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Abstract

Nanoparticles possess unique physicochemical properties that can lead to signifi-
cant biological interactions, including potential toxicity. In this study, magnesium
sulfide nanoparticles (MgS-NPs) were synthesized via a green route using Citrus
limetta leaf extract, which served as a natural reducing and stabilizing agent due
to its rich phytochemical content. They were confirmed by SEM and XRD analy-
ses to be crystalline in morphology, and within the nanoscale range of 80- 120nm.
The synthesized nanoparticles were characterized using UV-Visible spectroscopy,
FTIR, SEM, EDX, and XRD to confirm their optical properties, functional groups,
morphology, elemental composition, and crystalline structure. To assess in-vivo
toxicity, MgS-NPs were orally administered to Sprague-Dawley rats at two dose
levels low (1.73 mg/200g) and high (3.46 mg/200g) over a 20-day period. The
evaluation included hematological, biochemical, and histopathological analyses to
determine dose-dependent effects. Hematological analysis revealed that high-dose
administration significantly decreased red blood cells, hemoglobin, and platelet
counts while elevating white blood cell levels, indicating anemia, coagulopathy,
and systemic inflammatory response. Significant alterations were observed in sev-
eral hematological and biochemical markers in the treated groups compared to
the control group (p < 0.05, one-way ANOVA). The high-dose group exhibited
elevated ALT, AST, urea, and creatinine levels, along with decreased RBC and
platelet counts, indicating hepatic and renal stress. Histopathological examination
revealed in high-dose group it exhibits hepatocellular degeneration, vacuolization,
nuclear pyknosis, and moderate inflammatory infiltration in liver tissues, while
kidneys displayed glomerular shrinkage, tubular necrosis, and disrupted architec-
ture. In contrast, the low-dose group exhibited only mild vacuolar degeneration
and limited tissue alterations, suggesting comparatively lower toxicity and better
biocompatibility. These findings highlight the importance of dose consideration
in the biomedical application of green-synthesized MgS nanoparticles. Although
the green synthesis approach enhances biocompatibility, prolonged or high-dose
exposure may still pose risks to vital organs. Therefore, further studies focusing

on long-term exposure, biodistribution, and molecular mechanisms are essential
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to establish a comprehensive safety profile for MgS-NPs in clinical or therapeutic

use.

Keywords: Magnesium Sulfide Nanoparticles, Green Synthesis, Citrus Limetta,
In-Vivo Toxicity, Dose-Dependent Response, Hepatotoxicity, Nephrotoxicity, Ox-
idative Stress, Biochemical Markers, Histopathology, Phytochemical Stabilization,

Nanomedicine Safety.
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Chapter 1

Introduction

Nanoparticles are particles with sizes ranging from 1nm to 100nm. They can also
be categorized based on their composition, special qualities, or shape. These days,
nanotechnology is widely used in many sectors, particularly by environmental
and health specialists. Their production and effects on biological systems have
generated a great deal of curiosity and contribution, making this topic one of the
most fascinating research fields that has garnered attention [1]. Better catalytic,
magnetic, electrical, mechanical, optical, chemical, and biological qualities are
displayed by particles in the nanoscale. NPs have greater reactivity, mobility,
dissolving characteristics, and strength because of their high surface to volume

ratio [2].

Nanomaterials
Three-

Zerxo-
dimensional

@

Nanoparticles

dimensional

One-dimensional fwosdimensional

& £ Nanowire
- arrays

Nanosheets MNanotube
arrays

Nanohorns

FIGURE 1.1: Nanomaterials classification based on dimensionality [3]

1
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Even though particles’ crystalline forms often lead to multifarious shapes, they are
usually examined and described as spheres or rods. Environmental science, elec-
tronics, medicine, and energy are only a few of the sectors it could revolutionize,
providing solutions to critical problems and opening new avenues for technologi-
cal advancement and scientific research. Surface chemistry of nanoparticles cam
be adjusted to attain particular function by improving their efficacy in biocatal-
ysis, drug administration and environmental sensing [4]. There are wide range
applications of different nanoparticles in biology, engineering and medicine. For
example, Gold NPs have antimicrobial properties and have applications in enzyme
regulation. Silver NPs inhibit growth of gram positive and negative bacteria. Iron
NPs show antimicrobial properties and used for the cleaning of contamination
[5]. According to reports in past few years many types of metal nanoparticles
are synthesized for various applications due to their biocompatibility, ultra small
size localized plasmon resonance etc. Zirconium nanoparticles are designed to
detect vitamin C in environmental and food samples [6]. Cerium oxide nanopar-
ticles, commonly known as nanoceria have unique morphology which makes them
excellent material in biological fields such as neuroprotection, radiotherapy and

antioxidant therapy [7].

