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Abstract

ZnO nanoparticles (NPs) are an
appealing research tool in the biomedical
sector due to their anticancer and
antibacterial  capabilities. ZnO  NPs'
production of reactive oxygen species
(ROS) and promotion of apoptosis are
responsible for these effects. In addition,
ZnO NPs have been effectively used as
drug carriers to load and deliver drugs to
certain sites, minimizing unwanted toxicity
and off-target effects and enhancing
synergistic advantages. Here, we go
through the characteristics, production
methods, and biological uses of ZnO
nanoparticles.
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I. INTRODUCTION

Nanotechnology has shown to be one of the most flexible and effective technologies
for creating medicine delivery systems. Nanomaterials are defined as particles with at least
one dimension of 100 nanometers or less. Changes in size and surface modification cause the
materials' Physico-chemical properties to vary, making them suitable for biological
applications such as medicine delivery, disease diagnosis, and therapy [1]. Four primary
types of nanomaterials are often employed in numerous medical applications. Pure metal-
based nanoparticles, often known as metal nanoparticles, make up the first class of
nanomaterials (e.g., silver, copper, gold, titanium, platinum, zinc, magnesium, iron, and
alginate nanoparticles). The other groups of nanomaterials include metal oxide nanoparticles
like zinc oxide, titanium dioxide, and others. Examples include the use of Zn-based MOFs,
Cu-based MOFs, Mn-based MOFs, AgS, CusS, FeS nanoparticles, Cu-based MOFs, and so
forth in a range of medical applications, such as drug delivery and antibacterial activity [2].

Zinc oxide NPs have been praised as potential metal-based nano drugs because of
their outstanding potency, biocompatibility, and selectivity. They display thermal and
mechanical stability at ambient temperature, as well as broadband gap energy of 3.3 eV and a
high excitation binding energy of 60 meV. Zinc oxide NPs have been extensively used in
optical, chemical sensing, semiconducting, and piezoelectric research applications [3]. The
low toxicity and biodegradability of ZnO nanoparticles are two of its most significant
characteristics. Adults require Zn®*, a trace metal that is essential and involved in several
metabolic processes. In the US, it is advised that adult males consume 11.0 mg and adult
females consume 9.0 mg of Zn®* daily, respectively. Chemically, ZnO has an abundance of -
OH groups on its surface, which may easily be functionalized by a variety of surface-
decorating substances. ZnO can progressively degrade in both very basic and acidic
circumstances, such as those present in tumor cells and the tissue around them if the surface
is in close contact with the solution. These desirable characteristics have drawn a lot of
interest in ZnO nanoparticles for use in biological applications [4].

1. Properties of Zinc oxide: ZnO nanoparticles are one of the cheap materials. These
nanoparticles have altered the food industry, agriculture, and medicine distribution [5]. In
addition, it is extensively used in the production of photocatalysts, pharmaceuticals,
ethanol gas sensors, UV light-emitting devices, and cosmetics [6-10]. These
nanoparticles are also used as a sunscreen because of their strong UV light absorption
[11]. ZnO nanoparticles offer strong medical applications, including the treatment of
diabetes, drug delivery, and cancer [12].

Figure 1: ZnO crystal Structure
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They are less hazardous than other metal oxide nanoparticles. Under typical
conditions, the crystal structure of crystalline ZnO is wurtzite. It features two (a and c)
lattice parameters in addition to a hexagonal unit cell. It belongs in the C46V or P63 mc
space group. Figure 1 shows the crystal structure of ZnQO's wurtzite. One shows a cation
within the central atom, whereas the other shows a cation around the four corner cations.
It provides an illustration of a typical sp 3 covalent links for the coordination types [12—
15].

2. Synthesis of ZnO NPs: The synthesis of nanomaterials can be accomplished using
physical, chemical, biological, or hybrid methods. Starting with bulk matter and breaking
it down into smaller particles until it reaches nanoscale size is the top-down approach
utilized in the physical method. Physical vapor deposition, in which a substance is
transferred from a source material (target) to the substrate in the form of vapor particles,
laser ablation, in which atoms are removed from a solid through a thermal or non-thermal
process with an intense laser beam, and others are a few examples that come to mind.

To create nanomaterials, components are mixed in a wet chemistry process with
altered reaction conditions. In this method, sometimes referred to as the bottom-up
approach, atoms, molecules or ions in solution first form nucleation, then these species
aggregate to create particles that fall within the nano-size range. Due to the ease of the
synthesis, this is now the technique of producing nanomaterials that the industry uses
most regularly [17]. Some of the technologies used in this method include sol-gel,
solvothermal, microwave irradiation, pyrolysis, chemical precipitation, microemulsion,
thermal degradation of precursors, etc.

