Zareba et al., “Nanoparti-
cles and human saliva: a step towards drug delivery systems
for dental and craniofacial biomaterials,” International Jour-
nal of Nanomedicine, vol. 14, 2019.

[21] J. Y. Song, H.-K. Jang, and B. S. Kim, “Biological synthesis of
gold nanoparticles using Magnolia kobus and Diopyros kaki
leaf extracts,” Process Biochemistry, vol. 44, no. 10,
pp. 1133–1138, 2009.

[22] S. Ali, A. S. Sharma, W. Ahmad et al., “Noble metals based
bimetallic and trimetallic nanoparticles: controlled synthe-
sis, antimicrobial and anticancer applications,” Critical
Reviews in Analytical Chemistry, vol. 51, no. 5, pp. 454–
481, 2021.

[23] Y. Liu, Q. Zhang, M. Xu et al., “Novel and efficient synthesis
of Ag-ZnO nanoparticles for the sunlight-induced photocat-
alytic degradation,” Applied Surface Science, vol. 476,
pp. 632–640, 2019.

[24] J. Peng, T. Lu, H. Ming et al., “Enhanced photocatalytic ozon-
ation of phenol by Ag/ZnO nanocomposites,” Catalysts,
vol. 9, no. 12, 2019.

[25] H. A. H. Alshamsi and B. S. Hussein, “Hydrothermal prepa-
ration of silver doping zinc oxide nanoparticles: study the
characterization and photocatalytic activity,” Oriental Jour-
nal of Chemistry, vol. 34, no. 4, 2018.

[26] M. Sorbiun, E. Shayegan Mehr, A. Ramazani, and S. Taghavi
Fardood, “Biosynthesis of Ag, ZnO and bimetallic Ag/ZnO
alloy nanoparticles by aqueous extract of oak fruit hull (Jaft)

and investigation of photocatalytic activity of ZnO and bime-
tallic Ag/ZnO for degradation of basic violet 3 dye,” Journal
of Materials Science: Materials in Electronics, vol. 29, no. 4,
pp. 2806–2814, 2018.

[27] M. Khatami, R. S. Varma, N. Zafarnia, H. Yaghoobi,
M. Sarani, and V. G. Kumar, “Applications of green synthe-
sized Ag, ZnO and Ag/ZnO nanoparticles for making clinical
antimicrobial wound-healing bandages,” Sustainable Chem-
istry and Pharmacy, vol. 10, pp. 9–15, 2018.

[28] S. Iravani, “Green synthesis of metal nanoparticles using
plants,” Green Chemistry, vol. 13, no. 10, pp. 2638–2650,
2011.

[29] C. Karunakaran, V. Rajeswari, and P. Gomathisankar, “Anti-
bacterial and photocatalytic activities of sonochemically pre-
pared ZnO and Ag–ZnO,” Journal of Alloys and Compounds,
vol. 508, no. 2, pp. 587–591, 2010.

[30] H. Xu, B. W. Zeiger, and K. S. Suslick, “Sonochemical synthe-
sis of nanomaterials,” Chemical Society Reviews, vol. 42, no. 7,
pp. 2555–2567, 2013.

[31] A. Patil and B. Bhanage, “Sonochemistry: a greener protocol
for nanoparticles synthesis,” in Handbook of Nanoparticles,
pp. 143–166, Springer, 2016.

[32] I. Călinescu, D. Martin, D. Ighigeanu et al., “Nanoparticles
synthesis by electron beam radiolysis,” Open Chemistry,
vol. 12, no. 7, pp. 774–781, 2014.

[33] L. Svoboda, J. Bednář, R. Dvorský et al., “Novel synthesis
of Ag@ AgCl/ZnO by different radiation sources including
radioactive isotope 60Co: physicochemical and antimicro-
bial study,” Applied Surface Science, vol. 529, article
147098, 2020.

[34] R. Singh, P. Barman, and D. Sharma, “Synthesis, structural
and optical properties of Ag doped ZnO nanoparticles with
enhanced photocatalytic properties by photo degradation of
organic dyes,” Journal of Materials Science: Materials in Elec-
tronics, vol. 28, no. 8, pp. 5705–5717, 2017.

[35] T. Mahardika, N. A. Putri, A. E. Putri et al., “Rapid and low
temperature synthesis of Ag nanoparticles on the ZnO nano-
rods for photocatalytic activity improvement,” Results in
Physics, vol. 13, article 102209, 2019.

[36] Y. Zheng, L. Zheng, Y. Zhan, X. Lin, Q. Zheng, and K. Wei,
“Ag/ZnO heterostructure nanocrystals: synthesis, characteri-
zation, and photocatalysis,” Inorganic Chemistry, vol. 46,
no. 17, pp. 6980–6986, 2007.

[37] L. Muñoz-Fernandez, A. Sierra-Fernández, O. Milošević, and
M. E. Rabanal, “Solvothermal synthesis of Ag/ZnO and Pt/
ZnO nanocomposites and comparison of their photocatalytic
behaviors on dyes degradation,” Advanced Powder Technol-
ogy, vol. 27, no. 3, pp. 983–993, 2016.

[38] Y. Liu, Q. Zhang, H. Yuan et al., “Comparative study of
photocatalysis and gas sensing of ZnO/Ag nanocomposites
synthesized by one-and two-step polymer-network gel pro-
cesses,” Journal of Alloys and Compounds, vol. 868, article
158723, 2021.

[39] G. Nagaraju, S. Prashanth, M. Shastri, K. Yathish,
C. Anupama, and D. Rangappa, “Electrochemical heavy
metal detection, photocatalytic, photoluminescence, biodie-
sel production and antibacterial activities of Ag–ZnO
nanomaterial,” Materials Research Bulletin, vol. 94,
pp. 54–63, 2017.

