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Abstract

Nanoparticles can cause nanotoxicity through a number of pathways that relate to
their specific physical and chemical properties. The toxicity of Green -Synthesized
ZnS NPs is also significantly influenced by their surface characteristics. Long-term
systemic exposure to green synthesized ZnS NPs can cause serious homeosta-
sis disruptions, which may have a negative impact on hematological parameters
and general health. The Justicia adhatoda plant extract was used to synthesize
Zinc sulfide nanoparticles. The NPs were subjected to detailed characterization
including SEM, FTIR, EDX, XRD and UV-Visible Spectroscopy. After charac-
terization the effect of low dose (1.73 mg/200g) and high dose (3.46mg/200g)
Green —Synthesized ZnS NPs was checked on Sprague-Dawley rat model for 20
days. The in-vivo toxicity and safety profile assessment was checked using mor-
phological, biochemical, histopathological and hematological response of rats after
intake of Green-synthesized ZnS NPs. The results showed significant differences
in different parameters like RBC Count, WBC Count, platelets, ALT, AST, Urea
and creatinine level by making a comparison with control group through statisti-
cal analysis (one-way ANOVA). According to histopathological response low dose
group shows mild cytoplasmic vacuolation within hepatocytes and mild metabolic
stress, possibly due to early-stage toxic or nutritional disturbances while high dose
group shows mild portal inflammation with prominent vacuolar degeneration in
hepatocytes and these changes are consistent with mild liver injury. So, a compre-
hensive research and updated data is necessary to assess Green- synthesized ZnS
NPs safety profile, particularly with regard to their biocompatibility in biological

systems and long-term exposure.
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Chapter 1

Introduction

Nanoparticles are typically classified as particles sized between 1 and 100 nanome-
ters. They can also be classified according to shape, unique properties, or composi-
tion. Nowadays the widespread use of nanotechnology in various fields, especially
environmental science and health scientists’ fuels to make this subject matter one
of the most interesting research areas that have attracted attention It has raised
a lot of interest and contribution in their manufacture and their impacts on bio-

logical systems [1].

Zinc sulfide nanoparticles (ZnS NPs) are semiconductor-like nanoscale particles of
zinc sulfide ranging in size from a few nanometers (1 to 100 nm), these particles
have unique characteristics that make them apart from bulk ZnS because of their
small size and large surface area [2|. Their microscopic properties make them
unique and suitable in the development of modern medicine, immense chemical

reactivity, bio mobility and energy absorption [2].

The surface chemistry of Zinc sulfide nanoparticles (ZnS) can be more precisely
adjusted to accomplish particular functionalization, improving their efficacy in
biocatalysis, environmental sensing, and targeted drug administration [3, 4]. They
are useful in photocatalytic applications such as pollutant degradation because the
green synthesis process may include functional groups that increase reactivity. By
ensuring that the nanoparticles are generated with the least possible impact on

1
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the environment, the green synthesis approach makes them more sustainable for

large-scale applications [3].

Zinc sulfide nanoparticles (ZnS NPs) are effective fluorescent markers for bioimag-
ing because of their high photoluminescence. They can be employed in optical
imaging methods to provide high- resolution images of tissues, cells, or biologi-
cal processes. ZnS NPs can be used as carriers for drug delivery, especially for

targeted treatments [3].

Therapeutic substances can be released under controlled conditions by functional-
izing their surface with biocompatible coatings or ligands that bind to particular
cells. They are therefore perfect for treating cancer, since it is essential to precisely
target tumor cells in order to minimize adverse effects [4]. They are used in biosen-
sors, where their surface changes enable them to identify specific biomolecules,
infections, or poisons, producing visible responses such as fluorescent for environ-
mental monitoring and diagnosis. They are appropriate for various biomedical

applications due to their low toxicity and biocompatibility [5].

Nanoparticles can cause nanotoxicity through a number of pathways that relate
to their specific physical and chemical properties. The nanotoxicity of ZnS NPs is
also significantly influenced by their surface characteristics [6]. ZnS NPs that are
uncoated or non- functionalized, for example, may have stronger surface reactivity,
which in turn might lead to the unwanted interactions with cells. They have high
reactivity due to their high surface area to volume ratio, which then can interfere
with biological functions that subsequently trigger immunological responses [6, 7.
ZnS NPs can interact with numerous cellular components after internalization,
causing oxidative stress and cytotoxicity. Reactive oxygen species (ROS) generated
by the ZnS NPs results in oxidative stress that disrupts lipids, proteins, and DNA

in cells with possibilities such as apoptosis or inflammation or genotoxicity [6].

Understanding nanotoxicity is essential to grasping long-term effects, especially for
consumers purchasing products containing nanoparticles and workers in organiza-

tions using nanomaterials [8]. To ensure safety, compliance, and the responsible
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development of nanotechnology, it is crucial to comprehend nanotoxicity. It is es-
sential for safeguarding both the environment and human health while facilitating

the development of novel materials and applications [7, §].

According to in vivo studies, ZnS NP exposure can cause an inflammatory re-
sponse. This could release of pro-inflammatory cytokines and the activation of
immune cells like macrophages. Chronic inflammation can lead to long-term health

implications and tissue damage [8].

Moreover, ZnS NPs can build up in organs such as the kidneys, liver, and lungs,
where they are difficult to remove or metabolize. This might result in bioaccumu-
lation and long-term exposure hazards [7].This is especially problematic for ZnS
NPs used in biomedical applications because repeated exposure can raise the risk

of long-term consequences such organ damage and inflammation.

Biologically synthesized ZnS nanoparticles (ZnS NPs) which are made utilizing
biological agents or plant extracts, possesses several unique properties due to the
eco-friendly and biocompatible methods used in their synthesis. Their homoge-
neous distribution and generally smaller size result in increased surface area [9].
Using plant extracts, green synthesis provides a sustainable and environmentally

friendly method of synthesizing nanoparticles.

When compared to their chemically manufactured counterparts, these NPs fre-
quently exhibit better biocompatibility, which makes them more applicable for

use in both biological and medical applications.

The Green synthesis of ZnS Nanoparticles with Justicia adhatoda plant extract
lead to the stabilization and reduction of ZnS NPs, the application of Justicia ad-
hatoda extract provides additional therapeutic advantages associated to the phy-
tochemicals in the plant. Justicia adhatoda commonly known as Malabar nut or

vasaka. [5] It belongs to the family Acanthaceae.

The comprehensive assessment of in-vivo toxicity of ZnS NPs using extract from
Justicia adhatoda will bring knowledge on their biocompatibility and explain their

any potential toxicity processes. In order to ensure the safety of possible medical
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interventions and evaluate the possibility of utilizing green-synthesized ZnS NPs

in biomedical applications, this work is crucial. [10].

1.1 Problem Statement

Long-term systemic exposure to green synthesized ZnS NPs can cause serious
homeostasis disruptions, which may have a negative impact on hematological pa-
rameters and general health. Increased inflammation and oxidative stress in many
organs can hinder organ function and raise long-term health risks. Comprehensive
research is necessary to assess these nanoparticles safety profile, particularly with

regard to their biocompatibility in biological systems and long-term exposure

1.2 Hypothesis

Green synthesized ZnS NPs using plant Justicia adhatoda may have biochemical,

hematological and histopathological toxicity.

1.3 Gap Analysis

There were various studies that examined the toxicity of Green-synthesized ZnS
nanoparticles that come in contact with biological systems thus trigger the oxida-
tive stress in the biological system and generate reactive oxygen species (ROS).
But there are a lack of information about the interaction of Green-synthesized ZnS
NPs using Justicia adhatoda plant extract within complex biological systems which
is a significant gap in our knowledge. Key unknowns include their biodistribution,
accumulation in specific organs, long-term toxicity, and potential immunogenicity
when administered in vivo. Filling this gap is essential for establishing the safety
profile of Justicia adhatoda-synthesized ZnS NPs for biomedical and environmen-
tal applications. A well-designed clinical trial help in investigating the in-vivo

toxicity of Green- synthesized ZnS nanoparticles.
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1.4 Aim and Objectives

The aim of the study is to check the safety profile of Green-synthesized ZnS

nanoparticles. It will be aligned by following objectives:

o To synthesize and characterize Green synthesized ZnS NPs

» To evaluate the in-vivo toxicity and safety profile of Green-synthesized ZnS
NPs using biochemical, histopathological and hematological response of rats

after intake of Green-synthesized ZnS NPs nanoparticles



Chapter 2

Literature Review

2.1 Nanomedicines and Nanotechnology

Materials with improved qualities, much greater strength, reduced weight, and
improved chemical resistance, can be synthesized by the applications of nanotech-
nology. Nanoparticles, which range in size from 1 to 100 nanometers, are used in
nanomedicine, a use of nanotechnology in healthcare, to interact with biological
molecules both inside and on the surface of cells. With the help of nanoparticles,
medicines and drugs can be delivered directly to certain cells, such as cancer cells,

reducing side effects and enhancing efficacy [11].

Drug delivery is one of the main uses of nanomedicine. [12, 13]. Therapeutic
substances can be encapsulated in nanoparticles, enabling precise and controlled
drug delivery. This increases a drug’s bioavailability, reduces adverse effects, and
boosts therapeutic effectiveness. Nanomaterials improve resolution in imaging by
acting as contrast agents in MRI, CT, and PET scans. Using nanoparticles for
treatments including gene therapy, photothermal therapy, and vaccine delivery is

another aspect of nanomedicine. [11].
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FIGURE 2.1: Nanoparticle-Based Drug Delivery [1]

Applications of nanomedicine include developing nanomaterials for real-time glu-
cose monitoring in the management of diabetes, employing targeted nanoparticles
in chemotherapy to improve cancer treatments by minimizing damage to healthy

cells [13].