The biosynthesis approach mixes a precursor with microorganisms or plants
extracts to produce the required nanomaterial. ZnO nanoparticles have been produced
using each of the three aforementioned procedures. For instance, the literature reports on
biological techniques utilizing various plant extracts, as well as physical techniques like
ball milling [18], physical vapor deposition [19], laser ablation [20], chemical techniques
like hydrothermal [21], sol-gel [22], and microemulsion [23], and physical techniques like
hydrothermal [21], sol-gel [22], and microemulsion [23].

In the biosynthesis process, the required nanomaterial is produced utilizing a
precursor and microorganisms or plant extracts. ZnO NPs have been produced using all
three methods. For instance, Table 2 lists a number of the physical, chemical, and
biological methods that have been documented in the literature. These methods include
ball milling [18], physical vapour deposition [19], and laser ablation [20], as well as
hydrothermal [21], sol-gel [22], and microemulsion [23].

A plant extract is any multi-component combination that was created using an
appropriate solvent during an extraction procedure. Primary and secondary metabolites
are the two major categories used to classify plant-produced compounds. Alkaloids,
terpenoids, phenolics, and other secondary metabolites are those that do not contribute to
the growth, development, or reproduction of the plant. Nucleic acids, sugars, chlorophyll,
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and other substances that are involved in these activities are referred to as primary
metabolites.

As a result, extraction entails separating soluble metabolites from the insoluble
plant matrix using an appropriate extraction solvent, sometimes known as the menstruum.
A variety of methods, such as traditional ones like maceration, decoction, and Soxhlet
extraction as well as cutting-edge ones like micro-wave assisted extraction, ultrasound-
assisted extraction, and supercritical fluid extraction, are available for the extraction of
plants. These methods are covered in reference [26].

It's possible that typical crude extracts were used to synthesize nanomaterials. The
extraction method, as described in the cited references, is briefly discussed during the
synthesis of ZnO NPs from plant extracts because it affects the composition and
concentration of the molecules and because of secondary metabolites in the extract act as
reducing and capping agents in the synthesis of nanomaterials. The plant's photochemical
components also provide it antioxidant, antibacterial, and other medicinal properties,
including the ability to postpone aging, decrease inflammation and prevent certain
cancers [27, 28]. These properties are what give the plant its reducing and capping
capacities.

3. Biomedical applications: The biological uses of ZnO-NPs are now being investigated
using a range of materials and chemical synthesis processes, as we have described in this
study. Because it is an ecological component and one of nature's inherent minerals, zinc
plays a significant role in the metabolism of people, animals, and plants. The biosphere
must include levels of zinc that are consistent with the environment since all living things
require zinc to exist. ZnO is often utilized for dietary supplements, cosmetic,
pharmacological, and medicinal applications [29].

ZnO has piqued attention as a raw material in the pharmaceutical and cosmetic
sectors, as a pigment in the paint, concrete, and rubber industries, as a UV filter in
products, the textile business, as well as in the realms of medicine and biology [30]. Only
the most recent developments in ZnO-NPs for biomedical applications—including drug
delivery, gene delivery, anticancer activity, pro-angiogenic property, immunotherapy,
antimicrobial activity, wound healing, tissue engineering, treatment for diabetes,
bioimaging, and biosensing—are covered in this section. This is a result of the wealth of
knowledge on the various applications of ZnO-NPs in biology and medicine. There are
several biological uses for ZnO-NPs, which are more fully discussed below in Figure 2.

e Antidiabetic activity: Diabetes mellitus is a metabolic disorder marked by
inadequate endogenous insulin secretion or activity, which elevates blood sugar levels
and causes issues with filtering out the products. Sickness is one of the biggest issues
facing the public [31, 33]. Zinc is an important micronutrient that is necessary for
numerous biochemical processes, including the metabolism of glucose, and is
involved in the production of more than 300 enzymes (Zn). Due to this component's
involvement in the signaling route for improved glucose absorption, hepatic
glycogenesis is also improved.
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Zinc is also necessary for the production, secretion, and signaling of insulin, all
of which influence how insulin impacts metabolism. Before the link between zinc and
the presence of insulin was identified, it was known that adding zinc made insulin's
action persist longer [34-36].

