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Abstract

Nanoparticles have gained considerable importance compared to bulk counterparts due to their unique properties. Due to their
high surface to volume ratio and high reactivity, metallic and metal-oxide nanostructures have shown great potential applica-
tions. Among them, zinc oxide nanoparticles (ZnONPs) have gained tremendous attention attributed to their unique proper-
ties such as low toxicity, biocompatibility, simplicity, easy fabrication, and environmental friendly. Remarkably, ZnONPs
exhibit optical, physical, antimicrobial, anticancer, anti-inflammatory and wound healing properties. These nanoparticles have
been applied in various fields such as in biomedicine, biosensors, electronics, food, cosmetic industries, textile, agriculture
and environment. The synthesis of ZnONPs can be performed by chemical, physical and biological methods. Although the
chemical and physical methods suffer from some disadvantages such as the involvement of high temperature and pressure
conditions, high cost and not environmentally friendly, the green synthesis of ZnONPs offers a promising substitute to these
conventional methods. On that account, the microbial mediated synthesis of ZnONPs is clean, eco-friendly, nontoxic and
biocompatible method. This paper reviews the microbial synthesis of ZnONPs, parameters used for the optimization process
and their physicochemical properties. The potential applications of ZnONPs in biomedical, agricultural and environmental

fields as well as their toxic aspects on human beings and animals have been reviewed.
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1 Introduction

Nanotechnology has become the center of research interest
for its potential to manufacture the materials on the scale of
nano-size (up to 100 nm) [1]. Due to their extremely small
size and high surface area to volume ratio, nanoparticles
(NPs) exhibit unique optical, mechanical, catalytic, and bio-
logical properties over their bulk counterparts [2].

Metal oxide nanoparticles have received considerable
research attention due to their pronounced properties and
their wide range of applications [3]. Among them, zinc oxide
nanoparticles (ZnONPs) have been extensively investigated
because of their valuable properties such as biocompatibil-
ity, eco-friendly, low cost and ease of fabrication, high pho-
tosensitivity, large excitation binding energy, high thermal
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conductivity, and stability under harsh environmental con-
ditions [4]. Due to the numerous valuable properties of
ZnONPs, these NPs are widely used in several fields such
in electronics, optics, food packaging, cosmetic products,
petroleum industries, pharmaceuticals, and agriculture. Next
to these applications, ZnONPs are widely used in biomedical
applications including anticancer, antimicrobial, antioxidant,
anti-inflammatory, wound healing and drug delivery [5]. In
addition, ZnONPs have well-known as an effective photo-
catalyst agent that offers a promising method for wasted
water treatment [6].

There are various methods that have been used for the
preparation of ZnONPs such as physical, chemical and
biological methods [7]. The physical and chemical meth-
ods suffer from a lot of disadvantages such as high cost,
requirement of high throughput equipments and production
of toxic by-products that could be harmful to the body or
the ecosystem [8]. The green synthesis method is cleaner,
economical, environmentally safe, and biocompatible alter-
natives that overcome all these limitations [9]. In particular,
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microorganisms have various biomolecules involved in
ZnONPs synthesis either intracellularly or extracellularly
[10]. Microbial synthesis of NPs provides large scale pro-
duction of well-defined size and morphology [11].

This review emphasizes the microbial mediated synthesis
of ZnONPs, the mechanisms of their synthesis and factors
affecting the process. It also demonstrates various biomedi-
cal applications of ZnONPs owing to their antibacterial,
antifungal, anticancer, anti-inflammatory and wound heal-
ing activities. The mechanisms of interaction of ZnONPs
against a variety of microbes and factors affecting their
antimicrobial properties have also been discussed in details.
Furthermore, the potential applications of ZnONPs in the
agricultural and environmental fields have been investigated.

2 Microbal Mediated Synthesis of ZnONPs

ZnONPs can be synthesized using chemical, physical, and
biological methods. Chemical methods include microemul-
sion, reduction, sol-gel hydrothermal, and precipitation.
Physical techniques can be performed by spray pyrolysis,
vapor deposition, plasma and ultrasonic irradiation [12].
Nonetheless, these techniques usually involve the use of
toxic chemicals, high temperature and pressure, costly
equipments and machines [13]. Thus, there is a high need to
apply a cost-effective and environment-friendly method for
the synthesis of NPs.

The biological method is a promosing alternative for the
synthesis of NPs. This method is superior to other meth-
ods because it is safe, simple, non-toxic, eco-friendly, bio-
compatible, and cost-effective. In this process, ZnONPs is
performed using biologically active materials produced by
microorganisms or extacted from plant parts [14]. These bio-
logically active products act as reducing and capping agents
for NPs synthesis. In general, the biosynthesis of ZnONPs
is a very straightforward process, in which metal precursor,
in the form of soluble salts, was introduced to the previ-
ously prepared biological extracts. After the reaction time,
a visible change in color occurred and ZnONPs powder is
obtained [15]. Nonetheless, the green synthesis of NPs can
also enhance the properties of the produced NPs due to the
specific properties of the biological substrates used and the
small size and shape obtained [16]. For instance, the green
synthesis route of ZnONPs has been shown to improve the
properties like antimicrobial activity, biocompatibility, and
photocatalytic efficacy [17].

The NPs synthesis using microorganisms such as bac-
teria, fungi offers an advantage over plants since microbes
are easily reproduced. The microbial synthesis of metal and
metal oxide NPs depends on the tolerance of microbes to
heavy metals. Generally, microbes that inhabit ecological
niches rich in metal exhibit high metal resistance due to

adsorption of metals and their chelation by intra- and extra-
cellular proteins [18]. The existence of various enzymes,
biomolecules and proteins in microorganisms are recognized
as capping agents in the formation of multiple sized NPs
[19]. As such, this demonstrates their capability to act as
natural nano-factory. Table 1 summarizes several microbes
that mediate the synthesis of ZnONPs including their sizes
and shapes.

2.1 Bacteria-Mediated Synthesis of ZnONPs

Bacteria were among the first organisms used for the produc-
tion of NPs due to their feasibility of isolation, fast manipu-
lation and the presence of natural mechanisms for metal ions
detoxification [20]. There are many examples reported in the
literature that generated ZnONPs using bacterial strains. For
example, Selvarajan and Mohanasrinivasan [21] investigated
the intracellular synthesis of pure crystalline and spherical
shaped ZnONPs with the size ranged from 7 to 19 nm from
Lactobacillus plantarum VITESO7. It was reported that
produced NPs were moderately stable, which indicated that
the biomolecules secreted by the bacterial strain acted as a
capping agent in the synthesis process. In addition, spheri-
cal shaped ZnONPs with the size range of 100—130 nm had
been synthesized using Rhodococcus pyridinivorans and
zinc sulphate as a substrate. The synthesis of these NPs
was confirmed through the field emission scanning electron
microscope (FESEM) and XRD analysis [22].

Saravanan et al. [5] used Bacillus megaterium cell free
extract as unique reducing and capping agent fot the synthe-
sis of ZnONPs. The UV spectrum of the ZnONPs displayed
the surface plasmon resonance (SPR) peak at 346 nm, while
FESEM analysis showed that the produced ZnONPs were
rod and cubic shaped with a diameter ranged from 45 to
95 nm. Similarly, Abinaya et al. [23] demonstrated a novel
and effective approach to synthesize ZnONPs using the
exopolysaccharides (EPS) from the probiotic strain Bacil-
lus licheniformis Dahbl. The EPS acted as a reducing and
stabilizing agent for the formation of NPs. The produced
NPs were crystalline structure with a hexagonal shape and
a size range between 10 and 100 nm.

2.2 Fungi-Mediated Synthesis of ZnONPs

Fungi are extremely versatile living organisms which have
been also investigated for the production of ZnONPs. In
comparison to the bacterial synthesis, it is believed that
fungi may have superior potential for the green synthesis of
NPs. Fungi have great tolerance to high metal concentrations
due to their metal binding and bioaccumulation capacities
[24]. Moreover, the fungi exhibited the ability to secrete a
large number of extracellular redox proteins and enzymes,
which contributed to the reduction of the metal ions into
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Table 1 Microbes mediated

. . . Microbes Size (nm) Shape References

synthesis of zinc oxide

nanoparticles Acinetobacter schindleri 20-100 Spheres [185]
Aeromonas hydrophila 57.72 Spherical, oval [71]
Bacillus megaterium 45-95 Rod and cubic [5]
Bacillus licheniformis 200 Nanoflower [22]
Halomonas elongate 18.11 Multiform [186]
Lactobacillus johnsonii 4-9 Spherical [31]
Lactobacillus plantarum 7-19 Spherical [21]
Lactobacillus sporogens 5-15 Hexagonal [187]
Pseudomonas aeruginosa 35-80 Spherical [188]
Rhodococcus pyridinivorans 100-120 Roughly spherical [189]
Serratia ureilytica 170-250 Spherical, nanoflower [19]
Sphingobacterium thalpophilum 40 Triangle [190]
Staphylococcus aureus 10-50 Circular [29]
Streptomyces sp. 20-50 Spherical [191]
Candida albicans 25 Quasi-spherical [192]
Pichia kudriavzevii 10-61 Hexagonal [43]
Alternaria alternate 45-150 Spherical, triangular, hexagonal [193]
Aspergillus aeneus 100-140 Spherical [31]
Aspergillus fumigatus 60-80 Spherical [194]
Aspergillus niger 61 Spherical [37]
Aspergillus terreus 54.8-82.6 Spherical [195]
Fusarium spp. >100 Triangle [196]

NPs [25]. The secreted proteins conferred the stability of the
produced NPs by acting as capping agents that bound and
encapsulated the NPs surface [26]. In this respect, Asper-
gillus species have been widely employed for the synthesis
of ZnONPs. For instance, ZnONPs with the average size
of 3.8 nm were synthesized from the mycelia of Aspergil-
lus fumigatus. The produced NPs were stable without any
agglomeration for 90 days [27]. Similarly, the biomass
extracted from Aspergillus niger was used for the synthesis
of ZnONPs following a co-precipitation method [28].

