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Abstract

Zinc oxide nanoparticles (ZnO-NPs) are odorless, white, and insoluble in water and alcohol. There are various applications for ZnO due to its
unique semiconducting, piezoelectric, and optical features. Biodegradability and low toxicity are important properties of ZnO nonmaterial. The
OH groups on the ZnO surface allow different surface decorating molecules to easily functionalize it. Mineralized in muscle, brain, skin, bone,
and other tissues, zinc is a necessary mineral. It is a major component of most enzyme systems and is involved in protein and macromolecule
production, neurogenesis, and hematopoiesis, among other functions. Due to its small particle size, Nano-ZnO is easily absorbed by the
body. So-called nano-ZnO is commonly utilized in food additives. Chemical surface properties, particle shape, size distribution, and particle
reactivity in solution all influence the biological activity of nanoparticles. Determining the morphology, size, and functioning of nanoparticles
with regulated structures is critical for biological applications. In this review article, biological and non-conventional synthesis and applications
of ZnO-NPs are highlighted in terms of their biological activity. ZnO-NPs have shown therapeutic activity against cancer, diabetes, microbial
infection, inflammation, and potential antioxidant activity, which can be used as drug carriers, imaging tools, and biosensors.
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Introduction

In nature, nanoparticles can be found as natural or synthetic.
Nanoparticles may form either physically or chemically.
Nanoparticles are uniform types of common material whose
dimensions are less than 100 nm [1]. Volcanic ash, ocean
spray, fine sand, and dust are some examples of natural
nanoparticles. Synthetic nanoparticles, also known as
anthropogenic nanoparticles, are engineered nanoparticles
that are specifically designed to study various physiochemical
features for research purposes. According to various studies
in synthetic nanoparticles, the ratio of amounts of atoms is
not equal on the inside and outside of the nanoparticle, i.e.,
the high surface to volume ratio, which makes nanoparticle
research an interesting branch of science in recent years.
The maximum availability of atoms on the surface turns the
nanoparticle into distinctive physical and chemical properties

such as high surface reactivity, high damping property, high
mechanical stability, and high potency with superior thermal
conductivity. From the analytical research point of view, the
nanoparticles can be classified into various categories, namely
metal nanoparticles (e. g. gold and silver nanoparticles),
metal oxide nanoparticles (e.g., zinc oxide, magnesium oxide),
carbon nanoparticles and quantum dots (e.g., Cadmium
Selenide) [2].

Nanoparticle research is a subset of nanotechnology,
which has advanced into modern biological and medical
implications and may soon transform our daily lives, from the
size of our electronic devices to the path for disease diagnosis
and treatment. is also a nanoparticle that belongs to the
biomedical application of nanotechnology. Chemotherapy,
radiation therapy, and surgery were once the first choices for
cancer treatment. However, they all have deleterious effects
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on the cells and, due to their non-selective effects on the cells,
may also impact normal cells. Considering the circumstances,
manufactured nanoparticles may prove to be a viable
alternative for treating a variety of ailments as they are efficient
against disease cells as well as cancer cells without causing
toxicological harm to the body system [3]. Metal-based drugs,
which include inorganic nanomaterials in general, have been
investigated as a potential next-generation nanomedicine,
viz., iron oxide (Fe,O, or -Fe,0,), titanium dioxide (TiO,), cerium
dioxide (CeO,), copper oxide (Cu,O or CuO), silica (Si0,), gold,
silver, platinum, and zinc oxide (ZnO) nanoparticles (NPs)
[4]. The physicochemical properties of ZnO-NPs, including
mechanical, electrical, optical, magnetic, and chemical sensing
properties, distinguish ZnO-NPs as a versatile amphoteric
semiconductor material that garners considerable attention
among other nanoparticles [5]. ZnO is a white granular n-type
semiconductor with no odor and has a band gap of about
3.37 eV at room temperature. The excitation binding energy
is about 60 MeV. It is not soluble in water and alcohol but
is soluble in all acids and alkalis. Due to their large surface
area [6], ZnO-NPs present a notable achievement in catalytic
activity. The morphological behavior of such materials allows
them to open a wide new range of possibilities in the field of
nanobiotechnology [6].