2.2 Properties of Nanoparticles

Nanoparticles have high surface area-to-volume ratio, which increase their reactiv-
ity and interaction with other materials. Nanoparticles can exhibit size-dependent
optical, electrical, and chemical properties. A wide range of materials can be used
to make them including metals, semiconductors, and polymers [14, 15]. They
are helpful in delivering drugs and diagnostics because of their small size across

biological barriers.

2.2.1 Functionalization and Targeting of Nanoparticles

Specific environments or applications can be targeted by the surface of nanopar-
ticles that are functionalized with different chemicals. Sensors and imaging tech-

nologies further enhance the optoelectronics because they can modulate the light



Literature Review 8

absorption and scattering. They show highly influenced behaviour by the fea-
tures like size, shape, and surface charge which can be managed by the synthesis

techniques [16, 17].

2.2.2 Drug Delivery Applications

Nanoparticles can enhance the targeting, effectiveness, and bioavailability of medic-
inal drugs, as a result, nanoparticles are commonly used in drug delivery systems
[16]. By binding ligands or antibodies to their surface, they can be designed to
deliver medications directly to particular cells or tissues, including cancer cells,
enabling targeted drug delivery [18]. This enhances the therapeutic effect while

reducing adverse effects on healthy cells.

2.2.3 Controlled Drug Release and Enhanced Bioavailabil-

ity

Nanoparticles allow for a slow and controlled release of the drugs, which in turn,
decreases the frequency of doses and improves patient compliance [19]. They are
also capable of turning poorly water-soluble medications into more soluble ones
which then lead to better absorption and bioavailability. Their ability to cross
biological barriers is another notable application. Nanoparticles can be modified
with ligands, polymers, or a number of other compounds. These changes make it
easier for nanoparticles to bypass the immune system and more efficiently reach

their intended cells

2.2.4 Stimuli-Responsive Drug Release

Different nanoparticles can be designed to release a controlled payload such as
drug, which is based on the certain triggers such as the variation in temperature,
pH, or enzyme concentrations [20]. This regulated release enhances the therapeutic

efficacy and reduce the adverse consequences.
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2.2.5 Environmental Applications

The high reactivity of nanoparticles is one of the main reasons for their use in envi-
ronmental applications. For example, Iron nanoparticles are used in specific water
treatment processes to destroy chlorinated organic compounds and chlorinated
plastics which can then be converted to less hazardous forms [21]. The nanopar-
ticles” reactivity is responsible for the development of very efficient coatings and
air filters in different applications that either absorb the pollutants eliminate pol-

lutants in commercial or residential environments.

Air Disinfection

Applications of
Silver NPs in
Environment
treatment
/ \ ' Surface
Water J Disinfection J
Disinfection

FIGURE 2.2: Applications of silver nanoparticles in environment treatment [22]

2.2.6 Medical Applications and Biological Barrier Pene-

tration

Due to their smaller size as compared to larger particles, nanoparticles can easily
cross the various types of biological barriers and target the tissues they are sup-
posed to cure in case of medicine. Lipid nanoparticles, for instance, have been
have played a crucial role in the administration of mRNA vaccine administration
due to their ability to both transport and keep mRNA molecules inside the cells

[23]. Drugs are also delivered through dendrimers and polymeric nanoparticles
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that, in turn, provide the possibility of the controlled release and reduce side ef-
fects. Thus, the lower complexity of nanoparticles transforms them into the most

optimal class of carrier for drug delivery [23].

2.2.7 Safety Concerns and Toxicity

Despite these benefits, worries over the possible toxicity and environmental ef-
fects of nanoparticles are raised by their small size and strong reactivity. Certain
nanoparticles may interact with biological tissues in unexpected ways when in-
haled, consumed, or absorbed, which could have negative consequences. Therefore,
a crucial area of continuing research to guarantee the safe use of these materials is

the study of nanoparticle toxicity, bioaccumulation, and environmental persistence

[24].

2.3 Approaches for the Synthesis of Nanoparti-

cles

There are two main approaches for synthesizing nanoparticles: top-down and

bottom-up approach.

2.3.1 Top-down Approach

In “top-down” approach, the large pieces of material are broken down to generate
the required nanostructure. Although top-down approaches are scalable and rather
easy to use, they may result in particles with flaws and less control over their size
and shape [25]. Ball milling is a top-down approach to crush the particles at the
nanoscale while lithography uses light or electron beams in order to create particles

at nanoscale surface [26].
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2.3.2 Bottom-up Approach

In bottom-up approach molecules self-assemble themselves and build up in order
to create nanostructures or by creating nanoparticles atom by atom or molecule by
molecule, typically through chemical or biological synthesis. Although they can be
difficult to scale up reliably, bottom-up approaches typically offer greater control
over the size, composition, and structure of nanoparticles and are frequently more

environmentally and energy-efficient [27].

For example, Silver nanoparticles made biologically have stronger antibacterial
properties and can be applied to medical products, coatings, and wound dressings.
Plant extracts are used to create gold nanoparticles, which have been examined
for medication delivery, imaging, and diagnostics because of their biocompatibility
and simplicity of functionalization. Compared to their chemically created counter-
parts, biologically synthesized nanoparticles are less hazardous, environmentally

friendly, and utilize renewable resources [28, 29)].
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FIGURE 2.3: Top-down approach and bottom-up approach classifications [25,
26]
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2.4 Method for Synthesis of Nanoparticles

There are following methods of synthesis of nanoparticles:

e Chemical methods by using sol-gel, hydrothermal, solvothermal, vapor syn-

thesis [30]
» Biological methods using microbial and plant extract

o Physical or mechanical methods using milling, mechanical alloying

s N

Methods of
MNPs synthesis
| | _ |
Chemical Physical Biological
Synthesis Synthesis Synthesis

Bacteria Fungi

50§

Plant Algae

r‘/ \ ~ : -77/'. ' —
@ Synthesis :
MNPs

FIGURE 2.4: Methods of Synthesis of Nanoparticles [30]

2.5 Nanotoxicology

Nanotoxicity is important for a number of reasons. Knowing the possible health
and environmental effects of nanoparticles is crucial as their use spreads through-
out many industries. Unexpected harmful consequences that conventional mate-
rials might not show can result from the special qualities of nanomaterials, such

as enhanced reactivity and changed biological interactions [31].
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Nanoparticles have the ability to activate immune responses, leading to immuno-
logical suppression or inflammation, which can harm tissue or raise the risk of
autoimmune reactions. Because certain nanoparticles can interfere with cellular
processes or interfere with normal cell division, they may cause DNA damage or
mutations, increasing the risk of cancer. Skin penetration by nanoparticles used in
sunscreens and cosmetics can cause sensitization, allergic responses, or irritation
in sensitive people. In addition, work indicates that some nanoparticles may be
able to pass through the placental barrier and affect fetal development; studies on
animals also indicate possible connections between exposure to nanoparticles and

developmental defects, decreased fertility, or reproductive damage [32].
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FIGURE 2.5: Toxicity Assessment of Nanoparticle [33]

2.6 Types of Nanoparticles

(Classification of Nanoparticles according to their size, morphology, physical, and

chemical properties often determines their function [34].
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FIGURE 2.6: Different types of Nanoparticles [35]
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2.6.1 Carbon-Based Nanoparticles

There are several types of carbon-based nanoparticles, each with special quali-
ties and uses. Because of their exceptional strength, electrical conductivity, and
thermal characteristics, carbon nanotubes are cylindrical structures that find ap-
plication in drug delivery, electronics, and materials research [36]. Because of
its exceptional electrical conductivity, mechanical strength, and vast surface area,
graphene oxide organized in a two-dimensional lattice is well-suited for use in
energy storage, sensors, and the biomedical industry. Because of their special
qualities, fullerenes spherical molecules made completely of carbon can be uti-
lized as antioxidants and in drug administration. Carbon dots are tiny carbon
nanoparticles that are employed as sensors and in bioimaging because they glow
when exposed to light [37]. Because of their unique qualities, these carbon-based
nanoparticles are being investigated more and more for a range of uses, which

makes them crucial for the advancement of both technology and medicine.

2.6.2 Ceramic Nanoparticles

Inorganic nanoparticles made of metal oxides, carbides, nitrides, or silicates are
known as ceramic nanoparticles. Ceramic nanoparticles are becoming more and
more popular in industries including biomedicine, electronics, and environmental
remediation because of their exceptional mechanical strength, chemical stability,
and resistance to heat [38, 39]. They have proven to be an effective medicine
delivery mechanism for a number of illnesses, including cancer, glaucoma, and

bacterial infections [40].
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FIGURE 2.7: Schematic representation of ceramic nanoparticles [35]
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2.6.3 Metallic Nanoparticles

Metals form metallic nanoparticles, which are tiny particles usually within the
range of 1 to 100 nanometers. Because of their small size and vast surface area
in relation to volume, hence the physical, chemical behavior, and reactivity of the
nanoparticles are different from their bulk counterparts. [41] Gold nanoparticles
are known for their biocompatibility in a variety of biomedical domains, including
medication administration, imaging, and photothermal therapy, which uses heat

generated from light to kill cancer cells [42].