3 Mechanisms of Microbal Mediated
Synthesis of ZnONPs

The determination of the microbial synthesis mechanisms
of ZnONPs is of great interest for establishing large scale
process. There are several studies propose the theoretical
mechanistic routes for this biosynthesis. Thus, in this review,
some of these studies found in the literature related to the
mechanisms of ZnONPs formation have been reviewed.
The biosynthesis of metal and metal oxide NPs using
microorganisms may occur in extra or intracellular environ-
ments [29]. In the case of the extracellular synthesis, stud-
ies suggested that the enzymes and proteins produced and
released by the microorganisms can reduce the metal ions
and stabilize the particles. In this respect, Tripathi et al. [22]
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reported that ZnONPs can be stabilized by enzymes secreted
by Bacillus licheniformis. The enzymes avoid agglomeration
and increasing the nanoscale size of the metal oxide. Hulkoti
and Taranath [30] reported that the bioreduction of Zn>* was
initiated by the electron transfer from NADH by NADH-
dependent reductase that acts as an electron carrier. Conse-
quently, the Zn>* obtained an electron and reduced to ZnO.
Subsequently, this resulted in the formation of ZnONPs.
Other studies have shown that the proteins produced and
secreted by microbes played an important role in the NPs
synthesis. In this line, Jain et al. [31] revealed that the amino
acids present in the protein were found to interact with the
Zn* ions to form ZnONPs. Likewise, the production of
metal and metal oxide NPs using fungal biomass or culture
has a similar mechanistic route as the described for bacte-
ria. Kalpana et al. [32] successfully synthesized ZnONPs
using Aspergillus niger cell-free filtrate. They suggested that
the proteins and enzymes secreted by this microorganism
are responsible for the formation and encapsulation of the
nanomaterials.

Regarding the intracellular synthesis, the mechanism
of formation definition can be more challenging due to
the complexity of the cell compositions and processes.
However, various studies believed that the cells internal-
ize the metallic ions which will be reduced by the proteins
and enzymes within the cell to form the NPs [30]. The cell
wall of microbes consists of a variety of polysaccharides



Journal of Inorganic and Organometallic Polymers and Materials (2022) 32:4114-4132 4117

and protein, which provides active sites for the binding of
the metal ions. This is due to the fact that metal ions are
attracted to the negative charge of the carboxylate groups
that is present on the cell wall. Then, the trapped ions are
reduced into the elemental atom initiated by the electron
transfer from NADH by NADH-dependent reductase that
acts as an electron carrier, which is embedded in the plasma
membrane. The reduction of the metal ion within the cell
wall leading to the aggregation of metal atoms and formation
of metal NPs [33]. In addition, the protein or peptides and
amino acids such as cysteine, tyrosine and tryptophan exist
in the cells are responsible for providing stabilization of NPs
[34]. The authors reported the presence of metal NPs on the
cytoplasmic membrane by transmission electron microscopy
(TEM) analysis, which suggested that the formation of NPs
occur in the cell wall and the cytoplasm of the cell [13].
Howeyver, it was indicated that the extracellular formation is
the most common route to produce ZnONPs. The intracellu-
lar route requires an additional process of cell lysis to release
the NPs from inside the microorganism. Hence, this pro-
cess becomes more time consuming and expensive than the
extracellular synthesis in which the metal ions are directly
reduced by the proteins and enzymes outside the cells [35].

4 Factors Affecting the Microbial Mediated
Synthesis of ZnONPs

It is well understood that that the physicochemical properties
of NPs are highly dependent on their size and morphology
structures. Therefore, in order to generate high yield pro-
duction of NPs with effective morphologies and size dis-
tribution, it is necessary to optimize the cultural conditions
and physical parameters. Some of the parameters which
are important to determine the rate of production, yield,
morphologies and the physical-chemical properties of the
ZnONPs are reviewed.

4.1 Effect of pH

Generally, pH is a key factor that has a major role in the syn-
thesis of NPs and could modify their properties. pH has the
ability to alter the shape of biomolecules that is responsible
for the capping and stabilizing of NPs [36]. In this respect,
Nagarajan and Kuppusamy [37] have investigated the vari-
ation of pH on ZnONPs synthesis. They reported that the
increase of the pH values led to a decrease on particle size
and agglomeration. At low pH range (pH 5-7), accumulation
of ZnONPs occur to form larger particles, whereas at high
pH value (pH 8) this accumulation does not occur. However,
Singh et al. [9] states that a neutral pH would be the best
condition for the biosynthesis of ZnONPs. This conclusion
was based on the fact that the formation of Zn (OH) , might

take place in alkaline pH solutions, which can alter the pro-
duction of ZnONPs.

4.2 Effect of Temperature

The impacts of various temperatures on the size and yield
production of NPs have been extensively investigated. For
instance, Singh et al. [9] studied the influence of the tem-
perature variation (20—-100 °C) on the yield and size of
ZnONPs. They concluded that the higher the temperature,
the greater the yield of ZnONPs. However, increasing the
temperature of reaction mixture resulted in the formation of
NPs with a larger size. In addition, Bala et al. [38] indicated
that changing of the temperature of the reaction mixture
resulted in different morphologies and sizes of the ZnONPs.
Irregular morphology and low crystallinity of the produced
NPs were observed at 30 °C. In contrast, the NPs obtained at
60 °C and 100 °C presented high crystallinity and agglomer-
ates of NPs. These variations are probably related to the fact
that higher temperatures increase the nucleation rate of crys-
tal formation. Another feature related to the agglomeration
is that the interval of time of the heat treatment may affect
the formation of clusters. Dhadapani et al. [39] observed
that increasing the time of the thermal treatment conducted
at 50 °C from 30 to 90 min, increased agglomerates and
NPs growth.

4.3 Effect of Precursor Concentration

The impact of various precursor salt concentrations
on the synthesis of metal NPs using soil fungus Clad-
osporium oxysporum was studied by Bhargava et al. [40].
They revealed that the precursor salt concentration of
1.0x 1072 mol/l gave a maximum NPs yield. At the con-
centrations of 2.0x 10~ and 5.0 x 10~ mol/l, no NPs were
generated due to the insufficient of biomolecules in minimiz-
ing the high amount of metal ions present. This finding is in
agreement with Chinnasamy et al. [41] who concluded that
the concentration of zinc nitrate is the factor that influences
mostly the particle size among all the evaluated parameters.
They stated that by using the minimum concentration of zinc
precursor (~ 65 g/l) resulted in the highest yield of ZnONPs.
On the other hand, Jamdagni et al. [42] observed that the
absorbance of ZnONPs increased with the increasing of pre-
cursor concentration.

4.4 Effects of Microbial Age and Reaction Time

The growth phase of the microbial cell has a critical role
for the synthesis of NPs. Since microbes generate various
enzymes at different growth phases, controlling the cell age
may be useful in producing high yields of NPs. It is well
known that the cell at the early exponential stage actively
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generated high concentrations of enzymes and protein,
which resulted in a high reduction of metals and forma-
tion of NPs. Concerning the effect the reaction time, it was
reported that rapid synthesis of NPs resulted in the formation
of smaller size NPs. In this line, it was reported that in the
synthesis of ZnONPs by Pichia kudriavzevii at a reaction
time of 12 and 24 h, the small sized of NPs were gener-
ated. Whereas, prolonged reaction time to 36 h produced
aggregate with irregular-shaped NPs [43]. In contrast, the
synthesis of ZnONPs by Lactobacillus sp. yielded NPs with
an average size of 7 nm at 5 to 10 min of reaction time [21].
Also, Chinnasamy et al. [41] reported that at a time reaction
of 2 h, the highest yield of ZnONP was recorded.

Overall, the optimization process is essentially required to
produce the desired NPs size, shape, yield, and homogene-
ous particles (monodispersity), mainly because these NPs
have a significant role in determining their unique properties
for specific applications. The study is still ongoing because
each microbe has a wide range of abilities in producing NPs
and further investigation is required to improve the synthesis
process for implementation in practice.