Because of their low toxicity and biodegradability [7],
ZnO-NPs have unique properties in the treatment of some
diseases. In comparison to other nanoparticles, ZnO-NPs
have biocompatibility, bioavailability, and high solubility.
These properties cause ZnO-NPs to retain an alternative
biomolecular activity in a variety of body systems and
can be localized to control cellular cycle activity [8]. Such
nanoparticle interactions can be evaluated under several
biological systems. In the present review, we summarized the
studies related to biological and non-conventional synthesis
of ZnO-NPs and the therapeutic strategies regarding uses of
synthesized ZnO-NPs in various fields.

Synthesis Techniques for ZnO-NPs

Conventional and unconventional methods can both be used
to make zinc oxide nanoparticles (ZNPs) [9]. Conventional
methods of synthesis include physical, chemical, and biological
(green) synthesis, whereas non-conventional methods include
microfluidic reactor-based synthesis. Biological approaches
(green synthesis) and microfluidic reactor-based methods
have prospective alternatives to physical and chemical
procedures since they are environmentally friendly, non-toxic
(safer), reproducible, and promising (Figure 1).
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Figure 1: Schematic diagram of synthesis of ZnO-NPs with special reference to biological and non-conventional synthesis (A) and their
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Biological Methods for ZnO-NPs Synthesis

Biological approaches are promising non-toxic alternatives to
physical and chemical synthesis [10]. The biological synthesis
of ZnO-NPs has used microorganisms (bacteria, fungi, algae,
and bacteriophage), plant extract DNA, and proteins [11]. The
methods of biological synthesis of ZnO-NPs are still unknown.

Some bacteria utilizing specific enzymes can produce
ZnO-NPs. The antibacterial agents ZnO-NPs (10-95 nm) have
been synthesized by bacteria such as Bacillus megaterium,
Sphingobacterium  thalpophilum, Staphylococcus aureus,
Halomonas elongata, Candida albicans, and Aspergillus niger
[12-15]. The 61 nm and 25 nm ZnO-NPs produced by fungi
can be employed as antibacterial agents and for steroidal
pyrazoline production. They have been shown to synthesize
ZnO-NPs in Pichia fermentans JA2 and Pichia kudriavzevii [16].
In yeast, the antibacterial agent’s hexagonal wurtzite and
smooth/elongated ZnO-NPs (10-61 nm) were generated. Both
Sargassum muticum and Chlamydomonas reinhardtii have
been utilized to produce ZnO-NPs. Their nanoflowers (55-80
nm HR-SEM; 21 nmXRD) and hexagonal wurtzite NPs (FE-
SEM; 42 nmXRD) show green chemistry is gaining popularity
due to its environmental responsiveness and its usage in the
biological synthesis of metal oxide NPs [17]. These approaches
are claimed to be more eco-friendly, cost-effective, nontoxic,
and biocompatible than chemical and physical methods.
This method's ZnO-NPs have outstanding anticancer and
antibacterial action and can be used in solar photocatalysis,
dye photodegradation, and antimicrobial agents. Egg albumin
was used to produce spherical and hexagonal wurtzite ZnO-
NPs and the NPs were 16 nm (XRD), 10-20 nm (TEM), and
8-22 nm (TEM) (AFM) [18]. Gelatin was also employed to
manufacture 20 nm ZnO-NPs (Zn, 59.10%; O, 28.93%) with
antibacterial and anti-angiogenic properties [19].