2.6.4 Semiconductor Nanoparticles

One kind of nanoparticle that has characteristics with metals and non-metals is
a semiconductor nanoparticle. Zinc sulfide (ZnS) nanoparticles, in particular, are
semiconductor nanoparticles that scientists mainly investigate due to their excel-
lent optical and electric properties [43]. ZnS nanoparticles predominantly have a
size of 1 nm — 100 nm and contain crystalline arrangements of zinc and sulfur
atoms. Their small size cause them to display quantum confinement phenom-
ena, which results in size-dependent optical characteristics including photolumi-
nescence and a bandgap that may be adjusted. High stability, low toxicity, and
the ability to generate visible light when excited by UV radiation are some of the
excellent properties of ZnS nanoparticles [44]. Semiconductor nanoparticles are
used in biomedical applications for imaging, and diagnostics due to their brilliant

fluorescence and capacity to target particular cells or tissues.

2.6.5 Polymeric Nanoparticles

The use of polymers to generate polymeric nanoparticles gives them great versa-
tility for use in biomedical applications like gene therapy, medication administra-
tion, and medical imaging. They are available in several forms, each intended for

a particular purpose. Nanospheres and nanocapsules are the two most prevalent
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structural kinds [45] Drugs or other compounds are uniformly distributed across

solid nanospheres, which have a consistent polymer framework.

0(6 Polymeric Shell

Inner Core

© Drug

FIGURE 2.8: Biodegradable Polymeric Nanoparticles for Drug Delivery to Solid
Tumors [45]

The active substance is contained in a polymer shell that encloses a liquid or
solid core in nanocapsules, which have a core-shell configuration. Another distinct
type of polymeric nanoparticle is dendrimers. Numerous functional groups on the
surface of these extremely branched, tree-like structures enable the attachment of
different medicinal substances [46]. They are frequently made for drug delivery
systems which reduce the adverse effects of the drug and boost drug effectiveness.
For gene therapy, polymeric nanoparticles can carry genetic material, such as DNA

or RNA| into cells, presenting a viable technique for treating genetic illnesses [47].

2.6.6 Lipid-Based Nanoparticles

Lipid-based nanoparticles mainly composed of lipids, are tiny carriers for use not
only in drug delivery but also in other applications because they have unique prop-
erties. They are able to penetrate into the cells efficiently and easily by encapsulat-
ing the wide range of therapeutic agents like small molecules, proteins, and nucleic
acids, which increase the solubility, stability and bioavailability of molecules [48].
Moreover, the possibility of the surface modification of these nanoparticles is an
efficient way to boost their surface characteristics that can be used in the treat-
ment against different diseases and disorders that caused by the abnormality of
specific cell and tissues. Hence, they can be functional. The versatility and safety
profile of lipid-based nanoparticles keep them at the forefront of drug delivery and

related research [49].
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FIGURE 2.9: Lipid-based nanoparticle [48, 49]

2.7 Zinc Sulfide Nanoparticles (ZnS NPs)

Zinc sulfide nanoparticles (ZnS NPs) can be classified as the semiconductor nano-
materials which are distinguished for their exceptional optical, electrical and chem-
ical properties, which primarily have been possible because of their small size and
structure. ZnS NPs are semiconductor materials that are unique in many ways
due to their brilliance (unmatched), stability, toxicity, and other factors, which
make them an ideal choice for different industrial, as well as biological applications
[50]. The surface of ZnS NPs can be simply modified by introducing the different
functional groups, or monomers, or polymers into it, thus, functionalization that
assists in drug delivery, targets specific biological markers, or improves solubility

and dispersion in biological environments.

In the green synthesis of ZnS NPs, the plant extracts are utilized due to their con-
tent of bioactive compounds such as proteins, phenols, alkaloids, and flavonoids,
which serve as the stabilizing and reducing agents for the synthesis of the nanopar-
ticles [50-55]. These bioactive compounds play a role in the synthesis of zinc salts
and a sulfur source as well as the stabilization of particles and maintaining their
size which helps in the formation of ZnS nanoparticles. ZnS nanoparticles synthe-
sis is done by modifying the reaction conditions such as pH, temperature, and the

amount of precursor to the desired size and shape of the nanoparticles [56].
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2.8 Biomedical Application of ZNS NPs

ZnS nanoparticles (NPs) have shown some antibacterial properties, making them
useful in coatings and wound dressings—situations where resistance to bacteria
or fungi is beneficial. Additionally, ZnS NPs exhibit notable photoluminescence;
when stimulated by a light source, they emit light. Their luminescence can be
tailored by doping with various metal ions resulting in different emission colors
and enhanced brightness, which is crucial for tracking and imaging applications
in biological systems [57]. ZnS nanoparticles (NPs) are being investigated for
their role in photodynamic therapy (PDT). When exposed to light, they generate

reactive oxygen species (ROS) that can effectively destroy cancer cells.

Besides, these nanoparticles may act as the carriers of chemotherapy agents to
specific tumors, simultaneously saving the surrounding non-cancerous cells from
damage. Because of their low toxicity, ZnS NPs can safely be applied in in vivo
experiments, which could be the groundwork for potential usage in drug delivery
[58]. ZnS nanoparticles can be designed to carry genetic material, e.g., DNA or
siRNA, into the cells. Thus, they are of small size which allows them to pene-
trate the cell and be engineered to release the genetic agent responding to cellular

conditions, and this is of great importance for gene therapy applications.

2.9 Green Synthesis of ZnS NPs with Justicia
adhatoda Plant Extract

The plant’s natural reducing and stabilizing potential is utilized in the green syn-
thesis of ZnS NPs using Justicia adhatoda plant’s extract. This process is environ-
mentally friendly and sustainable. The plant is abundant in various phytochemi-
cals such as flavonoids, alkaloids, and tannins, which are crucial for the production

of nanoparticles [59].
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FI1GURE 2.10: Justicia adhatoda FIGURE 2.11: Justicia adhatoda
[60] L species [61]

2.9.1 Introduction and Distribution of Justicia adhatoda

The perennial shrub Justicia adhatoda, commonly referred as Malabar nut, is a
member of the Acanthaceae family. This plant has been used for ages in traditional
medical systems. Justicia adhatoda’s leaves, flowers, and roots have long been used
to cure a variety of illnesses, including as bronchitis, coughs, respiratory disorders,

and other inflammatory problems [60].

Native to the Indian subcontinent, Justicia adhatoda thrives in tropical and sub-
tropical climates. It is commonly found in nations including Pakistan, Bangladesh,
Nepal, Myanmar, India, and Sri Lanka. It prefers moist, well-drained soil. The
plant usually grows in gardens, along roadsides, and in wooded places. It prefers
moist, well-drained soil. It has dark green, lanceolate leaves that are about 5 to
10 cm long and can grow to a height of 1 to 3 meters. The plant attracts a variety

of pollinators with its clusters of white or pale yellow flowers [61].
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2.10 Medicinal Properties of Justicia adhatoda

Justicia adhatoda is a well-known plant that has many uses in traditional medicine
systems. The leaves of Justicia adhatoda have anti-inflammatory and expecto-
rant properties, so they are well known for their pharmaceutical effect that helps

asthma, bronchitis and coughs.

Alkaloids, which are a kind of active constituent within the leaves of Justicia
adhatoda, has been shown to help relax the muscles in bronchial passage and by
widening the airways they facilitiate the easier breathing. This demonstrates that
antibacterial and antifungal properties of Justicia adhatoda enable it to contribute

to the essential role the plant plays in curing infections of respiratory systems [62].

In its traditional forms, the plant is used to treat various ailments because it
prevents viruses and germs from growing. Such as fever, injuries and infections
that affect the skin. Research shows that its potential as a natural antibacterial
agent has been supported by laboratory studies of compounds in the leaves against
organisms such as FEscherichia coli and Staphylococcus aureus, meaning that it can

be used successfully to treat pathologies caused by these pathogens.
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FIGURE 2.12: Flowchart representing the biomedical applications of Justicia
adhatoda [63]

In addition, Justicia adhatoda is believed to possess antioxidant capabilities that
can protect the body against cellular damage and counteract oxidative stress which

is attributed to flavonoids and phenolics in its pigment content. It enables it
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to bring even greater effectiveness to its medicinal effects. Furthermore, certain
research studies suggested that Justicia adhatoda may help regulate blood sugar

levels. It has been studied as a possible response to diabetes [63, 64].
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Material and Methods

3.1 DMaterial

The materials used in this experiment were broadly comprises of different chemicals
and reagents, apparatus and equipment, animal model (Sprague-Dawley rat), its

blood and liver.

3.2 Chemicals

The chemicals that were used in this research are Zinc chloride (ZnCly), sodium
sulfide (NaoS), distilled water (H20), acetone (C3HgO), formalin (CH50), chloro-

form (CHCl;) and magnetic stirrer.

3.3 Apparatus and Equipments

The apparatus and equipments that was used in this research are pipette Eppen-
dorf tubes, thermometer, incubator, reaction vessels, glassware, centrifuge, beaker,
magnetic stirrer, hot plate, Erlenmeyer flasks, funnels, beaker, burette, volumetric
flask, graduated cylinders, calibrated digital balance, EDTA coated tubes, cen-
trifuge machine, Falcon tubes and Culture tubes.

22
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3.4 Ethical Considerations

The ethical review committee of Capital University of Science and Technology,
Islamabad, Pakistan, approved the research titled “Safety Evaluation and in-vivo
Toxicity of Green-Synthesized Zinc Sulfide Nanoparticles with Justicia adhatoda
Extract on Rat Model”. All procedures followed the committee’s guidelines to

ensure the ethical treatment of the animals and minimize the discomfort or stress

to the rats during the study period.

3.5 Methodology

The research process outlined in the study was simply categorized into four steps.
Preparation of Green —synthesized ZnS NPs using Justicia adhatoda plant extract,

characterization of the prepared NPs, testing of prepared Green-Synthesized ZnS

NPs on rat model and assessment of different biological parameters of rat.