[40] P. K. Gupta and L. Mishra, “Ecofriendly ruthenium-
containing nanomaterials: synthesis, characterization,

15BioMed Research International



electrochemistry, bioactivity and catalysis,” Nanoscale
Advances, vol. 2, no. 5, pp. 1774–1791, 2020.

[41] A. Awan, A. Baig, M. Zubair et al., “Green synthesis of
molybdenum-based nanoparticles and their applications in
energy conversion and storage: a review,” International Jour-
nal of Hydrogen Energy, 2021.

[42] S. Rajaboopathi and S. Thambidurai, “Enhanced photocata-
lytic activity of Ag-ZnO nanoparticles synthesized by using
Padina gymnospora seaweed extract,” Journal of Molecular
Liquids, vol. 262, pp. 148–160, 2018.

[43] R. Kumar and M. Sharma, “Herbal nanomedicine interac-
tions to enhance pharmacokinetics, pharmacodynamics,
and therapeutic index for better bioavailability and biocom-
patibility of herbal formulations,” Journal of Materials Nano
Science, vol. 5, no. 1, pp. 35–60, 2018.

[44] C. O. Dimkpa, J. E. McLean, D. W. Britt, and A. J. Anderson,
“Nano-CuO and interaction with nano-ZnO or soil bacte-
rium provide evidence for the interference of nanoparticles
in metal nutrition of plants,” Ecotoxicology, vol. 24, no. 1,
pp. 119–129, 2015.

[45] P. Panchal, D. R. Paul, A. Sharma, P. Choudhary, P. Meena,
and S. Nehra, “Biogenic mediated Ag/ZnO nanocomposites
for photocatalytic and antibacterial activities towards disin-
fection of water,” Journal of Colloid and Interface Science,
vol. 563, pp. 370–380, 2020.

[46] S. Hameed, A. T. Khalil, M. Ali et al., “Greener synthesis of
ZnO and Ag–ZnO nanoparticles using Silybum marianum
for diverse biomedical applications,” Nanomedicine, vol. 14,
no. 6, pp. 655–673, 2019.

[47] S. Sohrabnezhad and A. Seifi, “The green synthesis of Ag/
ZnO in montmorillonite with enhanced photocatalytic activ-
ity,” Applied Surface Science, vol. 386, pp. 33–40, 2016.

[48] M. Heidary, S. Z. Bostanabad, S. M. Amini et al., “The anti-
mycobacterial activity of Ag, ZnO, and Ag- ZnO nanoparti-
cles against MDR- And XDR-Mycobacterium tuberculosis,”
Infection and Drug Resistance, vol. 12, 3435 pages, 2019.

[49] M. Ehsan, N. I. Raja, Z. U. R. Mashwani et al., “Responses of
bimetallic Ag/ZnO alloy nanoparticles and urea on morpho-
logical and physiological attributes of wheat,” IET Nanobio-
technology, vol. 15, no. 7, pp. 602–610, 2021.

[50] M. Saeed, M. Siddique, M. Ibrahim et al., “Calotropis gigantea
leaves assisted biosynthesis of ZnO and Ag@ ZnO catalysts
for degradation of rhodamine B dye in aqueous medium,”
Environmental Progress & Sustainable Energy, vol. 39, no. 4,
article e13408, 2020.

[51] B. Ramasamy, J. Jeyadharmarajan, and P. Chinnaiyan,
“Novel organic assisted Ag-ZnO photocatalyst for atenolol
and acetaminophen photocatalytic degradation under visible
radiation: performance and reaction mechanism,” Environ-
mental Science and Pollution Research, vol. 28, no. 29,
pp. 39637–39647, 2021.

[52] S. Patil and R. Chandrasekaran, “Biogenic nanoparticles: a
comprehensive perspective in synthesis, characterization,
application and its challenges,” Journal of Genetic Engineer-
ing and Biotechnology, vol. 18, no. 1, pp. 1–23, 2020.

[53] P. Singh, Y.-J. Kim, D. Zhang, and D.-C. Yang, “Biological
synthesis of nanoparticles from plants and microorgan-
isms,” Trends in biotechnOlogy, vol. 34, no. 7, pp. 588–
599, 2016.

[54] R. Georgekutty, M. K. Seery, and S. C. Pillai, “A highly effi-
cient Ag-ZnO photocatalyst: synthesis, properties, and mech-

anism,” The Journal of Physical Chemistry C, vol. 112, no. 35,
pp. 13563–13570, 2008.

[55] H. S. Alanazi, N. Ahmad, and F. A. Alharthi, “Synthesis of
Gd/N co-doped ZnO for enhanced UV-vis and direct solar-
light-driven photocatalytic degradation,” RSC Advances,
vol. 11, no. 17, pp. 10194–10202, 2021.

[56] G. Zhang, X. Shen, and Y. Yang, “Facile synthesis of
monodisperse porous ZnO spheres by a soluble starch-
assisted method and their photocatalytic activity,” The
Journal of Physical Chemistry C, vol. 115, no. 15,
pp. 7145–7152, 2011.

[57] M. Jothibas, E. Paulson, S. Srinivasan, and B. A. Kumar, “The
impacts of interfacing phytochemicals on the structural, opti-
cal and morphology of hematite nanoparticles,” Surfaces and
Interfaces, vol. 29, no. article 101734, 2022.

[58] S. Murali, S. Kumar, J. Koh et al., “Bio-based chitosan/gelatin/
Ag@ ZnO bionanocomposites: synthesis and mechanical and
antibacterial properties,” Cellulose, vol. 26, no. 9, pp. 5347–
5361, 2019.

[59] S. Jafarirad, P. M. Taghizadeh, and B. Divband, “Biosynthesis,
characterization and structural properties of a novel kind of
Ag/ZnO nanocomposites in order to increase its biocompat-
ibility across human A549 cell line,” BioNano Science, vol. 10,
no. 1, pp. 42–53, 2020.