The

Non-Conventional Method: Microfluidic

Reactor-Based Synthesis

Microfluidic reactors are employed for controlled, non-
conventional synthesis of nanoparticles, which may be
exploited for bench-top material production [20]. Kang et
al. [21] established a continuous and efficient microfluidic
reactor-based synthetic process, which was implemented
using a time-pulsed mixing approach that had been refined
using numerical simulations and experimental methodologies.
Since the microfluidic reactor mixes reactants on a microscale,
viscosity is the dominant factor determining flow rather than
inertial forces (low Reynolds number 102) [22]. The microfluidic
ZnO-NP production provides improved control of the reaction
[23]. In the microfluidic environment, mixing happens through
diffusion and laminar flow. The reaction temperature should
also be precisely regulated in a microfluidic reactor when
manufacturing NPs (73/100). In the microfluidic reactor’s
microchannel, the reactions are controlled by reducing agents
and metal salts at low temperatures (15-20°C). Dynamic

precursors are produced via reduction after the reactants
are combined. Finally, NP nucleation and growth occur at a
higher temperature (80-90°C). To prepare high-quality NPs
with a high degree of crystallinity and limited size distribution,
each step of nanoparticle formation should be controlled
within a narrow time frame and terminated at the required
stage. Microfluidic reactor technologies provide various
advantages in NP synthesis [24]. Compared with conventional
techniques of synthesis, a microfluidic reactor employs
tiny reagent amounts and offers selectivity, environmental
friendliness, short reaction time, a small footprint, and better
safety [25]. Specifically, controlling the flow (e.g., continuous,
or segmented flows) alters the reaction conditions (e.g.,
temperature, time, and reagent concentrations) in the
microfluidic reactor to produce high-quality products
with improved characteristics and enhanced performance
[26]. Metal oxide NPs, semiconductors, and quantum dots
(QDs) are common products of microfluidic reactor-based
synthesis. Microfluidic reactor systems have also been used
to manufacture ZnO-NPs. In a microfluidic reactor, ZnO-NPs/
nanowires were produced using a hydrothermal technique
[26]. Joo et al. [27] have revealed the bottom-up device
fabrication for creating ZnO nanowires in a continuous flow
from ZnO seeds. A segmented flow was used for the synthesis
of ZnO-NPs, which formed microfluidic segments of droplet-
like tiny reaction mixture sections at high flow rates [28].
Using a static micromixer, they boosted internal convection
by boosting heat exchange between the reaction mixture
and the channel environment. The microfluidic synthesized
ZnO-NPs had strong preservability and stability in working
solution, and the synthetic microfluidic system provides a low-
cost, environmentally friendly method for the continuous [24].

Potential Applications oF ZnO-NPS
Therapeutic biological activity of ZnO-NPs

The Food and Drug Administration (FDA) has designated
ZnO-NPs as a 'GRAS' (Generally Recognized As Safe) material
and has been recognized as an effective anticancer therapy
[29]. As ZnO-NPs are low in toxicity, they can be used in
a variety of biological applications such as antioxidant,
antibacterial, antifungal, anticancer, anti-diabetic, and
agricultural applications [30].

Antioxidant activity: The electron contribution of an
oxygen atom contributes to the antioxidative characteristics
of ZnO-NPs. ZnO-NPs can be used as a powerful antioxidant
and an important additional treatment for chemotherapeutic
drugs thatinduce male reproductive failure [31]. This property
enables ZnO-NPs to maximize doxorubicin's potential
therapeutic efficacy while minimizing its gonadotoxic effects.
Furthermore, numerous studies have revealed that ZnO-NPs
can heal oxidative damage and glutathione depletion. Other
studies have found zinc in the male reproductive system,
which has the potential to increase reproductive function and
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seminal fluid. As a result, Zn is an essential component of the
spermatogenesis process [32]. The ability of the produced
ZnO-NPs can be very beneficial in the therapeutic treatment
of many diseases caused by oxidative stress. Antioxidant
molecules can eliminate excess free radicals in the body.
When the body produces an overabundance of free radicals,
ZnO-NPs can help to boost the body's antioxidant system.
Because free radicals can harm biomolecules in the body and
promote oxidative stress, they should be avoided [33]. ZnO-
NPs can boost antioxidant enzyme levels while decreasing
malondialdehyde (MDA) [34]. As a result, such nanoparticles
have the potential to protect the cell membrane properties of
the body system from oxidative stress damage. ZnO-NPs have
strong antioxidant properties and can scavenge free radicals
up to 91% in 90 minutes [35]. In the same context, ZnO-NPs
can cause oxidative stress, apoptosis in the liver, and DNA
damage if exposed to them orally [36]. Lower dosages of ZnO-
NPs have cytoprotective effects, which lead to an increase
in antioxidant activity and a reduction in excess free radicals
caused by Aflatoxin B1 [37]. Through free radical scavenging,
such nanoparticles can protect hepatic cells from the ravages
of Aflatoxin B1. According to a study, there is a link between
dietary aflatoxin penetration and liver cancer in humans [38].