Green synthesis of ZnS nanoparticles
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F1GURE 3.1: Methodology flow chart
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3.5.1 Plant Collection and Preparation of Justicia adha-

toda L. extract

Justicia adhatoda was sourced from the surroundings of Islamabad, the capital of
Pakistan, during September 2024. The leaves and flower of plants were identi-
fied and authenticated by the Botany Department of Arid Agriculture University,
Rawalpindi. Leaves of the plant were collected carefully and placed in a sterile
box for storage and for transport to the laboratory. Distilled water was used to

wash the fresh leaves initially and to remove any surface dust and contamination.

Justicia adhatoda leaves were dried and washed with distilled water. After drying

at room temperature, the leaves were grinded into a fine powder.

FIGURE 3.2: Justicia adhatoda plant extract preparation
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Powdered leaves were boiled in 150 ml of distilled water for about six hours. 10g
of the powder was taken and mixed in 150ml distilled water in Erlenmeyer flask.
The flask was placed on magnetic stirrer at 60°C for 6 hours. The extract was then
cooled at room temperature. The extract was filtered by using filter paper and
then stored at 4°C until utilized for Zinc Chloride and Sodium sulfide reduction
into ZnS NPs.

3.5.2 Synthesis of Green-synthesized ZnS NPs

3.5.2.1 Preparation of Zinc Precursor Solution

For preparing an aqueous solution of a zinc precursor, such as zinc chloride, we
dissolved the compound in distilled water. This solution provided zinc ions (Zn*")
needed for nanoparticle formation. We dissolved 0.1 M zinc chloride in 50 mL of

distilled water.

3.5.2.2 Preparation of Sulfide Solution

On the other side we prepared the sulfide solution by dissolving 0.1 M sodium
sulfide in another 50 mL of distilled water.

3.5.2.3 Mixing Plant Extract with ZnS Solution

The precursor salt of zinc chloride and sodium sulfide were mixed together followed
by the addition of plant extract which reduced both salts into ZnS nanoparticles.
A constant temperature (around 60-70°C) for about 1-2 hours was thus maintained

which allowed the complete reaction for the growth of ZnS nanoparticles.

3.5.2.4 Isolation and Purification of ZnS Nanoparticles

The solution was centrifuged at 5000 rpm for 15 minutes and we collected the

precipitates of ZnS NPs. Then we gave a washing to ZnS NPs with distilled water
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and ethanol several times for the removal of impurities. The ZnS NPs were dried in
an oven at about 60°C. The ZnS nanoparticles were then ready for characterization

and further application.

Justicia adhatoda
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FIGURE 3.3: Schematic diagram of green synthesis of Zinc Sulfide nanoparticles
with Justicia adhatoda

3.6 Yield of Green- Synthesized ZnS Nanoparti-

cles

The yield of ZnS NPs was calculated as:

W1
(%) Nanoparticles Yield = Wa X 100

Where,
W1 = Nanoparticles formed and

W2 = Salt used in reaction
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3.7 Physicochemical Characterization of ZnS

Nanoparticles

ZnS nanoparticles were systematically characterized by IST, Islamabad. Numer-
ous physicochemical techniques like UV-Visible spectroscopy (UV Vis Shimadzu
UV-1800), X-ray diffraction analysis (XRD) (RD 50, GNR Explorer), fourier-
transform infrared spectroscopy (FTIR) (PerkinElmer) and scanning electron mi-
croscope (SEM) and energy dispersive X-ray analysis (EDX) (MIRA 3, TESCAN)
revealed the identification, phase composition, crystallite structure, and size of

ZnS nanoparticles [65].

3.7.1 Fourier Transform Infrared (FTIR) Spectroscopy

It is used for functional group analysis of nanoparticles. Nanoparticles has its
own surface chemistry. It has functional groups/ chemical groups on its surface.
By using this technique the functional groups present in the nanoparticles were

identified [66].

3.7.2 Ultraviolet-Visible (UV-Vis) Spectroscopy

This characterization technique was used for initial screening of ZnS nanoparticles
[67]. The chemical components included in the nanoparticles were analyzed both

qualitatively and quantitatively using ultraviolet-visible (UV-Vis) spectroscopy.

3.7.3 X-Ray Diffraction (XRD)

The crystalline nature of the nanoparticles and the purity of nanoparticle were
confirmed by X-Ray Diffraction (XRD) examination. This method worked well

for understanding the structural properties of ZnS NPs [68].
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3.7.4 Scanning Electron Microscopy (SEM)

The size and morphological characteristics of the individual Zn nanoparticles were
seen via scanning electron microscopy (SEM) imaging. This was important in-
formation regarding the general form and dimensional properties of the produced

ZnS nanoparticles [69].

3.7.5 EDX (Energy-dispersive X-ray Spectroscopy)

The elemental composition of nanoparticles and relative weights and percentages
of the elements were identified by Energy- dispersive X-ray spectroscopy. EDX
was used to detect any type of impurities or additional elements, such as oxygen

or carbon, in the formed ZnS NPs [70].

3.8 Animal Selection and Acclimatization

Nine young adult male Sprague-Dawley rats were selected for the experiment.
Their average weight was 200-250gm (six to eight weeks old). They were taken
from the Department of Pharmacy, CUST, Islamabad. These rats were kept in
animal house with regulated room temperature (60-70% relative humidity) [71].
Temperature was maintained at 22 + 2 in celsius scale, with humidity of 55% =+
10%, and 12 hours of light and dark cycle [71]. During the first week, all rats were
undergo acclimatization to the animal house environment to minimize stress and

ensure consistent baseline measurements.

3.9 Experimental Groups

Nine rats were selected for our three experimental groups (control group, low dose
group, high dose group) for a period of 28 days. The rats had an unrestricted
access to water and fed a normal laboratory meal. The division of rats for each

group was as:
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e Group 1: It was a control group and were given diet and water under
normal conditions for 20 days of study period [73].

e Group 2: It was a low dose taking group of ZnS NPs with a diet and water
under normal conditions for 20 days of study period [73]

e Group 3: It was a high dose taking group of ZnS NPs with a diet and water
normal conditions for 20 days of study period [73]

~

Control Group Low Dose Group High Dose Group

FIGURE 3.4: Sprague-Dawley rats categorized into 3 groups according to ex-
perimental design [73]

3.10 Dose Description of ZnS NPs

Table 3.1 shows dose description of ZnS NPs. The average weight of the rat was
200gm. Dose preparation of ZnS NPs was decided on the basis of tolerate dose
of CuS NPs which was 8.66 mg/kg [74]. On the basis of tolerate dose the dosage
were decided as 1.73 mg/200gm (low dose taking group) and 3.46mg/200gm (high
dose taking group) [74].

TABLE 3.1: Dose preparation of ZnS NPs on the basis of tolerate dose of CuS
NPs [74]

Average rat weight 200gm
Low dose of ZnS NPs  1.73 mg/200gm
High dose of ZnS NPs 3.46mg/200gm
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FIGURE 3.5: Rat being given Green-Synthesized ZnS NPs dose with feeding
tube

3.11 Morphological Assessment (Body Weight)

The weights of all the rats included in our experimental group were measured
initially and then on regular basis from the dosage day till the end of the study
period of 20 days. An electronic balance was used for the weights measurement.

The values were noted to make a comparison with control group [75].

3.12 Animal Dissection

All the rats were dissected on the 215 day and chloroform was used for making
them anaesthetized. The rats were killed by cervical dislocation. The liver was
dissected out and tissues were transferred to formaldehyde solution for preservation

and stored in -70° freezer [76]
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FI1GURE 3.6: Dissection of Rat

3.13 Hematological Analysis

After 20 days the blood sampling of all the rats were done by cardiac puncture

and blood was collected in EDTA-coated tubes for Hematological assessment.

The parameters that were checked in after hematological analysis were: red blood
cells (RBC), white blood cells (WBC), platelets/thrombocytes (PLT'), hemoglobin
(Hb), Hematocrit (HCT), mean corpuscular volume (MCV), mean corpuscular
hemoglobin concentration (MCHC), lymphocytes (LYMPHO), monocytes (MONO),
eosinophils (EOS), and neutrophils (NEU), mean corpuscular hemoglobin (MCH)
[77-80].

Control Group Low Dose Group High Dose Group

F1cURE 3.7: Blood sample collection for hematological analysis
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3.14 Biochemical Analysis

For serum biochemical examination Blood sampling was done after giving anesthe-
sia. The serum was used to measure the biochemical parameters i.e, liver function

test (LFT) and renal functioning test (RFT) [81].

Control Group Low Dose Group High Dose Group

F1cURE 3.8: Blood sample collection for biochemical analysis

3.15 Histopathology Study

The animals were sacrificed for histopathological examinations. Rat liver was

preserved in 10% formalin for histopathological analysis [82].

Control Group ‘ Low Dose Group l ‘ High Dose Group [

F1GURE 3.9: Liver sample collection for Histopathological analysis
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3.16 Statistical Analysis

Statistical analysis employed a one-way analysis of variance (ANOVA) to assess

differences between groups [83]



Chapter 4

Results and Discussion

4.1 Plant Extract & Green-Synthesized ZnS

Nanoparticles Synthesis

In this study, extract of Justicia adhatoda plant was used to initiate the synthesis
of green-synthesized zinc sulfide (ZnS) nanoparticles. The extract was prepared
from the aerial parts of the Justicia adhatoda plant in 150 ml of distilled water,
followed by filtration that resulted in light brown to brown colours shown in (Fig

A.1A).