[60] M. A. Messih, M. Ahmed, A. Soltan, and S. S. Anis, “Synthesis
and characterization of novel Ag/ZnO nanoparticles for pho-
tocatalytic degradation of methylene blue under UV and
solar irradiation,” Journal of Physics and Chemistry of Solids,
vol. 135, article 109086, 2019.

[61] M. A. Shahbazi, L. Faghfouri, M. P. Ferreira et al., “The versa-
tile biomedical applications of bismuth-based nanoparticles
and composites: therapeutic, diagnostic, biosensing, and
regenerative properties,” Chemical Society Reviews, vol. 49,
no. 4, pp. 1253–1321, 2020.

[62] S. Faisal, H. Jan, S. A. Shah et al., “Green synthesis of zinc
oxide (ZnO) nanoparticles using aqueous fruit extracts of
Myristica fragrans: their characterizations and biological
and environmental applications,” ACS Omega, vol. 6,
no. 14, pp. 9709–9722, 2021.

[63] M. Li, S. K. Cushing, and N. Wu, “Plasmon-enhanced optical
sensors: a review,” The Analyst, vol. 140, no. 2, pp. 386–406,
2015.

[64] V. G. Kravets, A. V. Kabashin, W. L. Barnes, and A. N. Gri-
gorenko, “Plasmonic surface lattice resonances: a review of
properties and applications,” Chemical Reviews, vol. 118,
no. 12, pp. 5912–5951, 2018.

[65] I. M. El-Nahhal, J. Salem, R. Anbar, F. S. Kodeh, and
A. Elmanama, “Preparation and antimicrobial activity of
ZnO-NPs coated cotton/starch and their functionalized
ZnO-Ag/cotton and Zn (II) curcumin/cotton materials,” Sci-
entific Reports, vol. 10, no. 1, pp. 1–10, 2020.

[66] A. Moroz, “Electron mean-free path in metal-coated nano-
wires,” JOSA B, vol. 28, no. 5, pp. 1130–1138, 2011.

[67] B. Issa, I. M. Obaidat, B. A. Albiss, and Y. Haik, “Magnetic
nanoparticles: surface effects and properties related to bio-
medicine applications,” International Journal of Molecular
Sciences, vol. 14, no. 11, pp. 21266–21305, 2013.

[68] K. M. Kim, M. H. Choi, J. K. Lee et al., “Physicochemical
properties of surface charge-modified ZnO nanoparticles
with different particle sizes,” International Journal of Nano-
medicine, vol. 9, Supplement 2, 2014.

16 BioMed Research International



[69] J. Singh, T. Dutta, K.-H. Kim, M. Rawat, P. Samddar, and
P. Kumar, “‘Green’synthesis of metals and their oxide nano-
particles: applications for environmental remediation,” Journal
of Nanobiotechnology, vol. 16, no. 1, pp. 1–24, 2018.

[70] D. M. Cruz, E. Mostafavi, A. Vernet-Crua et al., “Green
nanotechnology-based zinc oxide (ZnO) nanomaterials for
biomedical applications: a review,” Journal of Physics: Mate-
rials, vol. 3, no. 3, article 034005, 2020.

[71] S. M. Costa, D. P. Ferreira, A. Ferreira, F. Vaz, and
R. Fangueiro, “Multifunctional flax fibres based on the com-
bined effect of silver and zinc oxide (Ag/ZnO) nanostruc-
tures,” Nanomaterials, vol. 8, no. 12, p. 1069, 2018.

[72] S. Medici, M. Peana, A. Pelucelli, and M. A. Zoroddu, Eds.,
“An updated overview on metal nanoparticles toxicity,” in
Seminars in Cancer Biology, Elsevier, 2021.

[73] M. Rosenberg, M. Visnapuu, H. Vija et al., “Selective antibio-
film properties and biocompatibility of nano-ZnO and nano-
ZnO/Ag coated surfaces,” Scientific Reports, vol. 10, no. 1,
pp. 1–15, 2020.

[74] R. K. Bumataria, N. Chavda, and H. Panchal, “Current
research aspects in mono and hybrid nanofluid based heat
pipe technologies,”Heliyon, vol. 5, no. 5, article e01627, 2019.

[75] S. Seyedmahmoudi, S. L. Harper, M. C. Weismiller, and K. R.
Haapala, “Evaluating the use of zinc oxide and titanium diox-
ide nanoparticles in a metalworking fluid from a toxicological
perspective,” Journal of Nanoparticle Research., vol. 17, no. 2,
pp. 1–12, 2015.

[76] C. V. Rani and P. Kumar, Eds., “Enhancement of thermal
properties of fluids with dispersion of various types of
hybrid/nanoparticles,” Journal of Physics: Conference Series,
vol. 1817, no. 1, article 012023, 2021.

[77] F. Khurshid, M. Jeyavelan, M. S. L. Hudson, and S. Nagarajan,
“Ag-doped ZnO nanorods embedded reduced graphene
oxide nanocomposite for photo-electrochemical applica-
tions,” Royal Society Open Science, vol. 6, no. 2, article
181764, 2019.

[78] H. R. Pant, B. Pant, H. J. Kim et al., “A green and facile
one-pot synthesis of Ag–ZnO/RGO nanocomposite with
effective photocatalytic activity for removal of organic pol-
lutants,” Ceramics International, vol. 39, no. 5, pp. 5083–
5091, 2013.

[79] S. Azizi, R. Mohamad, R. A. Rahim et al., “ZnO-Ag core shell
nanocomposite formed by green method using essential oil of
wild ginger and their bactericidal and cytotoxic effects,”
Applied Surface Science, vol. 384, pp. 517–524, 2016.

[80] I. Chanu, P. Krishnamurthi, and P. T. Manoharan, “Effect of
silver on plasmonic, photocatalytic, and cytotoxicity of gold
in AuAgZnO nanocomposites,” The Journal of Physical
Chemistry C, vol. 121, no. 16, pp. 9077–9088, 2017.