5 Characterization of ZnONPs

The NPs are characterized physicochemically to determine
their properties including size, shape, surface charge, func-
tional groups, and the purity. Several techniques can be used
to determine these properties such as ultraviolet- (UV-) vis-
ible spectroscopy, scanning electron microscopy (SEM),
Transmission Electron Microscopy (TEM), Dynamic light
scattering (DLS), Fourier transform infrared spectroscopy
(FTIR), X-ray diffraction (XRD), Energy Dispersive X-ray
Spectroscopy (EDS), and Thermo-gravimetric analysis
(TGA) [44]. These commonly structural and chemical char-
acterization used techniques are as follows:

5.1 UV-Visible Spectroscopy

UV-visible spectroscopy refers to absorption spectroscopy
on reflectance spectroscopy in the ultraviolet—visible spec-
tral region. Molecules containing non-bonding electrons or
w electrons absorb energy in the form of UV or visible light
to excite these electrons to higher anti-bonding molecular
orbital. The more easily excited the electrons the longer the
wavelength of light it can absorb. This technique is used to
measure the maximum absorbance of the particle in certain
wavelength. UV-visible spectra can be used to examine the
size and shape-controlled NPs in aqueous suspension. In
UV-visible spectroscopy, the decrease in intensity of origi-
nal extinction peak gives information about particles desta-
bilization and peak broadening or secondary peak occur at
longer wavelength can be resulted from the increase in the
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metal concentration beyond a threshold value or the forma-
tion of aggregates. Thus, the stability and the extent of NPs
aggregation can be determined [45].

The optical property of ZnONPs is determined via
UV-visible spectroscopy in the range of 200 nm-800 nm.
The decrease in the particle size influences the intensity of
absorption peak and shifts towards lower wavelength (blue
shift). ZnONPs usually show an absorption peak in the range
of 360-380 nm, a characteristic band for pure ZnO which
indicates excitation of valence electrons of ZnONPs absorb-
ing light in the UV region [46].

5.2 Scanning Electron Microscope (SEM)

SEM is used for the determination of surface morphology,
homogeneity, and size of the NPs. It has the advantage of
its versatile applications such as ease of sample prepara-
tion, different modes of imaging and easy interpretation of
the images [47]. The Scanning electron microscope (SEM)
uses a focused beam of high-energy electrons to generate
a variety of signals at the surface of solid specimens. The
signals that derive from electron sample interactions reveal
information about the sample including external morphol-
ogy, chemical composition, orientation of materials making
up the sample, and their crystalline structure. The samples
were made more viable when coated with gold sputtering.
In addition, SEM images are useful in obtaining surface
topological information of different NPs because of higher
magnification and larger field depth, which depend on the
electron density of the surface. The size, surface morphol-
ogy, and aggregation of ZnONPs can be examined using the
SEM images [48].

5.3 Transmission Electron Microscopy (TEM)

TEM uses energetic electrons to determine morphological,
compositional, and crystallographic properties of the sam-
ple. The optimum resolution obtained from TEM images is
much better than that for the light microscope as the wave-
length of electrons is smaller than that of the light. There-
fore, the fine details of internal structure can be resolved
[49]. High-resolution TEM (HR-TEM) is a promising tool
to study the properties of materials on the atomic scale, such
as nanoparticles. The morphological characteristics and the
size of the fabricated ZnONPs were studied with the help
of TEM, featuring an ultra high resolution and rapid data
acquisition [50].

5.4 Dynamic Light Scattering (DLS)
DLS is routinely used for NPs size determination, size

distribution and zeta potential in solution. DLS measures
time-dependent fluctuations of light scattered by NPs in
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suspension undergoing Brownian motion and relates its
velocity to the size of NPs, according to the Stokes- Ein-
stein equation [51]. DLS provide information about the
average size, size distribution by measuring the timescale of
light intensity fluctuations. The resolving power in constant
instrument settings depends on the ratio of size and mass of
the species in a mixture, the dispersion characteristics and
the total concentration of material [12].

5.5 Fourier Transform Infrared Spectroscopy (FTIR)

FTIR is an essential technique for the identification of the
functional groups involved in the reduction and stabilisation
of NPs. In FTIR spectroscopy, the sample is exposed to IR
radiations and it selectively absorbs radiation of a specific
wavelength which causes a change in the dipole moment and
leads to transfer of vibrational energy level from the ground
to the excited state. Vibrational energy gap determines the
frequency of absorption peak.

The FTIR spectra are collected after the absorption of
electromagnetic waves with the frequency range from 400
to 4000 cm™'. The FTIR spectrometer gathers the spectral
information of a broad spectral region. Metal oxide shows
absorption bands in the fingerprint region below 1000 cm-1
attributed to interatomic vibration. ZnO shows vibrational
peaks in the region between 400 and 600 cm™"! [52]. All the
present peaks are attributed to the phytochemical compo-
nents present in the synthesis of ZnONPs. The differences
in the particle size may lead to different wave number and
frequencies.

5.6 X-ray Diffraction Technique (XRD)

XRD is a powerful technique which gives information about
the structure, average size and crystalline nature of a sample.
Different lattice planes cause simultaneous reflections of the
X-ray beam incident on a crystal. This may lead to construc-
tive or destructive interference depending on the angle of
incidence of X-rays and wavelength of X-rays. Crystalline
solid has its unique characteristic X-ray diffraction pattern
which is referred to as a “fingerprint” for its identification.
Sharp and narrow diffraction peaks imply high crystallin-
ity and small size of the biosynthesized NPs [53]. In the
study of Kumar et al. [54], X-ray diffraction of the prepared
ZnONPs used X-ray beam with nickel filtered CuKa radia-
tions of wavelength equal to 1.54 A and with a step dimen-
sion of 0.01° and scanning speed of 0.02 steps / second.
A fixed power generation of 40 kV and 40 mA was used.
The XRD pattern showed major peaks of diffraction angles
are 31.61°, 34.23°, 36.35°, 47.63°, 56.32°, 62.79°, 66.97°,
67.02°, 69.37°, and 76.18° which correlating to reflection
planes are 100, 002, 101, 102, 110, 103, 200, 112, 201, and
202 respectively.

5.7 Energy Dispersive X-Ray Spectroscopy (EDS)

EDS is used to determine the chemical characterization and
elemental composition of NPs and it is usually integrated
with either scanning electron microscope (SEM) or elec-
tron probe microanalyzer (EPMA). EDS consist of an X-ray
detector, liquid nitrogen for cooling, and software to col-
lect energy spectra. A crystal in the EDS detector absorbs
the energy of incoming X-rays by ionization, induces free
electrons in the crystal that are conductive and creates a bias
in electrical charge. The energy of individual X-rays con-
verts into electrical voltages of proportional size by X-ray
absorption. The electrical pulses correlate to the character-
istic X-rays of the elements, which can be used for elemental
identification [55].

5.8 Thermo-gravimetric Analysis (TGA)

The thermal analysis of NPs determines the properties like
enthalpy, mass changes, thermal capacity and the coefficient
of heat expansion. TGA is a technique used to determine
the change in mass of a sample as a function of temperature
and/or time in a controlled atmosphere and rapid assess-
ment of the thermal stability of substances. Change in the
mass of a sample can occur from thermal decomposition,
evaporation, drying, sublimation, desorption or adsorption.
These changes in mass are shown as step changes in the
TGA curve or peaks in the DTG curve. The properties of
nanomaterials are determined according to how they change
with temperature by thermal analysis and the results such as
descending TGA thermal curve indicates the weight loss that
has occurred [56].

6 Application of ZnONPs
6.1 Biomedical Applications of ZnONPs

ZnONPs, as a type of the low-cost and low-toxicity nano-
materials, have attracted tremendous interest in various bio-
medical fields due to their antimicrobial, anticancer, anti-
inflammatory, and wound healing activities [57]. Some of
these activities which support their biomedical applications
are reviewed.

6.1.1 Antimicrobial Activity of ZnONPs

Microbial diseases pose serious health threats among man-
kind. The spreading of multidrug-resistant microbes and
emergence of new strains makes the need for developing
new effective techniques become urgent. Nanotechnology
has emerged as a novel approach to fight microbial diseases
and can be used for the effective treatment of pathogenic
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microbial diseases [58]. The antimicrobial properties of
nanomaterials arise from their inherent properties, such as
high reactivity due to large surface area to volume ratio,
composition and morphology that allow the nanomaterials
to interact easily with the microbial cell surface and subse-
quently exhibit their antimicrobial mechanisms [59].