Anticancer activity: Cancer is an uncontrolled division of
malignant cells that is traditionally treated by radiotherapy,
surgery, and chemotherapy. These traditional methods are
effective against malignant cells, but they cause serious side
effects on the nearby non-malignant cells as these methods
are non-selective [39]. To overcome the relative side effects,
we need to explore nanomaterial-based nanomedicine since
they have high surface functionality, high biocompatibility,
targeted drug delivery capacity, and cancer targeting. Taking
the advantages into account, ZnO-NPs can be chosen as a
promising nanomaterial platform to cure or treat malignant
cells [40]. In vivo, Zn** is an essential trace element for humans,
and it was considered safe in vivo [41]. ZnO-NPs have selective
cytotoxicity among malignant cells compared to non-
malignant cells. They have the ability to destroy malignant
cells selectively in vitro and in vivo as well through arguing
selective localization [42]. The nanosize and high surface
reactivity characteristics of ZnO-NPs allow them to penetrate
through the blood stream towards the malignant cells, hence
acting as cytotoxicity against these cells. Due to nanosized,
they can localize specifically inside the malignant cells [43].
ZnO-NPs show antiproliferative effects and this nanoparticle
can treat human gastric adenocarcinoma cell lines, resulting
in the use of ZnO-NPs as a promising anticancer agent in
comparison to traditional therapy [44]. Such research findings
suggested thatazinc deficiency could lead to cancer and make
healthy cells unstable. ZnO-NPs modified with Polyethylene
glycol (PEG) to treat different breast cancer cells and found
such nanoparticles are very effective against different
breast cancers [45]. These nanoparticles have the ability to
destroy cancer cells by inducing reactive oxygen species

and activating p53-dependent apoptosis, causing cell death.
The anticancer properties of ZnO-NPs against human lung
cancer showed that by generating reactive oxygen species,
lung cancer proliferation can be inhibited, and indicated that
ZnO-NPs also show genotoxic effects against lung cancer,
which can be concluded that ZnO-NPs are a novel therapeutic
anticancer agent [46]. The cytotoxicity effect of ZnO-NPs
against ovarian cancer cells shows significant apoptosis and
cytotoxicity of ovarian malignant cell SKOV3 through inducing
reactive oxygen species and oxidative stress [47]. Sharma et
al. [48] reported the pharmacological mechanism of ZnO-NPs
on HepG2 cells, which is a human liver cancer cell. They found
high cytotoxicity and genotoxicity against HepG2 cells when
exposed to ZnO-NPs. The anticancer ability of ZnO-NPs shows
inhibition of proliferation of fibrosarcoma HT1080 cells and
suggests the phenomenon of autophagy by inducing reactive
oxygen species in cancer cells [49]. In relation to autophagy
and the regulatory mechanisms involved in autophagy,
studies have shown that a decrease in autophagic effluent in
A549 cells can result in an accumulation of autophagosomes
[50]. The dissolution of ZnO-NPs correlated with autophagy
generation in lysosomes and removing zinc ions from ZnO-
NPs increased their capacity to destroy lysosomes, impairing
autophagy flux and mitochondria, and excess production of
reactive oxygen species causing cell death [50]. Overall, the
ZnO-NPs contain the potency of anticancer activity.