[81] V. Fauzia, A. Yudiana, Y. Yulizar, M. A. Dwiputra, L. Roza,
and I. Soegihartono, “The impact of the Au/Ag ratio on the
photocatalytic activity of bimetallic alloy AuAg
nanoparticle-decorated ZnO nanorods under UV irradia-
tion,” Journal of Physics and Chemistry of Solids, vol. 154,
article 110038, 2021.

[82] P. Leidinger, N. Dingenouts, R. Popescu, D. Gerthsen, and
C. Feldmann, “ZnO nanocontainers: structural study and
controlled release,” Journal of Materials Chemistry, vol. 22,
no. 29, pp. 14551–14558, 2012.

[83] M. Ibănescu, V. Muşat, T. Textor, V. Badilita, and B. Mahltig,
“Photocatalytic and antimicrobial Ag/ZnO nanocomposites

for functionalization of textile fabrics,” Journal of Alloys and
Compounds, vol. 610, pp. 244–249, 2014.

[84] Y. Wei, Y. B. Chong, H. Du, J. Kong, and C. He, “Loose yarn
of Ag-ZnO-PAN/ITO hybrid nanofibres: preparation, char-
acterization and antibacterial evaluation,” Materials &
Design, vol. 139, pp. 153–161, 2018.

[85] A. Nadeem, S. Naz, J. S. Ali, A. Mannan, andM. Zia, “Synthe-
sis, characterization and biological activities of monometallic
and bimetallic nanoparticles using Mirabilis jalapa leaf
extract,” Biotechnology Reports, vol. 22, article e00338, 2019.

[86] L. Zhang, Y. Jiang, Y. Ding et al., “Mechanistic investigation
into antibacterial behaviour of suspensions of ZnO nanopar-
ticles against E. coli,” Journal of Nanoparticle Research,
vol. 12, no. 5, pp. 1625–1636, 2010.

[87] K. Rambabu, G. Bharath, F. Banat, and P. L. Show, “Green
synthesis of zinc oxide nanoparticles using Phoenix dactyli-
fera waste as bioreductant for effective dye degradation and
antibacterial performance in wastewater treatment,” Journal
of Hazardous Materials, vol. 402, article 123560, 2021.

[88] S. S. Rad, A. M. Sani, and S. Mohseni, “Biosynthesis, charac-
terization and antimicrobial activities of zinc oxide nanopar-
ticles from leaf extract of Mentha pulegium (L.),” Microbial
Pathogenesis, vol. 131, pp. 239–245, 2019.

[89] L. Zhang, Y. Jiang, Y. Ding, M. Povey, and D. York, “Investi-
gation into the antibacterial behaviour of suspensions of ZnO
nanoparticles (ZnO nanofluids),” Journal of Nanoparticle
Research, vol. 9, no. 3, pp. 479–489, 2007.

[90] H. R. Pant, B. Pant, R. K. Sharma et al., “Antibacterial and
photocatalytic properties of Ag/TiO2/ZnO nano-flowers pre-
pared by facile one-pot hydrothermal process,” Ceramics
International, vol. 39, no. 2, pp. 1503–1510, 2013.

[91] T. Munawar, S. Yasmeen, M. Hasan et al., “Novel tri-phase
heterostructured ZnO–Yb2O3–Pr2O3 nanocomposite; struc-
tural, optical, photocatalytic and antibacterial studies,”
Ceramics International, vol. 46, no. 8, pp. 11101–11114, 2020.

[92] E. Sánchez-López, D. Gomes, G. Esteruelas et al., “Metal-
based nanoparticles as antimicrobial agents: an overview,”
Nanomaterials, vol. 10, no. 2, p. 292, 2020.

[93] Z. Noohpisheh, H. Amiri, S. Farhadi, and A. Mohammadi-
Gholami, “Green synthesis of Ag-ZnO nanocomposites using
Trigonella foenum-graecum leaf extract and their antibacte-
rial, antifungal, antioxidant and photocatalytic properties,”
Spectrochimica Acta Part A: Molecular and Biomolecular
Spectroscopy, vol. 240, article 118595, 2020.

[94] N. Ambujakshi, H. Raveesha, S. Manohara, N. Dhananjaya,
S. Pratibha, and C. Shivakumara, “Chonemorpha grandiflora
extract mediated synthesis of Ag-ZnO nanoparticles for its
anticancer, electrical and dielectric applications,” Materials
Research Express, vol. 6, no. 9, article 095068, 2019.

[95] K. Rajendran, S. Sen, G. Suja, S. L. Senthil, and T. V. Kumar,
“Evaluation of cytotoxicity of hematite nanoparticles in bac-
teria and human cell lines,” Colloids and Surfaces B: Biointer-
faces, vol. 157, pp. 101–109, 2017.

[96] Y. Dong, Y. Yang, Y. Wei et al., “Facile synthetic nano-
curcumin encapsulated bio-fabricated nanoparticles induces
ROS-mediated apoptosis and migration blocking of human
lung cancer cells,” Process Biochemistry, vol. 95, pp. 91–98,
2020.

[97] J. N. D'Souza, A. Prabhu, G. Nagaraja, M. Navada, S. Kouser,
and D. Manasa, “Unravelling the human triple negative
breast cancer suppressive activity of biocompatible zinc oxide

17BioMed Research International



nanostructures influenced by Vateria indica (L.) fruit phyto-
chemicals,” Materials Science and Engineering: C, vol. 122,
article 111887, 2021.

[98] T. Yazdi, M. Ehsan, M. S. Amiri et al., “Green synthesis of sil-
ver nanoparticles using helichrysum graveolens for biomedi-
cal applications and wastewater treatment,” BioNano Science,
vol. 10, no. 4, pp. 1121–1127, 2020.

[99] S. M. Mousavi-Kouhi, A. Beyk-Khormizi, M. S. Amiri,
M. Mashreghi, and M. E. T. Yazdi, “Silver-zinc oxide nano-
composite: from synthesis to antimicrobial and anticancer
properties,” Ceramics International, vol. 47, no. 15,
pp. 21490–21497, 2021.