The antimicrobial effect of ZnONPs is remarkable due
to their unique physiochemical properties such as smaller
size, higher porosity and larger specific area. In addition,
ZnONPs are also found to be safe and compatible with the
human system [60]. Some studies concerning the antibacte-
rial and antifungal activities of ZnONPs have been reviewed.
ZnONPs showed potent antibacterial activity towards both
gram-positive and gram-negative bacteria such as, Bacillus
subtilis, Salmonella typhimurium, Staphylococcus aureus,
Streptococcus pyogenes, Enterococcus faecalis, Proteus
mirabilis, Escherichia coli, Klebsiella pneumonia, Kleb-
siella aerogenes, Mycobacterium tuberculosis, Mycobacte-
rium luteus, Proteus vulgaris, Vibrio cholera, Pseudomonas
aeruginosa, Salmonella typhimurium and Salmonella para-
typhi [61-63]. The antibacterial effects of ZnONPs in dif-
ferent bacterial species are cited in Table 2. The minimum
inhibitory concentration (MIC) of ZnONPs for Staphylococ-
cus aureus and Escherichia coli were reported as 12.5 and
6.25 pg/ml, respectively [64]. Wherase, Shamshad et al. [65]
found that MIC of ZnONPs was 100, 11.1 and 3.7 pg/ml

Table 2 The antibacterial effects of ZnONPs in different bacterial species

for Staphylococcus aureus, Pseudomonas aeruginosa and
E coli, respectively.

Dulta et al. [66] reported that the green synthesized
ZnONPs showed antimicrobial effects against Gram nega-
tive microorganisms with lowest MIC value recorded as
6.25 pg/ml. Furthermore, the antibacterial effect showed
the slightly superior of the ZnONPs prepared by chemical
method on the prepared by green method at levels 50 and
100 ppm, while no differences found at 150 ppm in Pseu-
domonas aeruginosa and B. subtilis. On the other hand, the
comparable results for two ZnONPs in S. aureus [67]. In
addition, Raghavendra et al. [68] reported that among all
the tested bacterial pathogens, E. coli at 50 ug/ml concentra-
tion showed the highest inhibition of biofilm activity upon
treatment with the biosynthesized ZnONPs, followed by the
highest growth curve, cellular leakage, and potassium ion
efflux.

Moreover, ZnONPs were demonstrated as an anti-biofilm
and anti-virulence compound. In this trend, the antibiofilm
activity of the biosynthesized ZnONPs were studied by Jaya-
balan et al. [69] against Pseudomonas otitidis (MCC2509),
Pseudomonas oleovorans (MCC2566), Acinetobacter
baumannii (IMCC2366), Bacillus cereus (MCC2039), and
Enterococcus faecalis (MCC2041). The results revealed
that ZnONPs showed very potent activity against the tested
microbial biofilms. Also, Abdelraheem and Mohamed [70]

Material Size (nm) Targeted bacteria Antibacterial mechanism Reference
ZnONPs 30 E. coli Destroy the membrane integrity and ROS  [197]
production
ZnONPs 20 E. coli 11,634 Hydrogen peroxide (H,0,) [198]
ZnONPs 20 E. coli and S. aureus Release of Zn>* [199]
ZnONPs 40 Streptococcus mutans IMTCC497), ROS and the release of Zn** [83]
S. pyogenes (IMTCC1926), Vibrio cholerae
(MTCC3906),
Shigella flexneri
(MTCC1457), and Salmonella typhi
(MTCC1252)
ZnONPs 80 V. cholera Depolarization of the membrane [200]
structure, increased permeabilization and
damage of DNA, and generation of ROS
ZnONPs 90-100 V. cholera and enterotoxic E. coli (ETEC) Inhibit adenylyl cyclase activity, and [201]
cAMP levels are decreased
Ag-ZnO composite 64 S. aureus and GFP E. coli ROS and the release of Ag* and Zn?* [202]
ZnO nanocatalyst 18 B. subtilis, E. coli, K. pneumonia, and H,0,, OH™, and other ROS [203]
S. typhimurium
Zn0O quantum dots 4 E. coli MG1655, Cupriavidus the toxicity is mainly from Zn** [204]
metallidurans CHs,
CdO-ZnO nanocomposite 27 E. coli, P. aeruginosa, Klebsiella ROS (OH™, H,0,, and 022‘) and the [205]
pneumonia, S. aureus, P. vulgaris, and release of Zn** and Cd**
Bacillus spp
ZnO nanostructures (ZnO-NSs) 70-80 S. aureus, S. typhimurium, P. vulgaris, and ROS damage to cell membranes [206]

K. pneumoniae

@ Springer



Journal of Inorganic and Organometallic Polymers and Materials (2022) 32:4114-4132 4121

confirmed that ZnONPs significantly down-regulated the
expression level of all biofilms and virulence genes of P.
aeruginosa clinical isolates except the toxA gene.

In addition to their antibacterial activity, ZnONPs have
also been reported to perform a promising antifungal activ-
itiy against many of the harmful yeasts and fungi. In this
respect, Jayaseelan et al. [71] reported that ZnONPs syn-
thesized using Aeromonas hydrophila exhibited pronounced
antifungal activity against various fungal pathogens such as
Aspergillus flavus, Aspergillus nigr and Candida albicans.
Also, Rajiv et al. [72] validated the antifungal activity of
ZnONPs and found that the activity is size-dependent and
the highest inhibition was reported against Aspergillus flavus
and Aspergillus niger at 25 pg/ml. Furthermore, Jamdagni
et al. [42] showed an antifungal activity of ZnONPs against
five of the fungal pathogens of plants such as Alternaria
alternata, Aspergillus niger, Botrytis cinerea, Fusarium
oxysporum and Penicillium expansum and the lowest mini-
mum inhibitory concentration of 16 ug/ml was reported
against A. niger. In addition, Vijayakumar et al. [73] proved
the antifungal activity of ZnONPs at a concentration of
100 pg/ml, against Candida albicans, a most prevalent fun-
gal pathogen. Moreover, Jain et al. [74] indicated that the
synthesized ZnONPs using Serratia nematodiphila showed
good antimicrobial activity against Xanthomonas oryzae pv.
oryzae and Alternaria sp.

The antimicrobial activity of ZnONPs confirmed that
these NPs could be employed effectively as a better agent
for biomedical applications. In this respect, Steffy et al.
[75] reported that ZnONPs act as a powerful antimicrobial
agent against antibiotic-resistant bacterial pathogens, and for
treating the non-healing ulcers. ZnONPs (with a size range
of 10-12 nm) exhibited significant bactericidal efficiency
against multidrug-resistant MDR-E. coli, MDR-P. aerugi-
nosa, MDR-Enterococcus faecalis and Methicillin-resist-
ant S. aureus. Furthermore, Hou et al. [76] reported that
ZnONPs induced-bacterial cell-death against MDR—-Acine-
tobacter baumannii that invading human lung cells without
causing any obvious effect on the human lung cells viability.
It was reported that ZnONPs have a potential antimicrobial
activity against oral pathogens Streptococcus mutans, Staph-
ylococcus aureus and Enterococcus faecalis and can be used
as an alternative to the commercially available antimicrobial
agents [77]. Also, the study performed by Quynh et al. [78]
proved that ZnONPs performed a high antibacterial activ-
ity against S. aureus and E. coli up to 5 days that caused
surgical site infection (SSI). Thus, fabricated ZnONPs were
considered as a potent agent for efficient medical therapy.

6.1.1.1 Antimicrobial Activity Mechanism of ZnONPs It
is proposed by many researchers that ZnONPs show their
promising antimicrobial activities via several mechanisms.
These NPs caused damage of the permeability of the plasma

membrane and loss of proton motive force. The release of
Zn”>" jons has a significant inhibition of active transport,
damage of the enzyme systems and amino acid metabolism.
Furthermore, the oxidative stress of ZnONPs caused by the
generation of reactive oxygen species (ROS) lead to the dis-
turbance of mitochondrial functions and gene expression
that lead to cell death [79].

One possible mechanism for the antimicrobial activity of
ZnONPs is through the attachment of NPs to the microbial
cell membrane via electrostatic forces. The positive zeta
potential of ZnONPs promotes the attachment to the nega-
tively charged microbial cell which leads to the penetration
of ZnONPs into the cells. This interaction may damage the
microbial cell integrity, resulting in the leakage of intracel-
lular contents and ends with cell death [71]. In addition, Pati
et al. [80] have shown that the disruptance of the bacterial
cell membrane integrity by ZnONPs caused a reduction of
cell surface hydrophobicity, and down-regulatation of the
oxidative stress-resistance genes transcription in bacteria.
To elucidate the mechanism of this action, Akbar and Anal
[81] confirmed the disrupted cell membrane and accumula-
tion of ZnONPs in the cytoplasm by using TEM and SEM
images as well as FTIR, XRD analyses. Furthermore, Liang
et al. [82] reported that FTIR analysis showed the binding
of ZnONPs to polypeptides and glycogen from the Strep-
tococcus pyogenes cell wall that lead to its disruption and
cell damage.

The accumulation of ZnONPs in the outer membrane
or cytoplasm of microbial cells triggers Zn>* release. The
released Zn*? ions penetrate the cell membrane and disrupt
the integrity of phospholipid bilayer in the microbial cell
membrane. Disruption of the cell membrane is accompa-
nied by the leakage of cytoplasmic contents like intracel-
lular protein, genetic material, ATP and lipopolysaccharide.
Moreover, free Zn>* ions bind with the biomolecules such
as proteins and carbohydrates, and subsequently damage the
microbial cells [83].