ANTIDIABETIC
ACTIVITY

ANTIMICROBIAL
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Figure 2: ZnO NPs in Biomedical Applications

As a result, ZnO NPs have been produced as a new agent for zinc
administration and have had their antidiabetic potential assessed [37, 38]. Zinc-insulin
hexamers specifically improve the structural stability of insulin. By preventing
glucose absorption and boosting glucose uptake by skeletal muscle and adipose tissue,
zinc also lowers blood glucose levels. Contrary to the length of insulin action, nano
zinc compounds with high molecular weight components promote prolonging of
hypoglycemic medication activity. Additionally, this type of nanostructure with
amphoteric in B, an antifungal medication with systemic activity, lessens the
pharmaceutics' nephrotoxic effects [39]. The principles underlying ZnO NPs' anti-
diabetic action are as follows: (a) they increase insulin secretion and strengthen the
antioxidant defense mechanism in pancreatic -cells; (b) they improve glucose
tolerance and lower blood glucose levels; (c) they enhance insulin signaling and
sensitivity as well as glucose uptake by the liver, skeletal muscle, and adipose tissue;
and (d) they inhibit gluconeogenesis in hepatic. The mechanisms of the antidiabetic
action of ZnO NPs are depicted in Fig. 8.

e Antimicrobial activity: Because of their tiny size (less than 100 nm) and high
surface-to-volume ratio, ZnO nanoparticles interact with bacteria more effectively
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than larger particles do. As a result, nanoparticles exhibit more pronounced
antibacterial properties. Recent research has demonstrated that these nanoparticles are
selectively harmful to bacteria while having little to no impact on human cells [40].
Compared to other nanoparticles from the same elemental family, zinc oxide
nanoparticles are more effective against gram-positive bacteria. Salmonella,
Staphylococcus aureus, and E. coli infections are increasingly common in ready-to-eat
food, which is problematic for food safety and quality. To shield the food from
deterioration, antimicrobial substances are added to the packaging.

Plasmid damage

ZnO Nanoparticles
00 9O
00000
9,0 J' )
Denatured prot
ROS production
Intercepted trance membrane
electron transport
Disruption of cell wall
Cytoplasm leakage

Figure 3: Antimicrobial mechanism

By producing oxidizing species in the form of dioxygen radicals, which are
highly reactive and typically react with macromolecules like DNA, enzymes (protein),
lipids, etc. [41], reactive oxygen species (ROS) are the most frequent method by
which a microbe can be effectively destroyed or at least deactivated. The
photoinduced charge carriers (e and h+ pair) are formed when nanomaterials are
exposed to a specific amount of radiation, which causes the part to absorb the
radiation and e to be expelled from VB to CB [42]. E also reduces oxygen to produce
the highly oxidizing dioxygen radical. This method is widely used and efficient
against a wide variety of microorganisms at different stages of development.

Metal oxide nanoparticles are the origins of the majority of the metals, which
in water produce cationic species. Due to their smaller size and high permeability,
these positively charged cations enter cells through the cell membrane and interfere
with various metabolic processes by targeting protease enzymes and functionalities
like sulfhydryl, amino, and hydroxyl groups, which alter the structure and
functionality of the entire molecule. As a result, poisonous compounds or processes
are produced, which ultimately prove lethal to the bacterium [43—47].
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Since the majority of metallic elements have a positive charge and are
electrostatically attracted to the cell wall, membrane dysfunction is a particularly
active technique. The critical holes and cavities of cell membranes, which are fragile
and semi-permeable, are blocked by the attachment of tiny metal particles. As a result,
the transportation and absorption processes are halted, and various cell deformations
known as bacteriolysis take place. This causes a variety of bacteria to die quickly [48—
51].

e Anti-Inflammatory Activity: Inflammation is a complex biological response of the
body's tissues to noxious stimuli, such as infections, damaged cells, or irritants. The
anti-inflammatory capabilities of ZnO NPs have come to light due to the biological
activities of zinc ions and the production of nanoparticles [52]. Zinc oxide NPs have
anti-inflammatory effects in response to pathogens or toxins. Inflammation is
decreased by zinc oxide nanoparticles (ZNPs) in three different ways: | by blocking
the production of pro-inflammatory cytokines like interleukin (IL)-1 and IL-18 by
inhibiting NF-kB and caspase 1 in activated mast cells and macrophages; (ii) by
inhibiting mast cell proliferation by increasing p53 and reducing the production of
thymic stromal lymphopoietin linked to ZnO NPs have been found to have strong
anti-inflammatory properties that are not just useful in the treatment of atopic
dermatitis [53]. The discovery of nanoparticles provides a new therapeutic avenue for
the treatment of illnesses based on inflammation. Due to ZnO NPs' strong reactivity
and high surface area to volume ratio, Zn*? ion is easily absorbed by biological
membranes [54, 55].