Anti-diabetic activity: Diabetes affects people all over
the world. According to reports, type-ll diabetes patients
outnumber type-l diabetes patients [51]. Zinc, an essential
trace micronutrient, plays a role in insulin storage, secretion,
and biosynthesis [52]. Zn is essential for the release of insulin
from pancreatic cells [53]. As a result, ZnO-NPs have the
potential to operate as an anti-diabetic drug in the treatment
of diabetes mellitus. The anti-diabetic effects of ZnO-NPs and
zinc sulphate on diabetic rats with high dosages outperform
ZnSO, in anti-diabetic effects [54]. Hussain et al. [55] employed
HEC to make ZnO-NPs for diabetic complications research.
These nanoparticles lower blood sugar, malondialdehyde,
and asymmetric dimethylarginine (ADMA). Bayrami et al. [56]
produced ZnO-NPs and evaluated their anti-diabetic efficacy,
finding a large increase in high lipoprotein levels as well as a
rapid decrease in blood sugar. Amiri et al. [57] produced ZnO-
NPs containing thiamine, and the results demonstrate that
diabetes therapy is enhanced. ZnO-NPs were very effective to
reversing diabetes-induced pancreatic damage [58]. ZnO-NPs
canimprove glucose mitigation, seruminsulin production, and
blood sugar control [59]. ZnO-NPs mediated diabetic groups
enhance insulin levels in serum and that these nanoparticles
did not influence hyglycemia in living cells, implying that
it might be employed as an insulin secretor [59]. Vilagliptin
and ZnO-NPs had a significant effect on both type 1 and
type 2 diabetes therapy, showing that such nanoparticles are
significant anti-diabetic drugs [60]. Since ZnO-NPs aid in the
lowering of high blood sugar levels, they have been identified
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as major potent anti-diabetic agents, and in the future, they
may aid in the discovery of a suitable promising treatment
against diabetes mellitus.

Antibacterial activity: The "American Heritage Medical
Dictionary, 2007" defines antibacterial activity as "the action
through which the rate of expansion of a bacterial colony
is killed or inhibited." Antibacterial activity on microbes is
essentially a surface effective function that is not toxic to the
host [61]. Antibacterial drugs with proper dosages have the
capacity to harm bacterial growth. As a result, antibacterial
drugs can be used to prevent bacterial infection as well as to
act as chemotherapeutic agents. If these chemicals can kill
bacteria, they are said to be bactericidal [62]. ZnO-NPs are
effective against the growth of both gram-positive and gram-
negative bacteria, and ZnO-NPs can reduce the growth rate
of bacteria, making ZnO-NPs potent antibacterial agents [63].
The high sensitivity type of bacteria with a lipid bilayer permits
ZnO-NPs to be an efficient antibacterial agent [64].

ZnO-NPs are suitable antibacterial materials due to their great
properties, such as their strong ability to inhibit pathogenic
agents and their high surface reactive area [65]. ZnO-NPs have
an antibacterial toxicity mechanism and have the ability to
stimulate the development of excess reactive oxygen species
such as hydroxyl radicals, superoxide anion, and hydrogen
peroxide [66]. ZnO-NPs have antibacterial properties against
E. coli and an average size of 30 nm can disrupt membrane
integrity by interacting with the phospholipid bilayer of the
bacterial membrane [67]. The antibacterial activity of ZnO-NPs
can be inhibited by the augmentation of radical scavengers
such as vitamin E, mannitol, and glutathione. It demonstrates
that the generation of reactive oxygen species plays a
significant role in the antibacterial activities of ZnO-NPs [67].
While studies on ZnO-NPs against Vibrio cholerae using two
biotypes of cholera bacteria, classical and El Tor, reported that
ZnO-NPs are more effective in resisting the rate of growth of
the El Tor biotype of Vibrio cholerae, which is closely associated
with the creation of reactive oxygen species. ZnO-NPs can
increase permeability, damage bacterial membranes, and
quickly affect bacterial conformational shape [68]. ZNO-NPs
have a photocatalytic property, which makes them good
antibacterial agents. It is employed in the food sector because
of its feature that provides antibacterial activity for food
packaging [62]. ZnO-NPs can be utilized as a coating material
to prevent germs from spreading, adhering, and reproducing
on a variety of surfaces, including medical devices.