[100] N. Pandiyan, B. Murugesan, M. Arumugam, J. Sonamuthu,
S. Samayanan, and S. Mahalingam, “Ionic liquid-a greener
templating agent with Justicia adhatoda plant extract assisted
green synthesis of morphologically improved Ag-Au/ZnO
nanostructure and it's antibacterial and anticancer activities,”
Journal of Photochemistry and Photobiology B: Biology,
vol. 198, article 111559, 2019.

[101] D. S. A. Selvan, S. Murugesan, S. Shobana, B. Lakshmi,
V. Veena, and A. K. Rahiman, “In vitro cytotoxicity efficacy
of phytosynthesized ag/ZnO nanocomposites using Murraya
koenigii and Zingiber officinale extracts,” Materials Chemis-
try and Physics, vol. 272, article 124903, 2021.

[102] M. M. Rad, N. Najafzadeh, N. Tata, and A. Jafari, “Ag–ZnO
nanocomposites cause cytotoxicity and induce cell cycle
arrest in human gastric andmelanoma cancer cells,” Pharma-
ceutical Chemistry Journal, vol. 52, no. 2, pp. 112–116, 2018.

[103] P. Nagajyothi, P. Muthuraman, C. Tettey, K. Yoo, and
J. Shim, “In vitro anticancer activity of eco-friendly synthe-
sized ZnO/Ag nanocomposites,” Ceramics International,
vol. 47, no. 24, pp. 34940–34948, 2021.

[104] A. Nadhman, S. Nazir, M. I. Khan et al., “PEGylated silver
doped zinc oxide nanoparticles as novel photosensitizers for
photodynamic therapy against Leishmania,” Free Radical
Biology and Medicine, vol. 77, pp. 230–238, 2014.

[105] Y. Isik, G. Unal, F. D. Koca, and M. G. Halici, “Anticancer
activity of lichen extract (Usnea sp.) based synthesized Ag@
ZnO bimetallic nanocomposite,” Multidisciplinary Digital
Publishing Institute Proceedings, vol. 40, no. 1, 2020.

[106] A. Bakur, T. Elshaarani, Y. Niu, and Q. Chen, “Comparative
study of antidiabetic, bactericidal, and antitumor activities
of MEL@ AgNPs, MEL@ ZnONPs, and Ag–ZnO/MEL/GA
nanocomposites prepared by using MEL and gum Arabic,”
RSC Advances, vol. 9, no. 17, pp. 9745–9754, 2019.

[107] S. Shimizu, M. Suzuki, K. Miyazawa et al., “Differentiation
and apoptosis in human malignant melanoma G-361 cells
induced by 2-aminophenoxazine-3-one,” Oncology reports.,
vol. 14, no. 1, pp. 41–46, 2005.

[108] S. Ahmad, A. Abbasi, K. Manzoor, D. Mangla, S. Aggarwal,
and S. Ikram, “Chitosan-based bionanocomposites in drug
delivery,” in Bionanocomposites in Tissue Engineering and
Regenerative Medicine, pp. 187–203, Elsevier, 2021.

[109] T. Mazhar, V. Shrivastava, and R. S. Tomar, “Green synthesis
of bimetallic nanoparticles and its applications: a review,”
Journal of Pharmaceutical Sciences and Research, vol. 9,
no. 2, 2017.

[110] M. Chennimalai, T. Senthil, M. Kang, and N. Senthilkumar,
“A novel green-mediated approach of 3-D hierarchical-like
ZnO@ Ag, ZnO@ Au and ZnO@ Ag@ Au NCs prepared
via Opuntia ficus indica fruits extract for enhancement of

biological activities,” Applied Physics A, vol. 127, no. 8,
pp. 1–10, 2021.

[111] P. Fageria, S. Gangopadhyay, and S. Pande, “Synthesis of
ZnO/Au and ZnO/Ag nanoparticles and their photocatalytic
application using UV and visible light,” RSC Advances, vol. 4,
no. 48, pp. 24962–24972, 2014.

[112] M. Zare, K. Namratha, S. Alghamdi et al., “Novel green bio-
mimetic approach for synthesis of ZnO-Ag nanocomposite;
antimicrobial activity against food-borne pathogen, biocom-
patibility and solar photocatalysis,” Scientific Reports, vol. 9,
no. 1, pp. 1–15, 2019.

[113] S. Gao, X. Jia, S. Yang, Z. Li, and K. Jiang, “Hierarchical Ag/
ZnO micro/nanostructure: green synthesis and enhanced
photocatalytic performance,” Journal of Solid State Chemis-
try, vol. 184, no. 4, pp. 764–769, 2011.

[114] A. M. Abbas, M. Abid, K. N. Abbas, W. J. Aziz, and A. Salim,
Eds., “Photocatalytic activity of Ag-ZnO nanocomposites
integrated essential ginger oil fabricated by green synthesis
method,” Journal of Physics: Conference Series, vol. 1892,
no. 1, article 012005, 2021.

[115] H. R. Liu, G. X. Shao, J. F. Zhao et al., “Worm-like Ag/ZnO
core–shell heterostructural composites: fabrication, charac-
terization, and photocatalysis,” The Journal of Physical Chem-
istry C, vol. 116, no. 30, pp. 16182–16190, 2012.

[116] X. Zhang, Z. Song, Y. Dou et al., “Removal difference of Cr
(VI) by modified zeolites coated with MgAl and ZnAl-
layered double hydroxides: efficiency, factors and mecha-
nism,” Colloids and Surfaces A: Physicochemical and Engi-
neering Aspects, vol. 621, article 126583, 2021.

[117] Q. Zhang, Z. Pang, W. Hu et al., “Performance degradation
mechanism of the light-activated room temperature NO 2
gas sensor based on Ag-ZnO nanoparticles,” Applied Surface
Science, vol. 541, article 148418, 2021.