e Anticancer Activity: Targeted medication delivery via nanoparticles opens up
tremendous possibilities for more safe and efficient cancer therapy. The primary issue
impeding the rapid development of cancer therapy techniques is the difficulty of
anticancer medications to differentiate between healthy and malignant cells. This is a
factor in chemotherapy-related problems and adverse effects [56-58]. ZnO NPs are
desirable compared to other nanomaterials because of their low toxicity and
biodegradability characteristics. Because zinc is a crucial trace element that controls
the activity of several enzymes to maintain homeostasis in the body, ZnO NPs have
attracted a lot of interest in the delivery of cancer drugs.

Additionally, zinc contributes to cellular and humoral immunity, which shields
cells from cancer. Via DNA mutation and p53 disruption, zinc efficiency promotes
the growth and spread of cancer cells [59,60]. When compared to bulk zinc materials,
zinc oxide nanoparticles exhibit enhanced permeability and retention (EPR) effects
toward cancer cells, and they can kill cancer cells by producing reactive oxygen
species (ROS). Studies on using zinc oxide nanoparticles (NPs) as chemotherapeutic
drug delivery methods have also been conducted. Shape, configuration, dispersion
grade, and surface charge appear to be significant factors in NP-cytotoxicity in
addition to NP-concentration [61]. Additional research on the effects of these values
on tumor-killing effectiveness in cancer cells should be conducted. ZnO-NP induces
photocatalytic cell death. It has been discovered that zinc oxide nanoparticles may
destroy malignant cells with precision. NPs. ZnO NPs can be taken up by cancer cells
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via an endocytic pathway; however, the entrance route may vary depending on the
cell type. Due to the energy-dependent processes of NP absorption, ZnO NPs are
eventually confined to lysosomes, endosomes, and vesicular structures. When
lysosomes have an acidic pH, ZnO NPs and Zn2+ ions may be released into the
cytosol, selectively eliciting toxicity that results in apoptosis, necrosis, cell cycle
arrest, and membrane damage from excessive ROS generation [62, 63].

The mitochondrial electron transport chain is thought to play a role in the
formation of intracellular ROS, and it is also thought that cancer-fighting drugs that
enter cancer cells may harm the electron transport chain, which would cause a large-
scale intracellular release of ROS [64,65]. As a result, increased amounts of ROS
cause mitochondrial damage, which is followed by an imbalance in protein activities
and, eventually, apoptosis [66]. Because of the elevated intracellular amounts of
dissolved zinc ions, increased ROS generation, and subsequent cancer cell death via
an apoptotic signaling pathway, ZnO NPs exhibit cytotoxicity in cancer cells [67].
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Figure 4: Anticancer Mechanism

Figure 4 shows the probable mechanism behind the anti-cancerous properties
of ZnO NPs. ZnO NPs can enter cancer cells by an endocytic pathway, however, the
exact mechanism depends on the kind of cell. ZnO NPs are restricted to vesicular
structures, endosomes, and ultimately lysosomes by the energy-dependent processes
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of NP uptake. Because of the lysosome's acidic pH, ZnO NPs and Zn2+ ions may be
released into the cytosol, preferentially producing toxicity that leads to apoptosis,
necrosis, cell cycle arrest, and membrane damage because of excessive ROS
production. Zn®* ions can also enter cells through ion channels that prevent Bcl-2
indicators from doing their job. This causes Bak/Bax, two pro-apoptotic proteins that
enhance cell permeabilization and cytochrome c release, to be produced. The creation
of a complex including cytochrome c, apoptotic protease activating factor (Apaf-1),
and pro-caspase 9 activates the apoptosome. Caspase 9 activation results in caspase 3
and caspase 7 gene expression and activity, which ultimately induces apoptosis in
cancer cells.

Imaging agents: Due to its accessibility and cost, fluorescence imaging has been widely
used in preclinical research [68, 69]. Due to its efficient excitonic blue and near-Uv
emission, which can also contain green luminescence due to oxygen vacancies, ZnO
nanoparticles have been used in several investigations on cellular imaging [70, 71].