Another possible mechanism for the antimicrobial activ-
ity of ZnONPs is based on the induced oxidative stress. The
oxidative stress is formed in bacterial cell because of the
interaction between Zn** ions and the thiol group of bacte-
rial respiratory enzyme [84]. The formation of reactive oxy-
gen species (ROS) such as superoxide anion (O, ), hydroxyl
ion (OH™) and hydrogen peroxide (H,0,) is a common
antibacterial activity adopted by ZnONPs. It was reported
that ROS damage the cellular components such as protein,
lipid and nucleic acids. These free radicals could also turn
down the mitochondrial functions and damage the electron
transport chain and oxidative phosphorylation that result-
ing in microbial cell death. In addition, the increased oxida-
tive stress initiates the gene expression to produce apoptotic
markers and ultimately leads to cell death [85]. In the same
manner, Mohd Yusof et al. [86] used SEM to examine the
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morphological changes of the bacterial cells treated with
ZnONPs. The findings suggested that ROS-induced oxi-
dative stress caused membrane damage and bacterial cell
death. Schematic illustration of the antimicrobial mechanism
of ZnONPs against bacterial cells is presented in Fig. 1.

6.1.1.2 Factors Affecting the Antimicrobial Activity
of ZnONPs The antimicrobial activity of ZnONPs is depend-
ent upon their shape, size, concentration and the species of
microbes.

6.1.1.3 Morphology of ZnONPs It was reported that the
antimicrobial properties of ZnONPs depend on the morphol-
ogy of NPs. Talebian et al. [87] found that flower-shaped
ZnONPs exhibited more antimicrobial activity against S.
aureus and E. coli than rod-shaped ZnONPs. In a similar
work, Upadhyaya et al. [88] found that hexagonal ZnONPs
displayed greater inhibition of S. aureus than rod-shaped.
Khatami et al. [89] reported that that the rectangular shaped
ZnONPs at lower concentration had a higher antimicrobial
effect against the same strains. In addition, Saif et al. [90]
found that pyramid shaped ZnONPs exhibited the highest
antimicrobial activity followed by hexagonal and then the
round ones. Also, Sharma et al. [91] reported that the tri-
angular ZnONPs showed better for antimicrobial activity
against Escherichia coli and Bacillus subtilis as compared
to the prototypical spherical counterparts. Overall, these
observations suggest that sharp-edged ZnONPs may have
greater antibacterial properties because they more easily
penetrate the microbial cell wall than NPs with smooth
edges that resulting in cell leakage and death.

6.1.1.4 Size of ZnONPs Previous reports revealed that
by decreasing particle size, the antimicrobial activity of
ZnONPs increases. The large surface area to volume ratio
of NPs shows high antibacterial property, where it binds a
greater number of ligands on its surface [92]. In this context,
Jones et al. [93] confirmed that the antibacterial activity is
mainly owing to smaller ZnONPs. They found that when the
size of is 12 nm, it inhibits the growth of S. aureus, but when
the size exceeds 100 nm, the inhibitory effect is minimal.
Also, Azam et al. [94] reported that the antimicrobial
activity against both gram-positive (S. aureus and Bacillus
subtilis) and gram-negative (E. coli and P. aeruginosa) bac-
teria increased with the decrease in particle size of ZnONPs.
Moreover, Ohira and Yamamoto [95] indicated that from
ICP-AES measurement, the amount of Zn>* released from
the small ZnONPs were much higher than the large ZnO
powder sample. similarily, Janaki et al. [96] showed that
the formation of hydrogen peroxide is related to the size and
surface area of synthesized NPs. Smaller the ZnONPs and
larger the surface zone per unit area, the higher is the forma-
tion of oxygen species and hence, the hydrogen peroxide.
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6.1.1.5 Concentration of ZnONPs The concentration of
ZnONPs is considered as another factor affecting their anti-
microbial activity. It was reported that the antimicrobial
activity increases with increasing ZnONPs concentration
[97]. Many previous studies have confirmed this conclusion.
For instance, Elumalai and Velmurugan [98] indicated that
the antimicrobial activity of ZnONPs against S. aureus, B.
subtilis, P. aeruginosa, P. mirabilis, E. coli, C. albicans and
C. tropicalis increased with increasing ZnONPs concentra-
tions. Also, Rajeshkumar et al. [99] reported that ZnONPs
exhibited substantial antibacterial, antifungal and antioxi-
dant activities opon increasing their concentrations. In addi-
tion, Sumanth et al. [100] confirmed that ZnONPs produced
by Xylaria acuta could proficiently exhibited antimicrobial
and anticancer activities in a dose dependent manner.

6.1.1.6 Species of Microorganism In addition to the above
mentioned factors affecting the antimicrobial proper-
ties of ZnONPs, microorganism species has reported as
an additional important agent. Azam et al. [94] indicated
that ZnONPs have shown maximum antimicrobial activity
against Bacillus subtilis in comparison with other strains
such as E. coli and P. aeruginosa. Also, Elumalai and Vel-
murugan [98] reported that Staphylococcus aureus bacterial
strain was more susceptible to ZnONPs when compared to
other bacterial and fungal strains such as B. subtilis, P. aer-
uginosa, P. mirabilis, E. coli, C. albicans, and C. tropicalis.

Velsankar et al. [101] found that B. pumilus was more
sensitive to ZnONPs than S. typhi. In the same manner,
Mohd Yusof et al. [86] indicated that ZnONPs synthesized
by Lactobacillus plantarum TA,, effectively inhibited the
growth of Staphylococcus aureus compared to the other
tested bacterial species (Salmonella spp. and Escherichia
coli). These studies demonstrated that a lower concentration
of ZnONPs displayed stronger antibacterial effects on Gram
positive bacteria compared to the Gram-negative strains.
This is likely due to differences in the composition of the
cell wall between the two bacteria. The cell walls of Gram-
positive bacteria contain peptidoglycan, teichoic acid, and
abundant pores which allow foreign molecules and NPs to
enter the cell, resulting in cell membrane damage and cell
death. However, the cell walls of Gram-negative bacteria
contain lipopolysaccharide, lipoprotein, and phospholipid,
representing a barrier that only allows macromolecules to
enter, hindering the entry of NPs and weakening the action
of ZnONPs against Gram-negative bacteria [102].

6.1.2 Anticancer Activity of ZnONPs

Cancer is a conjunction of diseases characterized by the
abnormal growth of tissue that might lead to the devel-
opment of tumors that can spread into other tissues and
cause severe effects in the patient, with complications
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and severities potentially causing death [103]. Cancer
was reported as the second cause of death in the US with
approximately 2 million people being diagnosed every year
[104]. Although applications of many protocols such as
chemotherapy and radiotherapy are functional, these tech-
niques have severe side effects, such as anemia, sickness,
immunosuppression, or even death. In addition, some cancer
cells have become resistant to such treatments, leading to
the appearance of chemotherapy-resistant tumors [105]. As
a consequence, significant efforts have been made towards
to discover new approaches that overcome such drawbacks.
Consequently, the use of nanotechnology has been reported
to be applied towards cancer treatment [106]. The main
advanges of the NPs treatment are the direct effect on spe-
cific cancerous cells with no side effect on other cells and
the efficient permeability to the tumor site, when compared
to the free drugs [107].

ZnONPs exhibited a promosing anticancer activity due
to their good solubility, effective delivery to the cells, low
toxicity, high biodegradability and biocompatibility [108].
Furthermore, ZnONPs are able to induce notable selective
toxicity against cancer cells without damaging normal cells.
That is because ZnONPs possess a unique electrostatic char-
acteristic which helps in selecting targeting of cancer cells.
Cancer cells contain anionic phospholipids on their sur-
face which results in electrostatic attraction with ZnONPs,
which promotes cellular uptake of ZnONPs by the cancer
cells [109]. The mechanism behind the selective cytotox-
icity of ZnONPs towards cancer cells is the intracellular
release of dissolved zinc ions, followed by ROS induction.
The production of ROS upon contact with the cells, lead
to mitochondrial damage, reacted with the cell membrane
lipids and resulted in the loss of protein activity balance,
which induced cancer cell death via the apoptosis signaling
pathway [110].

ZnONPs were able to target cancer cells and simultane-
ously perform several key functions, including inhibition of
cancer proliferation, sensitization of drug-resistant cancer,
prevention of cancer recurrence and metastasis, and resus-
citation of cancer immune-surveillance [111]. In addition,
because of their electrostatic properties, ZnONPs are rap-
idly taken up by the immune cells and thus cab be used in
combination with immunotherapy. In addition, the surface
charge of these NPs is normally neutral but can be modu-
lated depending on the pH; hence at biological conditions,
ZnONPs are positively charged. This fact allows for their
easy digestion by negatively-charged immune cells [112].