[118] D. Wu, H.-F. Lu, H. Xie, J. Wu, C.-M. Wang, and Q.-
L. Zhang, “Uricase-stimulated etching of silver nanoprisms
for highly selective and sensitive colorimetric detection of
uric acid in human serum,” Sensors and Actuators B: Chemi-
cal, vol. 221, pp. 1433–1440, 2015.

[119] A. K. Pal, S. Pagal, K. Prashanth, G. K. Chandra, and
S. Umapathy, “Ag/ZnO/Au 3D hybrid structured reusable
SERS substrate as highly sensitive platform for DNA detec-
tion,” Sensors and Actuators B: Chemical, vol. 279, pp. 157–
169, 2019.

[120] C. Pacholski, A. Kornowski, and H. Weller, “Site-specific
photodeposition of silver on ZnO nanorods,” Angewandte
Chemie, vol. 116, no. 36, pp. 4878–4881, 2004.

[121] C. Han, Y. Wei, F. Lei et al., “Heterostructured CuO@ ZnO@
Ag biomimetic setaria as wettability-switchable difunctional
SERS substrate for trace pesticide and DNA detections,”
Nanophotonics, vol. 10, no. 10, pp. 2671–2682, 2021.

[122] S. K. Sharma, G. S. Ghodake, D. Y. Kim, D.-Y. Kim, and
O. Thakur, “Synthesis and characterization of hybrid Ag-
ZnO nanocomposite for the application of sensor selectiv-
ity,” Current Applied Physics, vol. 18, no. 4, pp. 377–383,
2018.

[123] Y. Zhang and J. Mu, “One-pot synthesis, photoluminescence,
and photocatalysis of Ag/ZnO composites,” Journal of Colloid
and Interface Science, vol. 309, no. 2, pp. 478–484, 2007.

[124] Y. Zhang, X. Liu, Z. Li et al., “Nano Ag/ZnO-incorporated
hydroxyapatite composite coatings: highly effective infec-
tion prevention and excellent osteointegration,” ACS

18 BioMed Research International



Applied Materials & Interfaces, vol. 10, no. 1, pp. 1266–
1277, 2018.

[125] M. S. Khan, P. P. Dhavan, B. L. Jadhav, and N. G. Shimpi,
“Ultrasound-assisted green synthesis of Ag-decorated ZnO
nanoparticles usingExcoecaria agallochaLeaf extract and
evaluation of their photocatalytic and biological activity,”
ChemistrySelect, vol. 5, no. 41, pp. 12660–12671, 2020.

[126] M. Bayrami, A. Bayrami, A. Habibi-Yangjeh et al., “Biologi-
cally-synthesised ZnO/CuO/Ag nanocomposite using propo-
lis extract and coated on the gauze for wound healing
applications,” IET Nanobiotechnology, vol. 14, no. 7,
pp. 548–554, 2020.

[127] S. B. Jaffri and K. S. Ahmad, “Foliar-mediated Ag: ZnO nano-
photocatalysts: green synthesis, characterization, pollutants
degradation, and in vitro biocidal activity,” Green Processing
and Synthesis, vol. 8, no. 1, pp. 172–182, 2019.

[128] I. Khan, K. Saeed, and I. Khan, “Nanoparticles: properties,
applications and toxicities,” Arabian Journal of Chemistry,
vol. 12, no. 7, pp. 908–931, 2019.

[129] L. Foucaud, M. Wilson, D. Brown, and V. Stone, “Measure-
ment of reactive species production by nanoparticles pre-
pared in biologically relevant media,” Toxicology Letters,
vol. 174, no. 1-3, pp. 1–9, 2007.

[130] D. Guo, H. Bi, B. Liu, Q. Wu, D. Wang, and Y. Cui, “Reactive
oxygen species-induced cytotoxic effects of zinc oxide nano-
particles in rat retinal ganglion cells,” Toxicology In Vitro,
vol. 27, no. 2, pp. 731–738, 2013.

[131] B. Ghaemi, E. Shaabani, R. Najafi-Taher et al., “Intracellular
ROS induction by Ag@ ZnO core–shell nanoparticles: Fron-
tiers of permanent optically active holes in breast cancer the-
ranostic,” ACS Applied Materials & Interfaces, vol. 10, no. 29,
pp. 24370–24381, 2018.

[132] S. Arooj, S. Nazir, A. Nadhman et al., “Novel ZnO: Ag nano-
composites induce significant oxidative stress in human
fibroblast malignant melanoma (Ht144) cells,” Beilstein Jour-
nal of Nanotechnology, vol. 6, no. 1, pp. 570–582, 2015.

[133] I. Matai, A. Sachdev, P. Dubey, S. U. Kumar, B. Bhushan, and
P. Gopinath, “Antibacterial activity and mechanism of Ag–
ZnO nanocomposite on S. aureus and GFP-expressing antibi-
otic resistant E. coli,” Colloids and Surfaces B: Biointerfaces,
vol. 115, pp. 359–367, 2014.

[134] Z. Shu, Y. Zhang, Q. Yang, and H. Yang, “Halloysite nano-
tubes supported Ag and ZnO nanoparticles with synergisti-
cally enhanced antibacterial activity,” Nanoscale Research
Letters, vol. 12, no. 1, pp. 1–7, 2017.

[135] K. S. Siddiqi, A. ur Rahman, and A. Husen, “Properties of
zinc oxide nanoparticles and their activity against
microbes,” Nanoscale Research Letters, vol. 13, no. 1,
pp. 1–13, 2018.

[136] L. Wang, C. Hu, and L. Shao, “The antimicrobial activity
of nanoparticles: present situation and prospects for the
future,” International Journal of Nanomedicine, vol. 12,
p. 1227, 2017.