A 0.1 M zinc chloride (ZnCly) and sodium sulfide (NayS) solution was prepared in
50 ml of distilled water, mixed together and added drop wise to the plant extract.
A constant temperature (around 60-70°C) for about 1-2 hours was thus maintained

which allowed the complete reaction for the growth of ZnS nanoparticles.

Bioactive compounds such as polyphenols and flavonoids in the extract acted as
reducing agents, reducing the precursor salts to form ZnS nanoparticles. The
color changed from dark brown to pale yellow indicated the synthesis of Green
—synthesized ZnS nanoparticles (Fig 4.1B) [84]. Functional groups in the plant
extract acted as stabilizers, preventing aggregation and maintaining the colloidal

properties of the green synthesized ZnS nanoparticles.

34
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FIGURE 4.1: A. Synthesized extract of the Justicia adhatoda plant, B. Color
change indicated of plant extract when mixed with Zinc Sulfide Solution

FI1GURE 4.2: Color change to pale yellow indicating the synthesis of Green —
synthesized ZnS NPs

4.1.1 Green-Synthesized ZnS Nanoparticles after Washing
and Drying

The dried Green- Synthesized ZnS nanoparticles washed with distilled water and

ethanol several times for the removal of impurities. The NPs were dried in an
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oven at about 60°C. The ZnS nanoparticles are now ready for characterization

and further application.

FIGURE 4.3: Green- synthesized Zinc sulfide (ZnS NPs) after washing and

drying

4.1.2 Yield

Table 4.1 shows that the temperature, pH and reaction time affect the yield of

Green- Synthesized ZnS-NPs. The optimum pH required for the synthesis of ZnS

was 8 with 65 °C optimum temperature and 4h of reaction time.

TABLE 4.1: Yield of green synthesized ZnS NPs

NPs Precursor Optimum Temperature Reaction NPs Average
salts PH (°C) Time tained, Yeild
W2 (g) (hours) W1 (g) (%)

Green ZnCly, 8 65°C 4h 0.39g 22.94%

Synthe- N»S(1.7g)

sized ZnS

NPs




Results and Discussion 37

4.2 Physicochemical Characterization of Green-

synthesized ZnS Nanoparticles

4.2.1 SEM

The size and morphological characteristics of the individual Zn nanoparticles was
seen through scanning electron microscopy (SEM) imaging as shown in figure. This
provide important information about the general form and dimensional properties
of the synthesized ZnS nanoparticle [85]. The SEM micrograph of Green- synthe-
sized ZnS NPs show spherical shaped morphologies of nanoparticles and showed
that they have good homogeneity and separation. Precipitation may also be ob-
served in the SEM images of ZnS NPs which shows the successful synthesis of
Green synthesized ZnS. The results also show that the average size range of green

synthesized zinc sulfide Nanoparticles is between 73nm [85].

SEM HV: 15.0 kV WD: 10.03 mm MIRA3 TESCAN
SEM MAG: 13.6 kx Det: SE

FIGURE 4.4: SEM images of Green synthesized Zinc sulfide nanoparticles at
dpm
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SEM HV: 15.0 kV WD: 10.03 mm

SEM MAG: 61.5 kx Det: SE

FIGURE 4.5: SEM images of Green synthesized Zinc sulfide nanoparticles at
lpym

i

# ‘
SEM HV: 15.0 kV WD: 9.99 mm | | MIRA3 TESCAN

SEM MAG: 92.7 kx Det: SE 500 nm

FIGURE 4.6: SEM images of Green synthesized Zinc sulfide nanoparticles at
500nm

4.2.2 EDX

It tells us the elemental composition of nanoparticles and relative weights and
percentages of the elements. EDX is used to detect the presence of any impurities
or additional elements, such as oxygen or carbon, in the formed ZnS NPs [86]. The
elemental analysis indicated the atomic and mass percentage of Zn, CI, S and Na

(fig 4.2). It represents the atomic proportion of Zn, Cl, Na, S, O, Si, P and C with
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45.73%, 0.24%, 4.82%, 17.62%, 21.04%, 0.22%, 0.49% and 11.85% respectively.
The mass proportion of Zn, Cl, Na, S, O, Si, P and C were shown as 39.12%,
0.15%, 1.64%, 17.88%, 22.95%, 0.175%, 0.35% and 15.74% respectively (Table
4.2). Tt shows the high presence of Zn. No major peak in the spectra indicates the

purity of sample [87].

TABLE 4.2: Elemental Analysis of Green-Synthesized ZnS NPs

Element Line Type Atomic % Weight %

Carbon K series 11.85% 15.74%
Oxygen K series 21.04% 22.95%
Sodium K series 4.82% 1.64%
Silicon K series 0.22% 0.175
Phosphorus K series 0.49% 0.35%
Sulfur K series 17.62% 17.88%
Chlorine K series 0.24% 0.15%
Zinc L series 45.73% 39.12%
Total: 100.00 100.00

M Map Sum Spectrum

FIGURE 4.7: EDX spectra of ZnS NPs

4.2.3 FTIR

FTIR was used to identify the composition of functional groups of Justicia ad-
hatoda plant extract and ZnS nanoparticles. The IR bands of plant extract were
measured in the range of 500-4000 cm ™! and IR bands of ZnS NPs were measured
in the range of 400-5000 cm™! [88]. The spectra of ZnS NPs showed eminent
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peaks at 3386.77, 2895.69, 1597.85, 1597.85, 1045.38 and 492.92 cm ™! respectively
shown in the fig 4.8. While the spectra of Justicia adhatoda plant extract showed
eminent peaks at 3271.5, 2896.5, 1695.5, 1421.2, 1064.5 and 854.2 cm~! as shown
in figure 4.9.

Table 4.3 shows the interpretation of FTIR data that distinct bands were ob-
served in NPs and plants which represent O-H stretching (Alcohol), C-H stretching
(Alkanes), C-H stretching, C=C stretching, O-H stretching, C-O stretching, O-H
bonding, C-O stretching, ZnS stretching Vibrations and C-H bending respectively.
The FTIR spectra shows peaks that correlate to ZnS [88]

100 7

90

3386.77 2895.69
80

1597.85 | | 492.92

70

60

Transmittance (%)

ZnSNPs

50
1045.38

40 T T T T x T g T y T
6000 5000 4000 3000 2000 1000

Wavenumber (cm™)

FiGURE 4.8: FTIR Spectra of Zinc sulfide nanoparticles

The peak values 436-631 cm™! confirms the ZnS Vibrations. The range 3550-
3200 cm~! correlate to O-H stretching from alcohols or phenols. The band at
3386.77 cm~! represents the hydroxyl groups on the nanoparticle surface may be
due to adsorbed water or surface functionalization. The peak at 2895.69 cm ™! also
corresponds to O-H stretching, representing the hydroxyl groups in plant-derived
compounds. The peaks range 2000-1650 cm ™! correlate to C-H bending vibrations
in aromatic compounds. The band at 1597.85 cm™! represents that aromatic
structures from plant extract are adsorbed on the nanoparticle surface [89]. The

band at 3386.77 cm~! as ZnS more effectice in adsorption-based applications.
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sociated to OH Stretching indicating the presence of hydroxyl groups on ZnS
surface making The presence of ZnS stretching vibrations at around range 459
cm~ , C=C stretching at band 1597.85 showing the synthesis of ZnS NPs. The
results shows the synthesis of ZnS NPs.

The functional groups present in the plant extract were strong interacted on with
ZnS NPs surface, and leading towards the reducing size of spherical NPs [90].
These molecules were involved in the capping of ZnS NPs and thus prevent ag-
gregation. The band positioned at 3271.5 are due to C-H Stretching vibrations
(Alkanes). C-O stretching at peak range 1085-1050 cm™! near band 1054.38 in
ZnS is associated with the surface carboxyl groups that can interact with plant

biomolecules through Hydrogen bonding.

— Justicia adhatoda Plant Extract
100

854.2

Transmittance (%)

1064.5
40 7 3271.5

T T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

FiGURE 4.9: FTIR of the Justicia adhatoda plant extract

TABLE 4.3: Interpretation of the peaks obtained via FTIR spectra of Plant and
Zinc sulfide nanoparticles

S.No Wave numbers Frequency (cm~!') Functional group interpreta-

Range (cm™1) tion
1 3550-3200 3386.77 (NP) O-H Stretching [88] Hydoxyl group
(Alcohol)
2 3550-3200 3271.5 (Plant) C-H Stretching [89] (Alkanes)

Continued on next page
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Table 4.3 (continued from previous page)

S.No Wave numbers Frequency (cm~!') Functional group interpreta-

Range (cm™1!) tion

3 3000-2840 9896.5 (Plant) O-H Stretching [90] Hydoxyl group
(Alcohol)

4 3000-2840 2895.69 (NP) C-H Stretching (Alkanes) [90]

5 2000-1650 1597.85 (NP) C-H Bending [91] (Aromatic Com-
pound)

6 2000-1650 1695.5 (Plant) C-H Bending [88] (Aromatic Com-
pound)

7 1650-1566 1597.85 (NP) C=C Stretching [91] Cyclic Alkene

8 1500-1400 1421.2 (Plant) C-C Stretching (in-ring) [89] Aro-
matics

9 1085-1050 1054.38 (NP) C-O Stretching [92] (Primary Alco-
hol)

10 1085-1050 1064.5 (Plant) C-O Stretching [93] (Primary Alco-
hol)

11 900-675 854.2 (Plant) C-H ‘Oop” Aromatics [89]

12 600-420 ~492.92 (NP) ZnS Stretching vibrations [89]