In the last few years, significant works have been achieved
concerning the great potential of using ZnONPs as a nano-
medicine agent. For instance, Shilpa et al. [113] reported that
by the application of ZnONPs, the proliferation of human
breast cancer (MCF7) cells was substantially reduced when
compared with the viability control cells. Also, Dulta et al.

[66] reported that the green synthesized ZnONPs showed a
remarkable selective cytotoxicity against the Human Cervi-
cal cancer (HeLa) and Human colon cancer (HT-29) cell
lines.

Based on the MTT assay, Aldalbahi et al. [114] dem-
onstrated a potent cytotoxic effect of the ZnONPs against
the HeLa cancer cell line. Bhattacharya et al. [115] indi-
cated a great reduction in the viability of skin melanoma
(B16F10) cells exposed to ZnONPs in a dose dependent
manner. In addition, cellular viability (EDs,) was recorded
for ZnONPs at 3% dose while commercial ZnO exhibited
EDs, at 6% dose. Parthasarathy et al. [116] reported that
ZnONPs synthesized by Bacillus cereus PMSS-1 exhibited
concentration-dependent cytotoxicity on human melanoma
A375 cells. ZnONPs induced the apoptosis of the cells as
evidenced by the increased lipid peroxidation (LPO), dimin-
ished activities of antioxidants such as superoxide dismutase
(SOD), catalase (CAT) and glutathione peroxidase (GPx).
Moreover, the administration of ZnONPs increased ROS
production and reduced mitochondrial membrane potential
(MMP) in A375 cells. Therefore, ZnONPs could be used
for human malignant melanoma after proper in vivo studies.

ZnONPs synthesized by Alternaria tenuissima inhibited
the proliferation of normal human melanocytes, human
breast and liver cancer cell lines with ICy, concentra-
tions of 55.76, 18.02 and 16.87 pg/ ml, respectively [117].
In the same line, Manimaran et al. [118] investigated the
in vitro cytotoxicity assay that depicted a significant level
of cytotoxic effects of ZnONPs synthesized by Pleurotus
djamor against the A549 lung cancer cells with LCs, values
42.26 pg/ml. The anticancer activity of ZnONPs in different
cancer types is presented in Table 3. The study of Housseiny
and Gomaa [119] provided an insight on using ¥-radiation as
a highly efficient and inexpensive tool for the enhancement
of antitumor effects of NPs against tumor diseases. Samples
of ZnONPs produced by Penicillium chrysogenum exposed
to 20 kGy dose recorded the greatest antitumor effect. The
ICs, values of human breast carcinoma (MCF-7) were
373 pg/ml and > 500 pg/ml, while of colon carcinoma cells
(HCT-116) were 226 and 317 pg/ml for irradiated and non
irradiated samples, respectively. The in vitro assay showed
that the biogenic ZnONPs displayed high cytotoxicity with
ICs, value of 4.04 x 107" pug/ml when exposed to human liver
by the modulation of proliferation and inducing apoptosis
[120]. The overall findings of the prvious studies suggested
that the microbial synthesized ZnONPs could act as an
alternative biomedical agent for future cancer therapeutic
protocols.

6.1.3 Anti-inflammatory Activity of ZnONPs

Inflammation is the host body response in response to physi-
cal and chemical stress or injury in order to restore cellular
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Table 3 The anticancer effects of microbial synthesized ZnONPs in different human cancer cell lines

Microorganism produced

Targeted cell line Effect and mechanism

References

Rhodococcus pyridinivorans HT-29, colon

ZnONPs suppressed cell viability in Caco-2 cell line via increased ROS and
induced IL-8 release

[189, 207, 208]

ZnO NPs and fatty acids could induce lysosomal destabilization in Caco-2

cells

Aspergillus niger HepG?2, liver

ZnONPs caused ROS generation and oxidative DNA damage and lead to

[28, 209, 210]

mitochondrial-mediated apoptosis in HepG2 cells
ZnONPs selectively induce apoptosis in HepG2 cells, which was also medi-
ated by ROS via the p53 pathway

Aspergillus niger A549, lung

ZnONPs incorporated in liposomes not only rendered pH responsivity to [211,212]
the delivery carrier but also exhibited synergetic chemo-photodynamic
anticancer action

Ecofriendly formulated ZnONPs arrest the cell cycle in the G2/M phase and ~ [213]

Aspergillus terreus MCF-7, breast

upregulated proapoptotic genes p53, p21, Bax, and JNK and downregulated
antiapoptotic genes Bcl-2, AKT1, and ERK1/2 in a dose-dependent manner

in MCF-7 cells

MCF-7, breast
HCT-116,
colon

Penicillium chrysogenum

78S cells

A doxorubicin delivery system based on zinc oxide nanomaterials can bypass
the P-gp increase in the drug accumulation in resistant MCF-7R and MCF-

(119,214, 215]

ZnO NPs induced Caco-2 cells cytotoxicity associated with increased intra-

cellular Zn ions

Pichia kudriavzevii MCF-7, breast

RGD (Arg-Gly-Asp)-targeted ZnO NPs can target integrin av/33 receptors to

[216]

increase the toxicity of the ZnO NPs to MDA-MB-231 cells at lower doses

homeostasis and tissue microenvironment [121]. Non-steroi-
dal anti-inflammatory drugs (NSAIDs) commercially avail-
able in the market show some limitations such as gastric
ulcers, renal issues and cardiovascular strokes [122]. The
development of NPs opens a new therapeutic window for the
management of inflammation-based disorders [123].

It was reported that ZnONPs are broadly used as an anti-
inflammatory agent. They exert their anti-inflammatory
activity through various mechanisms, namely, inhibition of
myeloperoxidase, proinflammatory cytokine release, nuclear
factor kappa B (NF-kf) pathway, mast cell degranulation
inducible nitric oxide synthase enzyme (iNOS) and hence
down regulation of nitric oxide (NO) release [124]. Moreo-
ver, a significant inhibition of bovine serum albumin (BSA)
protein denaturation of ZnONPs evidenced their anti-inflam-
matory property [125].

It was demonstrated that ZnONPs had great effects on
reducing skin inflammation in Atopic dermatitis (AD)
models. ZnONPs with a small size were able to reach into
the deep layers of the allergic skin and exerted higher anti-
inflammatory properties by decreasing drastically on pro-
inflammatory cytokines in the mouse model of AD [126].
The anti-inflammatory activity of ZnONPs is not confined
to atopic dermatitis treatment, but has also shown to be
very effective for other inflammatory diseases. The anti-
inflammatory activities of ZnONPs in LPS-stimulated RAW
264.7 macrophages were investigated. ZnONPs exposed
remarkable anti-inflammatory activity by dose-dependently
suppressing NO production as well as the related protein
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expressions of iNOS, COX-2, IL-14, IL-6, and TNF-a.
Hence, ZnONPs have the potential to be utilized for anti-
inflammatory treatments [127].

6.1.4 Wound Healing Activity of ZnONPs

Skin is the largest organ of our body which protects us
from external invasion and any damage happened to the
skin results in a wound. Wound healing is an active pro-
cess, where replacement of injured tissue to its initial state
exactly after the injury and the depletion of injured area
in a clear-cut indication of healing [14]. However, wound
healing may delay due to microbial infection. In particular,
Staphylococcus aureus and Pseudomonas aeruginosa are
from microorganisms which cause severe wound infections.
Metal oxide NPs can enhance the process of wound healing
due to their antimicrobial actitivity against these pathogenic
organisms [75].

The wound healing activity effect of ZnONPs has
reported due to their marked antimicrobial activity, low
cost and remarkable thermostability [54]. In addition, it
was found that wound healing is impaired with zinc defi-
ciency. So, ZnONPs can be used as a therapeutic approach
to enhance the rate of wound healing [20]. Several literatures
evidenced the use of ZnONPs as a successful wound heal-
ing agent. For instance, Shao et al. developed a gel using
ZnONPs which showed remarkable wound healing prop-
erty in rats and thus proved to be an efficient topical anti-
microbial formulation and wound healing agent [128]. In a
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Fig.1 Schematic illustration of the antimicrobial mechanism of
ZnONPs against bacterial cells. ZnONPs act as an antimicrobial
agent through the following mechanisms: (1) the formation of reac-
tive oxygen species (ROS), which induces oxidative stress and mem-
brane and DNA damage, resulting in bacterial death; (2) dissolution

similar study, the cotton wound bandages impregnated with
ZnONPs give patches with antimicrobial properties. This
property can potentially be used for treating and covering
infection-sensitive wounds, namely diabetic or burn wounds
[89].

The study of Ezealisiji et al. [129] suggested that there is
a need to investigate the optimum dose of ZnONPs and the
necessary time required for providing of the optimum condi-
tions for their application. In the same line, it was reported
that wound contraction is caused by activity of myofibro-
blasts which reduces wound area. The hydrogel based wound
dressing integrates in increasing contact time and further
follows keratinocyte migration and enhances re-epithelial-
ization [130]. The mechanism by which ZnONPs heals the
burn wound is a complex interplay between intracellular and
extracellular agents and poses a potential reflex to use them
in order to treat burn wound safely and effectively. ZnONPs
dressing increases apoptosis, bacterial clearance, platelet
activation, tissue necrosis, re-epithelialization, tissue scar

of ZnONPs into Zn>*, which interferes with enzyme, amino acid,
and protein metabolisms in bacterial cells; and (3) direct interaction
between ZnONPs and cell membrane through electrostatic forces that
damages the membrane plasma and causes intracellular content leaks

formation, debris removal, angiogenesis and stem cell acti-
vation through wound healing [131].