Quantum dots are transparent 10 nm-sized semiconductors known as quantum
dots. They possess special optical and electrical characteristics, such as fluorescence
when exposed to light sources for bioimaging applications. As a result of ZnO NPs'
effective blue and near-UV emissions, which also feature green or yellow luminescence
associated with oxygen vacancies, the area of bioimaging is further expanded for this
material. The photoluminescent quantum vyield of the core emission is increased and
protected from photobleaching in core-shell arrangements. QDs have the potential to be
employed for imaging and medication delivery in pharmaceutical and biological
applications. ZnO nanomaterial is a viable choice for cell imaging and disease research
due to its superior intrinsic fluorescence.

Wound healing: Zinc is a crucial element that aids in the creation of fibrin clots, the
control of inflammatory responses, the stimulation of cell proliferation, re-
epithelialization, granulation, and angiogenesis, as well as the remodeling of the
extracellular matrix[72—74]. ZnO nanoparticles are appealing new therapeutic agents that
successfully enter cells, influence the immune system, and encourage infection by giving
a sustained supply of zinc to wounds. Numerous investigations on wounds have noted
their improved re-epithelization and boosted antibacterial activity. Experimental septic
wounds treated with ZnO nanoparticles demonstrated substantial anti-inflammatory and
reparative effects.

Biosensors: Biosensors are useful analytical tools for the targeted detection of various
analytes. A bio-selective layer of the biosensor interacts with a specific bio-molecule, and
transducers then convert the biological interaction into a physical signal (optical,
chemical, electrical, thermal, etc.) [75-77]. The medical field, chemical and biological
analysis, environmental monitoring, and the food sector all employ biosensors
extensively. When classed according to the detecting principles, they can be photometric,
calorimetric, electrochemical, piezoelectric, and more. Due to their special features,
nanomaterials, either by themselves or in conjunction with biologically active chemicals,
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are gaining more and more interest as a potential platform for the creation of high-
performance biosensors.

ZnO nanoparticles also display several advantageous properties for bio-sensing,
including high catalytic efficiency, robust adsorption capacity, and high isoelectric point,
which are appropriate for the electrostatic adsorption of certain proteins. They are also
potential nanomaterials for biosensors used to encapsulate various bio-molecules such as
enzymes, antibodies, and other proteins due to their large surface area, strong
biocompatibility/stability, low toxicity, and high electron transfer capacity. Most ZnO-
based biosensors have been reported to be used for the detection of several small
molecule analytes, including glucose, phenol, H202, cholesterol, urea, etc. For the
detection of gases and biochemicals, zinc oxide nanoparticles have been employed as
biomedical diagnostic/analytical sensors. The pore characteristics of gas sensors play a
crucial role in ensuring optimal adsorption performance by allowing adsorbates into
interior surfaces. For instance, ethanol and acetone may be swiftly and precisely detected
by very sensitive and selective ZnO nanowires/NPs gas sensors [77-81].

Il. CONCLUSION AND FUTURE WORK

In the previous few decades, nanotechnology has made enormous strides and had a
revolutionary influence on biomedicine. Nanomaterials can display features that are different
from both molecules and bulk solids when they are less than a few hundred nm, which is
many orders of magnitude smaller than human cells. One of the most important
microelements, needed for crucial processes, is zinc. The majority of the zinc that is ingested
by the body through food and water is absorbed in the small intestine, where it is
subsequently transferred to the blood plasma, where albumins and globulins bind it, or to the
tissues, where it is stored in proteins that accumulate zinc and cadmium. Zinc is a component
of both hormone complexes and metalloenzymes.

Due to its nano size, optical, chemical, biological, and pharmacological
characteristics, zinc and its compounds can lead to a wide range of biomedical applications.
Due to the potential to control the functional activity of muscles using zinc ions in both
normal and diseased situations, the study in this area is especially important from a practical
standpoint. Depending on the production methods, zinc oxide NPs can have a variety of
physicochemical properties. With their anticancer, antidiabetic, antibacterial, anti-
inflammatory, and wound healing properties, they have remarkable promise as treatments.
Biosensors and imaging devices both employ zinc oxide nanoparticles (NPs). It is anticipated
that ZnO NPs would soon be widely used in both non-clinical and clinical investigations as
novel therapeutic agents. Due to its extensive action against both Gram-positive and Gram-
negative bacteria, ZnO in nanoparticle form is a potential antibacterial agent; nevertheless,
the precise mechanism of ZnO NPs is not fully understood. Porous network architectures may
improve the performance of synthetic ZnO NPs, which may be arranged into one, two, and
three-dimensional structures. As a result, researching it in depth offers many valuable
theoretical and practical applications. We anticipate that ZnO NPs will be investigated in the
future as antibacterial agents for mouthwashes, lotions, and ointments.
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