Fungicidal activity: Plant pathogen growth is the primary
cause of economic loss during crop and fruit harvesting [69]. It
is difficult to control the rate of growth of a fungal pathogen.
To solve this challenge, antifungal agents must be investigated
using appropriate methodologies. Nanomaterials have
developed physical and chemical properties in recent years,
resulting in relative equivalents [70]. The preparation of various
nanoparticles contributes significantly to the development of

antifungal activity against various plant diseases or infections.
Nanoparticles have a unique ability to boost antifungal
effectiveness against plant pathogens [71]. Nanoparticles such
as Zn and Cu can exhibit a wide variety of antibacterial actions
against fungal [72] and bacterial species [73]. In comparison
to other organic nanoparticles, inorganic nanoparticles such
as ZnO-NPs have superior heat resistance, selectivity, and
durability [74]. He et al. [75] studied the antifungal activity of
ZnO-NPs against two postharvest pathogenic fungi, Botrytis
cinerea and Penicillium expansum. At a low dosage of 3 mM,
the antifungal activity against both B. cinerea and P. expansum
is substantial. Increasing the concentration of ZnO-NPs from
3 mM to 12 mM improved experiment efficiency and showed
that P. expansum is more susceptible to ZnO-NPs treatment
than B. cinerea [75]. F. graminearum, a wheat pathogen, is toxic
to ZnO-NPs [76]. ZnO-NPs had antifungal action against three
different phytopathogenic fungi: R. solani, A. alternative, and B.
cinerea [77]. ZnO-NPs are highly effective against S. cerevisiae
and have potential antibacterial action and fungicides capable
of enhancing or obscuring their effectiveness against plant
pathogens. [78]. ZnO-NPs have antifungal activity against
the fungus Erythricium salmonicolor, a causative agent of
pink disease (wilting and yellowing of the leaves, fruits, and
stems). The ZnO-NPs with diameters ranging from 20-45 nm
have a substantial effect on the growth rate of the fungus E.
salmonicolor [79]. Hui et al. [80] made flower-shaped ZnO-NPs
that killed harmful fungi and showed that the structure and
shape of nanomaterials can affect antifungal activity in many
ways.

Anti-inflammatory activity: In reaction to pathogens or
chemicals, ZnO-NPs have anti-inflammatory effect [81]. ZnO-
NPs are effective at reducing inflammation by (i) inhibiting the
production of pro-inflammatory cytokines such as interleukin
(IL)-1B8 and IL-18 in activated mast cells and macrophages
by inhibiting NF-kB and caspase 1; (ii) inhibiting mast cell
proliferation by increasing p53 and decreasing thymic stromal
lymphopoietin production related to IL-13, a TH, cytokine
[81]. Titanium dioxide (TiO,) nanotubes implanted in ZnO-
NP shows antibacterial and anti-inflammatory properties
[82]. Wiegand et al. [83] developed a ZnO-functionalized
textile (Benevit Zink+, Benevit Van Clewe, Dingden, Germany)
composed of 74% Lyocell fiber, 19% SmartCell sensitive fiber,
and 7% spandex. This ZnO-functionalized textile improved
antioxidative capacity and inhibited bacterial development
on atopic dermatitis patients' skin. Ibuprofen, an anti-
inflammatory drug, was kept inside and between the pores of
ZnO-NPs in a magnesium/epoxy resin-ZnO/polycaprolactone
microstructure with multiple functions [84].