It is well known that, there is an intimate association of
wound healing, inflammation and immune response. Thus,
ZnONPs enhance the skin re-epithelization via its anti-
inflammatory action due to suppression of inflammatory
marker genes like IL-6, IL-1p, IL-10, and TNF-a [127].
In addition, proficiently zinc enhances platelet activity and
aggregation [132]. Zinc mediates its effect on platelets Pro-
tein kinase C (PKC)—mediated tyrosine phosphorylation
of platelet proteins. The platelets are being able to be recog-
nized as immune cells capable of pathogen recognition via
cytokines and chemokines [133]. Both precursor and mature
B-cells can reduce antibody production if zinc is deficient
at the site of the wound. Wound clearance gets hindered
due to falling B-cells populations and circulating antibodies
that would negatively affect phagocytosis. ROS-mediated
augmentation of human dermal fibroblast migration is one
of the hallmark actions of zinc [134].
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6.2 Agricultural Applications of ZnONPs

Agriculture is the backbone of the third world economy, but
unfortunately now, the agriculture sector undergoes various
global challenges like climate changes, urbanization, and
sustainable use of resources. Furthermore, the accumulation
of fertilizers and pesticides represents another environmental
factor. On the other side, human population is increasing
daily and food demand is growing rapidly, so there is an
urgent to adopt efficient techniques to make agriculture more
sustainable [135]. In this respect, NPs have been reported
to be a promising strategy to enhance plant growth and pro-
ductivity due to their unique properties such as high surface
area/volume ratio, high adsorption, high catalytic activity,
large number of reactive sites, and high chemical stability
as compared to bulk ion [136]. ZnONPs may find use in
agriculture in the form of nanofertilizers, growth regulators,
or as nanopesticides to address plant and zoonotic diseases
[137]. The application of ZnONPs as a fertilizer, in salinity
and drought mitigations has been reviewed.

6.2.1 ZnONPs as a Fertilizer

ZnONPs with unique physiochemical properties may serve
as a potent fertilizer for the improvement of crop yield and
food quality. For instance, Moghaddasi et al. [138] reported
that the treatment of Cucumis sativus with ZnONPs (1 mg/1)
showed increasing in the biomass and length of shoot and
root as compared to bulk ZnO. In the same line, Rame-
shraddy et al. [139] reported that the plant height, chloro-
phyll content, biomass and Zn content in leaf and seed were
higher in rice samples treated with ZnONPs compared to Zn
fertilizer (ZnSO,). Moreover, Tiwari [140] found that seed
treatment of maize plant with ZnONPs at the concentration
of 500 to 2000 ppm resulted in higher seed vigor, forage and
grain yields as well as higher zinc content.

The application of ZnONPs at 0.50 ml/l caused a greater
increase in plant length, carotenoids, H,0,, chlorophyll,
SOD, CAT, APX, PAL, proline and GSH contents. The
possible reason for enhanced photosynthesis is due to an
improvement in carbonic anhydrase, which could have facili-
tated the supply of CO, to the sites of carboxylation in the
chloroplast [141]. In the same line, Singh et al. [9] reported
that ZnONPs at the concentration of 50 ppm was the opti-
mum concentration for increasing rice seedling growth and
improving of physiological processes.

Bala et al. [142] reported that foliar application of
ZnONPs at the concentrations of 500 to 5000 ppm of
increased growth and yield indices (height of shoot and root
fresh and dry weights) in Oryza sativa plants. In addition,
Garcia-Lopez et al. [143] indicated that using 1000 ppm
concentration of ZnONPs increased stem diameter, chlo-
rophyll content, fruit yield, and total biomass in habanero
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pepper plant. Seydmohammadi et al. [144] found that foliar
application of ZnONPs (6 mg/l) increased the number
of leaves and lateral branches, leaf chlorophyll and petal
anthocyanin contents as well as the number of flowers. Like-
wise, Shahhoseini et al. [145] reported that application of
ZnONPs increased the biological yield, essential oil content,
and Zn absorption of Feverfew. In the same respect, Sadak
and Bakry [146] indicated that the application of ZnONPs
increased free amino acids, proline, and total carbohydrates
of straw plant. In addition, the application of these NPs was
effective for photosynthetic pigments content, fresh and dry
weights of shoot and root systems.

6.2.2 ZnONPs in Salinity Tolerance

In addition to their applications as a potent fertilizer for the
improvement of crop yield, ZnONPs have been reported to
be used for salinity tolerance in the plants. In this respect,
Torabian et al. [147] reported higher shoot dry weight,
proline content, and some antioxidant enzyme activities of
sunflower cultivars upon the treatment with ZnONPs under
salinity stress. The small size of such NPs leads to high
mobility and thus rapid transport of the nutrient to all parts
of the plant. Also, Alharby et al. [148] proved that ZnONPs
alter mRNA expression of SOD and GPX genes, and pro-
teins in tomato (Lycopersicon esculentum Mill.) plant sub-
jected to NaCl stress. In addition, the treatment of lupine
plants (Lupinus termis) with ZnONPs at the concentration
of 60 mg/l under salinity stress (150 mM NaCl) stimulated
growth, promoted the formation of photosynthetic pigments,
phenolic compounds and ascorbic acid. The treatment of the
plants with ZnONPs increased the activity of superoxide
dismutase, catalase and other antioxidant enzymes [149].
Vojodi Mehrabani et al. [150] showed a promising effect
on elemental content (K*, Na™ and Zn?*), soluble sugars
content, flavonoids, H,0, and MDA contents as well as
the essential oil yield of Rosmarinus officinalis plant under
salinity stress upon treatment with ZnONPs. Also, Hussein
and Abou-Baker [151] found that the foliar application of
ZnONPs (200 ppm) led to mitigating the adverse effect of
salinity and confirmed that diluted seawater could be used in
the irrigation of the cotton plant. Wang et al. [152] reported
that the treatment of the wheat plant with ZnONPs caused
the reduction of sodium concentration and increasing the
photosynthetic rate. The application of these NPs enhanced
the activity of various some antioxidant enzymes like SOD,
APX and CAT. In addition, Noohpisheh et al. [153] studied
the effects of ZnONPs under salinity stress in two cultivars
of Trigonella foenum-graecum and reported that the effects
are cultivar and salinity dependent. The application of these
NPs increased the concentration of calcium of root in one
cultivar where it decreased in the other. In addition ZnONPs
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increased the proline content and trigonelline content under
salinity and normal conditions.

6.2.3 ZnONPs in Drought Tolerance

ZnONPs have been also reported to be used in drought miti-
gation in the plants. In this respect, Taran et al. [154] showed
that ZnONPs decreased the negative effect of drought action
on wheat seedling by increasing the activity of antioxidative
enzymes and the relative water content in the leaves. These
NPs also reduced the level of accumulation of thiobarbituric
acid reactive substances (TBARS) and stabilized the con-
tent of photosynthetic pigments. Moreover, Rameshraddy
et al. [139] reported that rice plants treated with ZnONPs
(1000 mg/1) showed drought tolerance via maintaining the
membrane stability and higher expression of Cu/Zn SOD.
Additionally, these NPs improved plant height, chlorophyll
content, biomass, tiller number, and yield of the plant under
drought stress.

Dimkpa et al. [155] confirmed that ZnONPs could alle-
viate the harmful effects of drought in sorghum. The appli-
cation of ZnONPs improved grain yield (22-183%) under
drought stress. Dhalimi and Ajeel [156] confirmed that under
drought stress, foliar application of ZnONPs to sunflower
(Helianthus annuus 1.) increased the level of auxin (IAA),
Gibberline (GA3) and leaf content of zinc. In the same line,
Sun et al. [157] found that the application of ZnONPs pro-
mote the drought tolerance in maize. These NPs alleviated
the photosynthetic pigments degradation, enhanced water
use efficiency and maintained a higher photosynthetic rate.

6.3 Environmental Applications of ZnONPs

Water is the most valued and important resource in the world
and its lack become a serious problem. However some fac-
tors such as climate changes, textile paints and non-biode-
gradable dyes result in the accumulation of organic wastages
and contamination of water. It causes many diseases such as
diarrhea, typhoid, fever, dysentery, cholera and thus result-
ing in death [158]. Thus, water purificationbecome an urgent
demand for human health.