4.2.4 XRD

The crystalline nature of the nanoparticles and the purity of nanoparticle was
confirmed by X-Ray Diffraction (XRD) examination. This method works well
for understanding the structural properties of ZnS NPs. The crystalline nature
and purity of ZnS NPs were identified by X-ray diffraction patterns [94]. The
spectrum represents the crystalline structure of ZnS nanoparticles. The graph
below represents the XRD pattern of ZnS NPs for 2° values in range of 20° to 60°.
The largest peak of ZnS NPs was observed at the 2° values of ~30° corresponding
to (200) plane and at 2° values of 27° corresponding to (101) plane the smallest
peak was observed. The longest and sharpest peak at 200 depicts the crystalline
orientation of ZnS. Other peaks are at (100), (101), (102) and (103) indicating
multiple crystallographic planes. At the reaction, no impurities were detected
which indicates the high purity of synthesized ZnS nanoparticles. The (103) plane

at 60° confirms the structural stability of ZnS at nano scale [87].
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FIGURE 4.10: XRD spectra of ZnS NPs

4.2.5 UV-Visible Spectroscopy

Ultra violet- Visible spectroscopy was used for initial screening of ZnS nanopar-
ticles [95]. The chemical components in the nanoparticles were analyzed both
qualitatively and quantitatively using ultraviolet-visible (UV-Vis) spectroscopy.
The green synthesized ZnS NPs was characterized by UV-Visible spectro pho-
tometer. UV-visible spectroscopy shows the absorbance spectra that is at visible
range. It is represented in form of a plot of optical absorbance of wavelength [96].
The green synthesized ZnS nanoparticle was further characterized by UV-visible
spectro photometer. The absorbance range was set from 200 to 800 nm. The ab-
sorption peak was observed at 291nm. (Fig 4.11), According to the research study
the absorbance range of ZnS NPs was observed around 290-330nm. Therefore the

maximum peak at 291nm confirms the existence of ZnS nanoparticles [96, 115].
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FIGURE 4.11: UV-vis spectrophotometer of green synthesized Zinc Sulfide
nanoparticle

4.3 Body Weight

Body weight is an important analysis during 20 days of experiment. The weight
of the control group rats were increased gradually till the end of the study but a
sudden increase in weight of the low dose group and high dose group from second

week onwards were observed clearly during the study period of 20 days [97].

®mDay 1 mDay7 ®=Day 11 =Day 15 mDay 20

350

B0 300 I I
£ I
g 250
i=i
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B 150
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= 100
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gl | | N n

0

Control Low Dose High Dose
Days during treatments

FIGURE 4.12: Weight of all groups during 20 days of experiment
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The weight of the control group gradually increased during 20 days of experimen-
tal study from 228+16 to 275.33+14.97. In comparison, the weight of the low
dosage group rats were increased gradually during first 7 days of experiment from
232.33414.29 to 257.66+22 and at 14 and 20 day of experiment it was increased
from 306.664+24.19 to 318.66+25 respectively. Similarly in high dose group the
weight is significantly increased during 14 days from 239.33+16.77 to 300.664+59.13
and at 20 day it was increased from 300.664+59.13 to 317.334+48.34. That mean
low and high dosage rats were affected more as compared to the control group
and their body weight rapidly increased during the study period as compared to

control group rats.

TABLE 4.4: Low dose and high dose group weight measurements in comparison
with control group in one way ANOVA along Mean+SD when p-value was <0.05

Groups Day 1 Day 7 Day 11 Day 15 Day 20
(n=3)

Control 228+16 243.66+14.57°  260+19.07 265.33+£16.16  275.33+14.97
Low Dose 232.33+14.29  257.66+£22 285.33£33.72  306.66+£24.19 318.66%25
High Dose  239.33£16.77 262+23.30 297.33£43.18 300.66£59.13  317.33£48.34

4.4 Hematological Analysis

4.4.1 WBC Count

Leukocytes, also known as white blood cells or WBCs, are part of the immune
system that protect the body against pathogens attack and harmful foreign sub-
stances [98]. When there is any inflammation or infection in the body, the number
of white blood cells increases. When the results are compared with control group
there was gradually increase of WBC count in low dose and high dose group re-

spectively. The p value 0.004<0.01, which shows the results are very significant.



Results and Discussion 46

12

* %k

10

@
1

WBC Count (109/L)

Control Low Dose High Dose

Treatments

FIGURE 4.13: WBC count (1000/mm?) of all groups, when p value was <0.05

4.4.2 RBC

Red blood cells (RBCs), erythrocytes are significant components of the circulatory
system having a role of transporting oxygen from the lungs to various tissues and

organs in the body [99].

RBC count in high dose group was reduced which increases the risk of inadequate
oxygen supply to body results in anemia, fatigue and shortness of breath and it is
the sign of certain health disorder but the RBC count in low dosage group rat is
low as compared to control group, an unnoticeable change occurred. The p value

0.373>0.05, which shows the results are non-significant.

RBC Count (1012/L)

Control Low Dose High Dose

Treatments

FIGURE 4.14: RBC count (mil/mm?) of all groups, when p value was <0.05
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4.4.3 Haemoglobin

Red blood cells (RBCs) contain an important essential protein hemoglobin, who
function as carrying oxygen from lungs to all of the body’s tissues, organs and
helping to expel carbon dioxide [100]. The Hb value was higher in the low dosage
group and slightly lower in the high dose group when compared to the control

group. The p value 0.238>0.05, which shows the results are non-significant.
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FIGURE 4.15: Haemoglobin level (g/dl) of all groups, when p value was <0.05

4.4.4 Hematocrit

It shows the percentage of red blood cells in total blood volume. It provides
important details about the blood’s general health and ability to deliver oxygen
[101].
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FIGURE 4.16: Hematocrit level (%) of all groups, when p value was <0.05
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Hematocrit progressively increased in the low dosage group and slightly decreased
in the high dose group when compared to the control group. The p value 0.346>0.05,

which shows the results are non-significant.

Hematology of low and high dose group were compared with control group, in
which WBC count of control group is 3.1840.24 as comparison to WBC count of
ZnS NPs dosage groups were 8.114+2.01 and 10.314+1.75 respectively which means

WBC count is high in high dose and low dose groups as compared to control.

The RBC count of control group was 8.15+0.50 as compared to the low and high
dose show RBC count 7.9940.89 and 6.534-2.24 respectively which means the RBC

count is slightly lower in low dose but vigorously Low in high dose group.

The Hb value in rats of control group was 12.7340.35 but in low and high dosage
groups it is slightly higher 14.23+0.97 and 13.26+1.10 respectively. The hemat-
ocrit value of control group was 36.73+2.28 but in ZnS NPs taking dosage groups
(low and high) it was 42.20£2.58 and 33.96£10.59 respectively which means this
hematology parameters show thickening of blood called polycythemia and reduced
circulation efficiency in low dose group while anemia conditions in high dose group
due to low RBC Count and decrease hematocrit as compared to control.

TABLE 4.5: WBC, RBC, Haemoglobin and hematocrit in three experimental
groups in one way ANOVA with Mean+SD when p<0.05

Group WBC Count RBC Count Haemoglobin Hematocrit
Treatment

(n=3)

Control 3.18 + 0.24 8.15 + 0.50 12.73 + 0.35 36.73 £ 2.28

Low Dose 8.11 £ 2.01 7.99 + 0.89 14.23 + 0.97 42.20 £ 2.58
High Dose 10.31 £ 1.75 6.53 + 2.24 13.26 £ 1.10 33.96 £ 10.59

4.4.5 MCV

The Mean Corpuscular Volume (MCV) measures the average volume of a single

red blood cell. It is an important part of a complete blood count (CBC) and gives
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significant details about red blood cell dimensions [102]. The p value 0.456>0.05,

which is non-significant.
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FIGURE 4.17: MCV (fl) level of all groups, when p value was <0.05

4.4.6 MCH

The Mean Corpuscular Hemoglobin (MCH) is a significant component of a com-
plete blood count, offers information regarding the average amount of hemoglobin
present in each red blood cell. MCH plays a key role in assessing the hemoglobin
content within individual erythrocytes [103]. The p value 0.572>0.05, which is

non-significant
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FIGURE 4.18: MCH (pg) level of all groups, when p value was <0.05
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When compared with control group the MCH in low dose showed slightly less
extension suggesting smaller red blood cells with less amount of hemoglobin per
cell while MCH showed more extension in high dose group suggesting larger red

blood cells with high amount of hemoglobin per cell.

4.4.7 MCHC

The Mean Corpuscular Hemoglobin Concentration (MCHC) is an important com-
ponent of a complete blood count, gives valuable information about the average
concentration of hemoglobin in the red blood cell [104]. MCHC reflects the ratio
of hemoglobin concentration to the volume of individual erythrocytes. When com-
pared to control group there was a little rise in MCHC values in the low dosage
group and higher MCHC values in high dose group. The p value 0.475>0.05,

which is non-significant.

MCHC (%)

Control Low Dose High Dose

Treatments

FIGURE 4.19: MCHC (g/dL) level of all groups, when p value was <0.05

4.4.8 Platelets Count

Platelets are vital components of the blood playing role in preventing and stops

bleeding. Platelets are influential in maintaining the integrity of the circulatory
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system [105]. When blood vessels are injured, platelets quickly respond in forming

a blood clot. Thus, preventing excessive bleeding.