Impact of ZnO-NPs in agricultural field: The introduction
of nanotechnology has significantly contributed in different
sectors to the improvement of different applications [85].
Agricultural land can be considered as the source of major
nanoparticles based on various minerals. Nanotechnology
has significant potential in the enhancement of nutrient
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delivery, quality, food safety, product traceability, as well
as in the improvement of agricultural and food processing
[86]. Agriculture is considered the backbone of third world
economies, but now it is facing several problems, including
urbanization, sustainable uses of resources, climate change,
global warming, etc. Due to the increasing human population,
food demand is increasing rapidly day by day. Therefore, we
need to adopt efficient skills for the sustainable development
of agriculture [87]. In this case, nanotechnology has an
emphatic position in the alteration of agriculture and food
products [88]. ZnO-NPs have the potential to enhance the
growth and yield of food crops. The treatment of peanut seeds
with ZnO-NPs has been shown to increase the rate of growth
and development of peanut roots and stems [89]. Improved
growth rates of cucumbers were observed when treated
with a mixture of soil and ZnO-NPs [90]. While studying
the growth rate of mung bean and chickpea with ZnO-
NPs at low concentrations, Mahajan et al. [91] observed an
improvement in root and shoot for mung bean and chickpea
at concentrations of 20 mgL' and 1 mgL’, respectively.
Other than optimal concentration, there is no significant
growth in roots and shoots observed [91]. Improved root
elongation of germinated radish and rapeseed was observed
when treated with ZnO-NPs at a concentration of 2 mgL".
Similarly, improved growth of ryegrass was observed when
treated with ZnO-NPs at the same concentration [92]. Starch,
total protein, dry mass, and oil levels are related to effective
photosynthesis in ZnO-NPs-mediated wheat and maize
[93]. ZnO can be used as a fertiliser for the deficiency of Zn
in soils [94]. Hence, the colloidal solution of ZnO-NPs can be
used as fertilizer. Such nanoparticles play an emphatic role
in agriculture. The nanoparticle-based fertilizer is a plant
micronutrient [88]. Cucumber growth can be accelerated
by ZnO-mediated nanosize particles [95]. ZnO-NPs treated
tomato plants' roots at a concentration of 8 mgL” show a
great enhancement of photosynthetic efficiency [96]. Despite
the intense enhancement of nanotechnology, there is no
sustainable competition in the agricultural sector. Regarding
the current situation, the agriculture sector must be enhanced
to minimize food demand. In this case, the nanoparticles can
explore or help the way by providing suitable nutrition for the
plants to increase the production rate of food for the global
population [97].

Delivery carrier

Due to their safety for human consumption [98], ZnO-
NPs have also been investigated as drug delivery carriers,
treatments, and diagnostics for human biomedical uses.
The mesoporous ZnO-graphene oxide (GO) nanoparticles
coupled with TiO, nanoparticles might be employed for colon
medication delivery. This is referred to as TiO2@ZnO-GO NPs.
The TiO,@ZnO-GO NPs released drugs in a pH-dependent
manner. The rate of drug release was faster at a neutral pH
than at an acidic pH. Daunorubicin, doxorubicin, and plasmid
DNA were covalently linked to ZnO-NPs to enable the delivery

of cancer therapies to particular areas of the body [99].
Additionally, ZnO-NPs have been employed in the treatment
of bacterial infections, diabetes, wounds, and inflammation
[100]. ZnO nanostructures have been utilized to fabricate
biosensors such as nanowires capable of detecting glucose
and core-shell nanorods capable of detecting ultraviolet
radiation and hydrogen [101]. These ZnO nanotherapeutics,
which can be regulated in terms of particle size and porosity,
are beneficial for biomedical applications such as drug delivery
and therapeutic activity.