Water purification can be performed by traditional meth-
ods that include filtration, coagulation, solvent extraction,
precipitation, adsorption, ion exchange, floatation, oxida-
tion, ozonation, catalytic degradation and biological treat-
ment [159]. However, there are many restrictions and limi-
tations that make the search of new alternatives become
necessary. Among these methods, nanomaterials have gained
tremendous attention in recent years due to their high effi-
ciency, high surface reactivity, and broad application for
several environmental purposes [160]. The application of
ZnONPs has received significant attention for water treat-
ment because of their nontoxicity, long-term stability, low

cost, biocompatibility and effective surface properties [161].
ZnONPs play an efficient role in the wastewater industry as
a photocatalyst and can degrade dyes and different types
of organic matter. In this context, Rajendran and Sengodan
[162] indicated that ZnONPs act as a potential photocatalyst
to remove the organic pollutant present in seafood industry
during effluent treatment.

The irradiation of ZnONPs by sunlight and having a high
photonic energy result in the excitation of electrons to the
empty conduction band producing electron—hole pairs which
migrate to ZnONPs surfaces and undergo oxidation/reduc-
tion where H* reacts with water molecules and OH™ forming
OH* (hydroxyl radicals). The electrons upon reacting with
oxygen produce superoxide free radical anions resulting in
the formation of hydrogen peroxide that reacts further with
superoxide radicals to form OH radicals. The resulting OH
radicals are strong oxidizing agents that react with organic
and inorganic pollutant absorbed on the surface of ZnO to
produce intermediate compounds and convert to green com-
pounds i.e. H,O, CO, and inorganic compounds [163].

The microbial synthesized ZnONPs can be effectively
used in the decontamination of fluoride from waste water.
The study of Shabnam et al. [164] stated that the absorption
of fluoride is achieved up to 65% from waste water using
ZnONPs. Furthermore, ZnONPs showed good photocata-
lytic activity when used for the degradation and treatment of
several dyes such as methylene blue, methyl orange, methyl
red, congo red, acid Blue 9 and Coomassie Brilliant Blue
R-250 and reactive red dyes [165, 166]. In this context,
Bhuyan et al. [167] indicated that upon addition of ZnONPs
as a photocatalyst, the concentration of methylene blue dye
decreased by 50% after 30 min. At the end of the reaction
(180 min), it was observed that methylene blue dye degraded
from 82% of its initial value. Also, Nava et al. [168] reported
that the photocatalytic degradation of methylene blue under
UV illumination after 180 min showed that ZnONPs exhib-
ited maximum photodegradation percentage (97%). Like-
wise, Vinayagam et al. [163] showed that ZnONPs could
efficiently degrade more than 88% of methylene blue dye
within 270 min. Also, Raghavendra et al. [68] reported that
the biosynthesized ZnONPs exhibited great photodegrada-
tion of Methylene Blue, Rhodamine-B and Nigrosine dyes
under sunlight irradiation at different time intervals. Further-
more, the decolorization percentages of the methylene blue
and Eosin Y dyes were 84% and 94%, respectively, which
indicate an efficient degradation of the ZnONPs [114].

ZnONPs also exhibited strong photodegradation activity
of methyl orange dye that used as a model pollutant and
caused a great environmental pollution [169]. In this regard,
Karnan and Selvakumar [170] reported that under sunlight,
ZnONPs exhibited around 83.99% decolorization efficiency
of methyl orange dye at 120 min. In the study of Jain et al.
[74], after 80 min, ~90% of methyl orange degradation
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was observed by ZnONPs synthesized by Serratia nema-
todiphila. Moreover, the synthesized ZnONPs were used as
nanocatalyst for photodegradation of reactive red 195 and
methyl orange as anionic dyes utilizing UV light irradia-
tion. The degradation of reactive red 195 dye was 91-94%
after 70 min over the synthesized zinc oxide and the values
of degradation increased to be 99-99.8% in 50 min with
H,0, under UV light irradiation [171].Therefore, these find-
ings confirmed an effective approach to utilize ZnONPs as
an efficient photocatalyst agent.

7 Toxicological Effects of ZnONPs

ZnONPs are the most commonly used NPs due to its varied
applications ranging from personal care products, sensors,
antibacterial creams and biomedical applications. These
numerous applications in various fields have aroused the
need for the investigation of the possible toxic effects of
ZnONPs [172]. Furthermore, the unique properties of these
NPs make them highly reactive upon their exposure to bio-
logical systems [173]. Thus, it is a necessary to investigate
the toxic effect of ZnONPs on plants, animals and hence
human health.

The NPs toxicity on plant growth, metabolism, defense
system, and yield may depend on the route of exposure,
media composition, dose, particle morphology (size, shape),
particle composition, and surface chemistry [174]. In this
respect, Yusefi-Tanha et al. [175] investigated the potential
phytotoxicity of ZnONPs on soil-grown soybean (Glycine
max CV. Kowsar) during its lifecycle. The results demon-
strated a significant influence of ZnONPs on seed yield,
lipid peroxidation, and various antioxidant biomarkers in
soybean. It was also suggested differential nano-specific
toxicity of ZnONPs compared to the ionic Zn>* toxicity in
soybean. The results indicated the potential of ZnONPs to
be used as a nanofertilizer for crops grown in Zn-deficient
soils to improve crop yield, food quality and address malnu-
trition, globally. However, other authors reported that when
ZnONPs and their derivatives are available in soil in excess,
potential toxicity may result in plants, including inhibitory
effects on seed germination, growth, photosynthesis, physi-
ological and biochemical traits, yield characteristics, and
nutritional quality [176].

Nevertheless, studies have suggested that the toxicity
effects of ZnONPs are dependent on their concentration
(dose), size, morphology, and surface composition [177].
In this respect, oral administration of ZnONPs (20 mg/kg
body weight) in lambs increased the levels of blood urea
nitrogen (BUN) and creatinine, indicating renal dysfunc-
tion [178]. In the histopathological examination, a high
concentration of oral administration of ZnONPs at 400 mg/
kg induced focal hemorrhages and necrosis of the liver and
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heart tissue of Wistar rats, which were caused by oxida-
tive stress [179]. Furthermore, Wang et al. [180] found that
the supplementation of high doses of ZnONPs (5000 mg/kg
body weight) caused a great toxicity in mice by decreasing
the body weight and increasing the relative weight of the
pancreas, brain, and lung. Moreover, zinc accumulation was
observed in the liver, pancreas, kidney and bones.

Concerning the effect of the size and morphology of the
ZnONPs on their toxicity, it was reported that bigger NPs
also tend to stay longer in the kidneys due to the slower
excretion mechanisms of glomerular filtration and this long-
term retention can lead to organ toxicity [181]. Furthermore,
different morphologies of NPs also contribute to their tox-
icity. In this respect, Wahab et al. [182] investigated the
cytotoxicity effects of ZnONPs with different morphologies
such as nanoplates, nanorods, nanosheet, and nanoflower
on malignant human T98G gliomas and fibroblast cells.
Nanorods demonstrated higher cytotoxicity and inhibitory
effects on cancer and normal cells, respectively. This may be
due to a larger effective surface area that potentially induces
higher oxidative stress on cells.

The toxicity mechanisms of ZnONPs still remain unclear.
However, it has been proposed that three noteworthy toxicity
activities of ZnONPs are reported. These include the direct
contact of ZnONPs with the cells, release of zinc ions (Zn>*)
from ZnONPs and production of ROS [12]. The contact of
ZnONPs with cells cause mechanical harm like a change
in cell morphology, distortion of membranes, complication
or spillage of intracellular structures, mitochondrial harm
and outflow of specific organelles. The released zinc ions
(Zn**) prompt mitochondrial damage and disrupt cellular
zinc homeostasis that prompting potential damage of the
cells [183]. When ZnONPs enter inside the cell, the cellu-
lar defence mechanism begins to create ROS. The presence
of ROS causes cytokines promoting inflamemation. This
inflammation generates oxidative stress-mediated DNA
damage and lipid peroxidation, which subsequently cause
apoptosis [184].

Overall, in order to better understand the therapeutic
benefits and avoid unintended cytotoxic effects and clinical
diagnostic potential, a future research studies are needed in
both in vitro and in vivo to address the dose and duration
of exposure required for causing the potential toxic effects
of ZnONPs. Furthermore, the long-term consequences still
have to be studied for better and safe usage of these NPs.

8 Conclusion

ZnONPs have gained significant interest due to their unique
physicochemical properties and the wide applications in
diverse areas. The microbial synthesis methods of ZnONPs
has recently gained much importance because it is simple,
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cheap, biocompatible, eco-friendly and easily scaled up com-
pared to other physical and chemical methods. ZnONPs are
considered as a potential platform for biomedical research
due to their antimicrobial, anticancer, anti-inflammatory, and
wound healing activities. In the agriculture field, ZnONPs
could be used as a nanofertizer agent and for the tolerance
of the salinity and drought harm. In addition, ZnONPs with
unique photocatalytic potential can effectively use for degra-
dation of harmful dyes and other chemicals present in water.
However, more research should be done for the evaluation of
novel groups of microbes and optimization of the synthesis
process. Furthermore, more investigations for their toxicity
toward biological systems remain a controversial issue in
recent researches.
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