[137] A. Abdal Dayem, M. K. Hossain, S. B. Lee et al., “The role of
reactive oxygen species (ROS) in the biological activities of
metallic nanoparticles,” International Journal of Molecular
Sciences, vol. 18, no. 1, p. 120, 2017.

[138] A. Sukhanova, S. Bozrova, P. Sokolov, M. Berestovoy,
A. Karaulov, and I. Nabiev, “Dependence of nanoparticle tox-
icity on their physical and chemical properties,” Nanoscale
Research Letters, vol. 13, no. 1, pp. 1–21, 2018.

[139] J. Jeevanandam, A. Barhoum, Y. S. Chan, A. Dufresne, and
M. K. Danquah, “Review on nanoparticles and nanostruc-
tured materials: history, sources, toxicity and regulations,”
Beilstein Journal of Nanotechnology, vol. 9, no. 1, pp. 1050–
1074, 2018.

[140] L. Burlibaşa, M. C. Chifiriuc, M. V. Lungu et al., “Synthesis,
physico-chemical characterization, antimicrobial activity
and toxicological features of AgZnO nanoparticles,” Arabian
Journal of Chemistry, vol. 13, no. 2, pp. 4180–4197, 2020.

[141] W. Salem, D. R. Leitner, F. G. Zingl et al., “Antibacterial activ-
ity of silver and zinc nanoparticles against Vibrio cholerae
and enterotoxic Escherichia coli,” International Journal of
Medical Microbiology, vol. 305, no. 1, pp. 85–95, 2015.

[142] X.-F. Zhang, Z.-G. Liu, W. Shen, and S. Gurunathan, “Silver
nanoparticles: synthesis, characterization, properties, appli-
cations, and therapeutic approaches,” International Journal
of Molecular Sciences, vol. 17, no. 9, p. 1534, 2016.

[143] R. Gupta and H. Xie, “Nanoparticles in daily life: applica-
tions, toxicity and regulations,” Journal of Environmental
Pathology, Toxicology and Oncology, vol. 37, no. 3, 2018.

[144] Y.-W. Huang, M. Cambre, and H.-J. Lee, “The toxicity of
nanoparticles depends on multiple molecular and physico-
chemical mechanisms,” International Journal of Molecular
Sciences, vol. 18, no. 12, 2017.

[145] L. Safavinia, M. R. Akhgar, B. Tahamipour, and S. A. Ahmadi,
“Green synthesis of highly dispersed zinc oxide nanoparticles
supported on silica gel matrix by Daphne oleoides extract and
their antibacterial activity,” Iranian Journal of Biotechnology,
vol. 19, no. 1, article e2598, 2021.

[146] A. Adamcakova-Dodd, L. V. Stebounova, J. S. Kim et al.,
“Toxicity assessment of zinc oxide nanoparticles using sub-
acute and sub-chronic murine inhalation models,” Particle
and Fibre Toxicology, vol. 11, no. 1, pp. 1–15, 2014.

[147] M. Fakruddin, Z. Hossain, and H. Afroz, “Prospects and
applications of nanobiotechnology: a medical perspective,”
Journal of Nanobiotechnology, vol. 10, no. 1, pp. 1–8, 2012.

[148] C. Auría-Soro, T. Nesma, P. Juanes-Velasco et al., “Interac-
tions of nanoparticles and biosystems: microenvironment of
nanoparticles and biomolecules in nanomedicine,” Nanoma-
terials, vol. 9, no. 10, 2019.

[149] W. Liu, I. Worms, and V. I. Slaveykova, “Interaction of silver
nanoparticles with antioxidant enzymes,” Environmental Sci-
ence: Nano, vol. 7, no. 5, pp. 1507–1517, 2020.

[150] S. Gharpure, T. Jadhav, C. Ghotekar, A. Jagtap, Y. Vare, and
B. Ankamwar, “Non-antibacterial and antibacterial ZnO
nanoparticles composed of different surfactants,” Journal of
Nanoscience and Nanotechnology, vol. 21, no. 12, pp. 5945–
5959, 2021.

[151] J. K. Patra, G. Das, L. F. Fraceto et al., “Nano based drug deliv-
ery systems: recent developments and future prospects,” Jour-
nal of Nanobiotechnology, vol. 16, no. 1, pp. 1–33, 2018.

[152] A. Sirelkhatim, S. Mahmud, A. Seeni et al., “Review on zinc
oxide nanoparticles: antibacterial activity and toxicity mech-
anism,” Nano-micro Letters, vol. 7, no. 3, pp. 219–242, 2015.

[153] M. Carofiglio, S. Barui, V. Cauda, and M. Laurenti, “Doped
zinc oxide nanoparticles: synthesis, characterization and
potential use in nanomedicine,” Applied Sciences, vol. 10,
no. 15, 2020.

[154] R. Javed, M. Zia, S. Naz, S. O. Aisida, and Q. Ao, “Role of cap-
ping agents in the application of nanoparticles in biomedi-
cine and environmental remediation: recent trends and

19BioMed Research International



future prospects,” Journal of Nanobiotechnology, vol. 18,
no. 1, pp. 1–15, 2020.

[155] V. Singh, A. Sahebkar, and P. Kesharwani, “Poly (propylene
imine) dendrimer as an emerging polymeric nanocarrier for
anticancer drug and gene delivery,” European Polymer Jour-
nal, vol. 158, article 110683, 2021.

[156] M. M. Rahman, G. Gruner, M. S. Al-Ghamdi, M. A. Daous,
S. B. Khan, and A. M. Asiri, “Chemo-sensors development
based on low-dimensional codoped Mn2O3-ZnO nanoparti-
cles using flat-silver electrodes,” Chemistry Central Journal,
vol. 7, no. 1, pp. 1–12, 2013.

[157] A. Nabil, M. M. Elshemy, M. Asem et al., “Zinc oxide nano-
particle synergizes sorafenib anticancer efficacy with mini-
mizing its cytotoxicity,” Oxidative Medicine and Cellular
Longevity, vol. 2020, Article ID 1362104, 11 pages, 2020.