When compared to control group the platelets count of low dose group was ex-
ceeded which can form a clots of blood in the blood vessels, it also connected
with infection or some kind of tumor development while there is also an in-
crease platelets count in high dose group. The p value 0.334>0.05, which is

non-significant.
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FIGURE 4.20: Platelets count (1000/mm?) of all groups, when p value was
<0.05

As demonstrated in the table four different parameters of hematology of the ZNS
NPs dose taking groups were compared with control group in which MCV value of
control, low and high dose group are 50.6010.50, 5343.29 and 52.46+2.19 respec-
tively which means MCV value just slightly show increase in both low and high
dose group. The MCH value of control, low and high dose group were 17.3040.261,
17.86+£1.07 and 19.534+4.30 respectively. This result demonstrates that MCH

value is less in low and high dosage group rats as compared to control group.

The MCHC value of control, low and high dosage group rats were33.23+1.77,
33.76£0.20 and 37.03£6.47 respectively. When compared to control group there
was a little rise in MCHC values in the low dosage group and higher MCHC values

in high dose group. However the platelets count of three experimental groups were
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554.33£135.65, 862.33£197.56 and 786.444342.81 which shows that high dose of

ZnS NPs have more causing effect on platelets count.

TABLE 4.6: MCV, MCH, MCHC and Platelets Count in three experimental
groups in one way ANOVA with Mean+SD when p<0.05

Groups(n=3) MCV MCH MCHC Platelet Count
Control 50.60 £ 0.50 17.30 £0.26 33.23 £ 1.77 554.33 £ 135.65
Low Dose 53 £ 3.29 17.86 £ 1.07 33.76 £ 0.20 862.33 £ 197.56
High Dose 52.46 + 2.19 19.53 £4.30 37.03 £ 6.47 786.44 £ 342.81

4.4.9 Neutrophils

Neutrophils are a crucial component of the immune system, functions as frontline
defenders against bacterial, pathogenic and fungal infections. These white blood
cells are part of the innate immune response and provide rapid and immediate

protection on encountering pathogens [106].

There are low levels of neutrophils in both low dose and high dose groups when
compared to control group indicating that body has a difficulty in fighting of
infections making them more prone to serious illnesses. The p value 0.012<0.05,

which is statistically significant
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FIGURE 4.21: Neutrophils level (%) of all groups, when p value was <0.05
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4.4.10 Lymphocytes

White blood cells are known as lymphocytes. They are a significant part of the
immune system. They provide protection to the body against viruses, infections,

and other harmful foreign substances [107].

There was a slight decrease in lymphocytes count in low dose group, considering
unnoticeable as compared to other groups. The p value 0.950>0.05, which is

non-significant
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FIGURE 4.22: Lymphocytes level (%) of all groups, when p value was <0.05

4.4.11 Monocytes

Monocytes are white blood cell type provide important role in maintaining in-
tegrity to the immune system’s function. Their primary role is to provide immedi-

ate and nonspecific defense against a variety of pathogens including bacterial and

viral infections.

The monocytes rate of dosage groups (low and high) were decreases gradually as
compared to control group. High monocytes level can be caused by any stress or

recovery from an infection. The p value 0.295>0.05, which is non-significant.
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Monocytes (%)

FIGURE 4.23:
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Monocytes level (%) of all groups, when p value was <0.05

4.4.12 Eosinophils

Eosinophils are a type of white blood cell and play a crucial role in the immune

system. The results shows that there were significantly low eosinophils count

observed in low dose group and slightly decrease also observe in high dose group

as compared to control one. The p value 0.560>0.05, which shows the results are

non-significant.

Eosinophils (%)

FIGURE 4.24:
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Eosinophils level (%) of all groups, when p value was <0.05
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The four parameters of leukocyte count of dosage groups were compared with con-
trol group in which neutrophils count of control, low and high dose group were
35.33+3.80, 19.03+6.12 and 12.96+8.18. There are low levels of neutrophils in
both low dose and high dose groups when compared to control group. The lym-
phocytes count of control, low and high dose group were 33.33+3.51, 62.96+7.91
and 65.40115.50 respectively which means there was a slight decrease in lym-
phocytes count in low dose group, considering unnoticeable as compared to other

groups.

The Monocytes count of the three experimental groupswere 5.40+0.43, 12.864+4.56
and 15.33+11.87 respectively. The monocytes results was slightly high in low
dose group. The monocytes rate of low dose and high dose group were decreases
gradually as compared to control group. Eosinophil of control, low and high dose
group were 6.134+1.42, 4.76+0.90 and 5.9342.19 respectively. The results shows
that there were significantly low Eosinophils count observed in low dose group and
slightly decrease also observe in high dose group as compared to control one.
TABLE 4.7: Neutrophils, lymphocytes, monocytes and eosinophils of dosage

groups compared with control group in one way ANOVA with Mean+SD when
p<0.05

Groups (n=3) Neutrophils Lymphocytes Monocytes Eosinophils

Control 35.33 £3.80 33.33 £ 3.51 5.40 + 0.43 6.13 = 1.42
Low Dose 19.03 £6.12  62.96 + 7.91 12.86 £ 4.56  4.76 + 0.90
High Dose 12.96 £ 8.18  65.40 £ 15.50 15.33 £ 11.87 5.93 + 2.19

4.5 Liver Function Test (LFT)

4.5.1 Protein Total

Total protein measures the amount of protein in blood for Liver Function Tests
(LFTs), which are a group of blood tests used to measure the health and func-
tionality of the liver. It gives valuable information regarding the liver’s synthetic

function and overall protein metabolism [108].
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The protein total of all the rats in high dose group is similar to the control group
but in low dose taking group of ZnS NPs a slight increase in amount was observed.

The p value 0.661>0.05, which is non-significant.
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FIGURE 4.25: Protein Total (g/dL) level of all groups, when p value was <0.05

4.5.2 Alanine Transaminase

ALT is an important marker for assessing the liver health. It is found within liver
cells (hepatocytes). The blood levels of this enzyme increase in response to any

inflammation or injury to the liver, which releases ALT into the circulation [109].

After biochemical analysis the ALT level both in low and high dose group vigor-
ously increaseed which means after intake of Green-synthesized ZnS nanoparticles
liver cells are damage. The p value 0.000<0.001, which shows the results are
extremely significant.
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FIGURE 4.26: ALT level (U/L) of all groups, when p value was <0.05
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4.5.3 Total Bilirubin

Total bilirubin is produced during the breakdown of red blood cells and plays an

important role in liver and gallbladder function.

After biochemical analysis of blood it was observed that there was vigorously
increase in bilirubin in high dose group but slight increase was also observed in low
dose group when compared with control group. High bilirubin leads to Jaundice
and can leak out in the pee and making it darker. The p value 0.005<0.01, which

is very significant.
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FIGURE 4.27: Total bilirubin level (mg/dL) of all groups, when p value was
<0.05

4.5.4 Alkaline Phosphatase

Alkaline phosphatase measures the amount of enzyme ALP in liver, bones, kidneys,

and intestines. The liver is a major source of alkaline phosphatase in the blood

[110).

Higher levels of ALP can be an indicator of liver diseases and in this case there
was gradually increase in ALP in high dose group and slightly low increase in low
dose group when compared to control group [111]. The p value 0.067>0.05, which

is non-significant.
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FIGURE 4.28: Alkaline phosphatase level (U/L) of all groups, when p value was
<0.05

4.5.5 Aspartate aminotransferase (AST)

AST measures the amount of an enzyme that is found in liver cells and measured
in liver function test (LFT). AST has a primary role in breaking down of amino

acid by liver cells and converting food into energy.

High AST levels can be an indicator of damaged liver cells and leaks out of liver
into bloodstream. In this case there is an increase in AST level in both low and
high dose groups, when compared to control group. The p value 0.000<0.001,

which is extremely significant.
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FIGURE 4.29: Aspartate aminotransferase Level (U/L) of all groups, when p
value was <0.05
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4.5.6 Albumin

It is a crucial protein in blood and is a part of Liver Function Test. It also has

an important role in carrying important hormones and enzymes throughout the

body.

An increase in Albumin level was observed in both low and high dose groups
which is often a sign of dehydration, when compared to control group. The p

value 0.051>0.05, which is non-significant.
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FIGURE 4.30: Albumin Level (g/dL) for all groups, when p value was <0.05

4.5.7 Globulins

Globulins are the proteins in the blood produced by the liver and immune system.

They provide information regarding liver and kidney function [112].

In this study there is a gradual increase in Globulins level in low dosage group may
indicating any infection or inflammation while decrease level in high dose taking
group of ZnS NPs may indicating liver disease or malnutrition, when compared to

control group. The p value 0.174>0.05 which is non-significant.

The LFT parameters of dosage groups are compared with control group. The
protein total levels of the three experimental groups were 7.05+0.07, 7.20+0.20

and 7.0340.37 respectively which means all the values are approximately same,
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but there a slight increase in amount was observed in low dose group. The ALT
level of the experimental groups were 46.66+2.51, 89.33+12.05 and 109.66+10.59
respectively. ALT level both in low and high dosage group rats vigorously increased
after intake of Green-synthesized ZnS nanoparticles and it indicates a liver damage.
The total bilirubin of control, low and high dose group were 0.10+0, 0.1240.40
and 0.20£0 consecutively. It was observed that there was vigorously increase in
bilirubin in high dose group but slight increase was also observed in low dose
group. Alkaline phosphate was gradually increase in high dose group and slightly
low increase in low dose group when compared to control group and the values of
alkaline phosphate of the experimental groups were 242.33+10.69, 2494+59.22 and
348.33+£60.05.
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FIGURE 4.31: Globulins Level (g/dL) for all groups, when p value was <0.05

TABLE 4.8: Protein Total, ALT, Total Bilirubin and Alkaline Phosphatase
levels in control, low dose and high dose group in one way ANOVA along with
Mean4SD when p <0.05

Groups ALT(SGPT) Protein Total Total Bilirubin Alkaline Phosphatase
(n=3)

Control 46.66 £ 2.51 7.05 £ 0.07 0.10 £ 0 242.33 £ 10.69
Low Dose 89.33 £ 12.05 7.20 £ 0.20 0.12 + 0.40 249 £ 59.22
High Dose  109.66 £ 10.59  7.03 £ 0.37 0200 348.33 £ 60.05

The AST of the three experimental groups were 160.66+11.06, 799.334+118.96 and
804.331+136 consecutively. There is an increase in AST level in both low and high

dose groups, when compared to control group. Albumin of control, low and high
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dose group were 3.231+0.11, 3.724+0.05 and 3.8240.39 respectively. An increase
in Albumin level was observed in both low and high dose groups which is often
a sign of dehydration, when compared to control group. Globulins level of three

experimental groups were 3.8240.39, 3.82+0.39 and 2.2641.32 respectively.