Biosensors

Biomedical diagnostic sensors based on ZnO-NPs have
been developed for the detection of gases and biochemicals
[102]. Internal surface adsorption is dependent on pore
characteristics in gas sensors because they enable adsorbates
to reach internal surfaces. Using ZnO-NPs gas sensors, they
were able to detect ethanol and acetone swiftly and accurately
[103]. Even in high relative humidity settings (>85%), Mn-
doped ZnO-NPs can detect acetone as low as two parts per
million (ppm). For the health of mice and diabetic canines,
zinc oxide nanorod field-effect transistors (FETs) were used
to assess glucose, cholesterol, and urea levels in the animals'
blood [104]. For optical and impedimetric experiments,
gold (Au)-ZnO hybrid NP films were used [105]. Zinc oxide
electrodes on flexible porous polyimide substrates were made
[106] so that cardiac troponin could be found.

Imaging Agents

Quantum dots (QDs) are semiconductor nanoparticles
with unique optical and electrical characteristics and
fluorescence for bioimaging applications (1-10 nm) [107].
Photoluminescent quantum vyields are increased and
protected against photobleaching in core-shell arrangements
[107].Nanospheres of SiO, (150-200 nm) were coated with ZnO
QDs (photoluminescent ZnO QDs, 3-4 nm) for biocimaging
applications.QDs can be employed forimagingand medication
delivery in pharmaceutical and biological applications [107-
109]. For near-infrared excitation, nanocrystals with folic acid-
modified ZnO nanocrystals have been used [110].

A recent study demonstrated that co-exposure of ZnO-NPs
with GNs decreased the accumulation of Zn. The accumulation
and removal of Zn from ZnO-NPs in blackfish (Capoeta fusca)
is dependent on tissue, exposure concentration, and time,
as well as graphene nanosheets (GN) [111]. Furthermore,
chemically synthetized ZnO-NPs have been recognized as the
strongest photocatalysts [112]. Recent studies have revealed
that nanomaterials containing zinc, in particular zinc oxide
nanoparticles (ZnO-NPs), are becoming increasingly desirable
asinnovative agents for medical applications, even though the
significance of zinc as a trace element in the human body has
been overlooked for a long time. Zinc oxide is biocompatible,
which means that its antibacterial, antifungal, antiviral, and
anticancer properties can be used in medicine [113].

] Nanotechnol Nanomaterials. 2022
Volume 3, Issue 2

84



Deka B, Baruah C, Babu A, Kalita P. Biological and Non-conventional Synthesis of Zinc Oxide Nanoparticles (ZnO-
NPs): Their Potential Applications. ] Nanotechnol Nanomaterials. 2022;3(2):79-89.

Conclusion

Due to their diverse properties, functions, and applications,
ZnO-NPs are one of the most versatile substances. ZnO-NPs
can be produced via conventional (physical, chemical, and
biological) and unconventional (microfluidic reactor-based)
methods. Green synthesis of ZnO NPs is far safer and more
ecologically friendly than chemical synthesis since it does
not produce hazardous byproduct molecules. As colloidal
solutions of ZnO NPs are utilized in nanofertilizers. For
possible biological applications, the antioxidant, antibacterial,
antifungal, anticancer, and antidiabetic properties of ZnO-
NPs have all been explored. ZnO-NPs' superior anticancer
mechanism is not fully known. Hence, in vitro and in vivo
approaches may be needed for the treatment of a number
of diseases, including cancer treatments and other biological
applications. The mechanism of ZnO-NPs' toxicity, which
has a significant inhibiting effect on malignant cells and
microorganisms, remains unexplained. Because biomolecules
are particularly sensitive to variations in temperature and
pH, biological applications of ZnO-NPs require high-quality
nanoparticles in aqueous solution at physiological pH and
temperature. Conceptually, there is an urgent need for a
better understanding of the relationship between the size,
shape, and structure of ZnO-NPs as well as how to control their
ability to interact electronically and chemically with biological
molecules and their sensing (biological and chemical)
capabilities.
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