[158] V. Kalpana and V. Devi Rajeswari, “A review on green syn-
thesis, biomedical applications, and toxicity studies of ZnO
NPs,” Bioinorganic Chemistry and Applications, vol. 2018,
Article ID 3569758, 12 pages, 2018.

[159] Y. Lin, Y. Cao, Q. Yao, O. J. H. Chai, and J. Xie, “Engineering
noble metal nanomaterials for pollutant decomposition,”
Industrial & Engineering Chemistry Research, vol. 59,
no. 47, pp. 20561–20581, 2020.

[160] C.-G. Liu, Y.-H. Han, R. K. Kankala, S.-B. Wang, and A.-
Z. Chen, “Subcellular performance of nanoparticles in cancer
therapy,” International Journal of Nanomedicine, vol. 15, 2020.

[161] M. Khatami, H. Q. Alijani, and I. Sharifi, “Biosynthesis of
bimetallic and core–shell nanoparticles: their biomedical
applications–a review,” IET Nanobiotechnology, vol. 12,
no. 7, pp. 879–887, 2018.

[162] P. Srinoi, Y.-T. Chen, V. Vittur, M. D. Marquez, and T. R.
Lee, “Bimetallic nanoparticles: enhanced magnetic and opti-
cal properties for emerging biological applications,” Applied
Sciences, vol. 8, no. 7, p. 1106, 2018.

[163] A. Islam, A. Sharma, R. Chaturvedi, and P. K. Singh, “Synthe-
sis and structural analysis of zinc oxide nano particle by
chemical method,” Materials Today: Proceedings, vol. 45,
pp. 3670–3673, 2021.

[164] K. H. Huynh, X. H. Pham, J. Kim et al., “Synthesis, properties,
and biological applications of metallic alloy nanoparticles,”
International Journal of Molecular Sciences, vol. 21, no. 14,
p. 5174, 2020.

[165] V. Rajput, T. Minkina, S. Sushkova et al., “ZnO and CuO
nanoparticles: a threat to soil organisms, plants, and human
health,” Environmental Geochemistry and Health, vol. 42,
no. 1, pp. 147–158, 2020.

[166] D. Mittal, G. Kaur, P. Singh, K. Yadav, and S. A. Ali, “Nano-
particle-based sustainable agriculture and food science:
recent advances and future outlook,” Frontiers in Nanotech-
nology, vol. 2, 2020.

[167] M. Ihtisham, A. Noori, S. Yadav et al., “Silver nanoparticle’s
toxicological effects and phytoremediation,” Nanomaterials,
vol. 11, no. 9, 2021.

[168] V. Amendola, A. Guadagnini, S. Agnoli et al., “Polymer-
coated silver-iron nanoparticles as efficient and biodegrad-
able MRI contrast agents,” Journal of Colloid and Interface
Science, vol. 596, pp. 332–341, 2021.

[169] A. Naskar, S. Bera, R. Bhattacharya et al., “Synthesis, charac-
terization and antibacterial activity of ag incorporated ZnO–
graphene nanocomposites,” RSC Advances, vol. 6, no. 91,
pp. 88751–88761, 2016.

[170] S. Wang, J. Wu, H. Yang, X. Liu, Q. Huang, and Z. Lu, “Anti-
bacterial activity and mechanism of Ag/ZnO nanocomposite
against anaerobic oral pathogen Streptococcus mutans,”
Journal of Materials Science: Materials in Medicine, vol. 28,
no. 1, pp. 1–8, 2017.

[171] Y.-H. Hsueh, C.-T. Hsieh, S.-T. Chiu, P.-H. Tsai, C.-Y. Liu,
and W.-J. Ke, “Antibacterial property of composites of
reduced graphene oxide with nano-silver and zinc oxide
nanoparticles synthesized using a microwave-assisted
approach,” International Journal of Molecular Sciences,
vol. 20, no. 21, p. 5394, 2019.

[172] M. Gizer, Ö. Boyacıoğlu, P. Korkusuz, and F. Korkusuz,
“Trace element containing Nano-HAp for preventing muscu-
loskeletal infections,” Nanotechnology Applications in Health
and Environmental Sciences, pp. 269–289, 2021.

[173] N. Jomehzadeh, Z. Koolivand, E. Dahdouh, A. Akbari,
A. Zahedi, and N. Chamkouri, “Investigating in-vitro antimi-
crobial activity, biosynthesis, and characterization of silver
nanoparticles, zinc oxide nanoparticles, and silver-zinc oxide
nanocomposites using Pistacia Atlantica Resin,” Materials
Today Communications, vol. 27, article 102457, 2021.

20 BioMed Research International


	Plant-Based Bimetallic Silver-Zinc Oxide Nanoparticles: A Comprehensive Perspective of Synthesis, Biomedical Applications, and Future Trends
	1. Introduction
	2. The Influence of Plant-Derived Ag/ZnO Alloy NPs
	3. The Followed Means of Plant-Derived Ag/ZnO Alloy NP Synthesis
	4. Physiochemical Properties of Ag/ZnO Nanoparticles
	4.1. Electronic and Photosensitive Properties
	4.2. Magnetic Properties
	4.3. Mechanical Property
	4.4. Thermal Properties

	5. Plant-Derived Ag/ZnO NPs: Uses
	5.1. Antimicrobial Use
	5.2. Antioxidant Use
	5.3. Cytotoxic and Cancer Curative Agent
	5.4. Antileishmanial Potential
	5.5. Drug Delivery Application
	5.6. Photocatalytic Use
	5.7. Detection of Heavy Metals and Biosensor
	5.8. Molecular Recognition Use
	5.9. Other Applications

	6. Lethality of Plant-Based Ag/ZnO Nanoparticles
	7. Trends
	8. Conclusion and Future Perspective
	Abbreviations
	Conflicts of Interest
	Authors’ Contributions
	Supplementary Materials