In this study there is a gradual increase in Globulins level in low dosage group may
indicating any infection or inflammation while there is a decrease in the level in

high dose group indicating liver disease or malnutrition, when compared to control

group

TABLE 4.9: AST, Albumin and Globulins levels in control, low dose and high
dose group in one way ANOVA along with Mean+SD when p <0.05

Groups (n=3) AST Albumin  Globulins
Control 160.66 £ 11.06  3.23 £ 0.11 3.82 &£ 0.39
Low Dose 799.33 + 11896 3.72 £ 0.05 3.82 £ 0.39
High Dose 804.33 + 136 3.82 £0.39 226 + 1.32

4.6 Renal Function Test (RFT)

4.6.1 Urea

Urea is a principle component measured in Renal Function Tests (RFTs), which
are blood tests provide information about the health and function of the kidneys

[113].

After analysis high urea rate were observed in case of low and high dose group,
when compared to control group. It is a sign of kidney disease or injury. The p

value 0.119>0.05 which is non-significant.
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FIGURE 4.32: Urea level (mg/dL) of all groups, when p value was <0.05

4.6.2 Creatinine

Creatinine is a key parameter measured in Renal Function Tests (RFTs). It is the
produced by muscles as waste product which filters out of the kidney. It plays a
significant role in assessing the health and function of the kidneys [114].

After biochemical analysis higher level of creatinine was observed in low dose group
and slightly higher levels than control was observed in high dosage group, when
compared to control group which was a sign of kidney damage or kidney infection.

The p value 0.398>0.05 which is non-significant.
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FIGURE 4.33: Creatinine level (mg/dL) of all groups, when p value was <0.05
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4.6.3 Serum BUN

It is a waste product produced by the breakdown of proteins by liver. It measures
the amount of urea nitrogen in blood and plays an essential role in Renal Function
Tests (RFTs), where its levels in the blood are measured to assess kidney function.
After biochemical analysis low level of blood urea nitrogen is observed in case
of low dose and high dose group, when compared to control group. Low BUN
levels indicates over-hydration or liver damage. The p value 0.028<0.05 which is

statistically significant.
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FIGURE 4.34: Serum BUN level (mg/dL) of all groups, when p value was <0.05

There was comparison between RF'T of both low dose and high dose group with
control wherein case of both low and high dose group, higher urea rate were ob-
served when compared with control group. The control, low and high dose group
urea values were 34.33+2.88, 4043.46 and 38.33£2.08 respectively. The increas-
ing levels of creatinine in low dosage groups rats was observed and marginally
increased levels than control was found in higher dosage group, that was a sign
of kidney damage or kidney infection and creatinine level of control low and high
dose group were 0.44+0.13, 0.5740.13 and 0.470.02 respectively. BUN level in
three experimental groups were 21.33+0.11, 18.81+£1.76 and 17.964+0.92 respec-

tively. The low level of blood urea nitrogen is observed in case of low dose and
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high dose group, when compared to control group. Low BUN levels indicates over

hydration or liver damage.

If recorded p-value is <0.05, it indicates the significance of these results.

TABLE 4.10: Urea, creatine and serum BUN levels in control, low dose and high
dose group creatinine in one way ANOVA along with Mean+SD when p<0.05,

Groups (n=3) Urea Creatinine Serum BUN
Control 34.33 £ 288 0.44 £0.13 21.33 £0.11
Low Dose 40 £ 3.46 0.57 £0.13 1881 £ 1.76
High Dose 38.33 £ 2.08 0.470.02 17.96 £+ 0.92

4.7 Histopathology of Liver

4.7.1 Control Group

Microscopy: This Photomicrograph of rat liver tissue reveals intact architecture.
There is no inflammation or malignancy in control group.There is no substantial

inflammatory infiltration or necrosis observed in the field.

R

FiGure 4.35: Liver histopathology with normal physiology

4.7.2 Low Dose Group

Microscopy: This Photomicrograph of rat liver tissues reveals mild cytoplasmic

vacuolation within hepatocytes. The sinusoids appear mildly dilated, and Kupffer
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cells are moderately prominent, suggesting mild activation and mild fatty degener-
ation or hydropic changes. The sinusoidal spaces are mildly dilated, and there is no
significant inflammatory cell infiltration visible. These findings reveal a liver with

mild metabolic stress, possibly due to early-stage toxic or nutritional disturbances.
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FIGURE 4.36: Liver Histopathology results with mild cytoplasmic vacuolation
and fatty changes

4.7.3 High Dose Group

Microscopy: This Photomicrograph of Rat liver tissue reveals relatively pre-
served hepatic architecture with noticeable pathological features. Inflammatory
cell infiltration (arrow) is observed around the portal areas, indicative of mild por-
tal inflammation. Hepatocytes display prominent vacuolar degeneration, charac-
terized by clear spaces within the cytoplasm, suggesting metabolic or toxic stress.
The central vein appears intact, and sinusoidal spaces are mildly dilated, which
may indicate early congestion. These changes are consistent with mild liver injury,

with ongoing inflammation and hepatocellular degeneration.

FIGURE 4.37: Liver histopathology with mild liver injury and mild portal in-
flammation



Chapter 5

Conclusion and Future Prospects

Zinc Sulfide Nanoparticles (ZnS NPs) are effective fluorescent markers for bioimag-
ing because of their high photoluminescence. But these nanoparticles cause nan-
otoxicity through a number of pathways related to their specific physical and
chemical properties. They can interact with numerous cellular components, caus-
ing oxidative stress and cytotoxicity. Reactive oxygen species (ROS) generated by
the ZnS NPs results in oxidative stress that disrupts lipids, proteins, and DNA in

cells with possibilities such as apoptosis or inflammation or genotoxicity.

Understanding nanotoxicity is essential to grasping long-term effects, especially
for consumers purchasing products containing nanoparticles and workers in orga-
nizations using nanomaterials. To ensure safety, compliance, and the responsible
development of nanotechnology, it is crucial to comprehend nanotoxicity. It is
essential for safeguarding both the environment and human health while facilitat-
ing the development of novel materials and applications. In 2019, similar studies
conducted in order to evaluate the cytotoxic properties of Green-synthesized ZnS

nanoparticles against MCF-70 cancer cell line.

The main purpose of this research was to investigate the in-vivo toxicity of plant-

extracted manufactured ZnS nanoparticles with the help of Justicia adhatoda ex-

tract. Green synthesis of ZnS NPs is an environment friendly method by using

plant extracts that act as reducing and stabilizing agents. By understanding the

in-vivo toxicity of the green synthesized ZnS NPs, it will help out for their safety
66
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profile as well and may identify any biological damage. By understanding these
above interactions between the nanoparticles mediated by plants and biological
systems, we would be able to develop a protocol that leads to safety-assured ap-

plication against human health and environment.

The synthesis of ZnS nanoparticles by using plant extract is an eco-friendly method,
but it may still cause numerous disruptions inside the complex biological systems
and leading to inflammation and genotoxicity. There are lack of knowledge on the
cytotoxicity of Green synthesized ZnS NPs on an animal model. The research pur-
pose is to evaluate a comprehensive In —vivo toxicity effects of Green —Synthesized

ZnS NPs on an animal model.

The in-vivo toxicity and safety profile assessment was checked using morpholog-
ical, biochemical, histopathological and hematological response of rats (Justicia
adhatoda) after intake of Green-synthesized ZnS NPs. The results showed signif-
icant differences in different parameters like RBC Count, WBC Count, platelets,
ALT, AST, Urea and creatinine level by making a comparison with control group
through statistical analysis (one-way ANOVA). According to histopathological re-
sponse low dose group shows mild cytoplasmic vacuolation within hepatocytes and
mild metabolic stress, possibly due to early-stage toxic or nutritional disturbances
while high dose group shows mild portal inflammation with prominent vacuolar de-
generation in hepatocytes and these changes are consistent with mild liver injury.
So, a comprehensive research and updated data is necessary to assess Green- syn-
thesized ZnS NPs safety profile, particularly with regard to their biocompatibility
in biological systems and long-term exposure. The nanoparticles has remarkable
potential to revolutionize and bring innovation in various fields. But their toxicity
is a major and significant concern regarding their safe applications. By under-
standing their effects on biological systems it would help for safe protocols to

develop leading towards safe biomedical and environmental applications.

However, there are still challenges to address, including the need to optimize large-

scale synthesis while ensuring sustainability, performing comprehensive toxicity
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studies to evaluate long-term impacts on health and the environment, and en-
hancing stability for industrial applications. If these hurdles are overcome, ZnS

NPs could see widespread use across various industries.
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