FIGURE 1.2: The image illustrates various nanostructures commonly used in

drug delivery and nanomedicine. Panel A shows a dendrimer Panels B and

C depict liposome and micelle-like structures. Finally, D represents a protein-

based nanoparticle, composed of complex folded protein subunits forming a
symmetric nanocage [3]

Green synthesis techniques are being emphasized in advanced material sciences
research as a means of purifying and restoring nanomaterials to increase their
ecological sustainability [8]. Green synthesized metallic nanoparticles can be syn-

thesized from bacteria, fungi and algae but for larger quantities using plant extract
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is much easier and convenient as compared to microbes. To attain this appropri-
ate solvent systems and natural resources are needed [9]. Nanoparticles can cause
toxicity because of their high reactivity due to higher surface area which can inter-
fere with normal biological functions. Reactive oxygen species generated by NPs

results in oxidative stress that disrupts lipids, proteins and DNA in a cell [10].

Understanding nanotoxicity is essential to grasping long-term effects, especially
for consumers purchasing products containing nanoparticles and workers in orga-
nizations using nanomaterial. To ensure safety, compliance, and the responsible
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 application [10].

Magnesium Oxide nanoparticles are applied in tumor inhibition and also are an-
timicrobial agents. The percentage of free radical scavenging in synthesized MgO
NPs derived from Abrus precatorius bark was greater. The toxicity of the produced
MgO nanoparticles was evaluated using zebrafish embryos as a model organism;
the findings indicated that the MgO NPs were harmless. Additionally, a human
melanoma cancer cell line (A375) was used to assess the anticancer effects of MgO

nanoparticles [11].

A visible zone of inhibition is observed against E. coli, P. aeruginosa and S. aureus
MgO Nps synthesized by neem leaves extract [12]. MgO nanoparticles in vivo
toxicity studies in rats showed increased level of aspartate aminotransferase and
alkaline phosphatase, also increases RBCs, WBCs and Hemoglobin as compared
to control. It was found out that concentration below 250 pg.mL-1 are safer
to use for desired applications [13]. Cytotoxic studies of Magnesium hydroxide
nanoparticles on rats revealed that repeated exposure to these NPs have adverse
effects on kidney and liver. Exposure to these NPs results in increased AST, ALP
and creatinine levels and reduction in albumin, globulin and hepatic total proteins

[14].

Biologically synthesized Cadmium sulfide nanoparticles showed antimicrobial ac-

tivity against pathogens like Aspergillus fumigatus, Aspergillus niger, Geotricum
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candidum, and Candida albicans, Bacillus subtilis, Streptococcus pneumoniae,
Staphylococcus aureus and Staphylococcus epidermidi [15]. Rats treated with Cd-
SNPs also had higher creatinine concentrations in their urine. Proximal tubules

showed significant damage, according to histopathological studies.

Ultrastructural analyses revealed alterations in the endoplasmic reticulum, nu-
clear, and mitochondria. Their unique physicochemical characteristics, increased
capacity to produce ROS, development of oxidative stress, and impairment of re-
nal structure and function have all been linked to these effect [16]. Lead sulfide
nanoparticles can cause oxidative damage and inflammatory response in lungs and

also it causes damage to rat kidney tissues [16].

Eco friendly green synthesized Magnesium nanoparticles are also reported to be
prepared by extract of barley seeds. Green synthesized MgS-NPs from Punica
granatum seeds extract showed effective activity against neuroblastoma cell line
and prevented their proliferation [17]. Magnesium sulfide nanoparticles are safer
to be utilized as compared to others because Mg ions are used as co-factors by
kinases and phosphorylases and Sulphur is the part of different amino acids that

are the building blocks of proteins [18].

Because they exist in the nano-form and induce oxidative stress in many cells,
nanoparticles can interact with a wide range of biological materials in various ways
and accumulate to produce their harmful effect. Unfortunately, little is known
about how long-term exposure to nanoparticles affects both the environment and
human health. The effects of nanoparticles on the environment and human health
should be further evaluated before they are produced on a wide scale and used in

a variety of industries [19].

1.1 Problem Statement

Serious homeostasis disruptions brought on by prolonged systemic exposure to
green synthesized MgS-NPs may have an adverse effect on hematological markers

and overall health. In many organs, elevated oxidative stress and inflammation can
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impair organ function and increase long-term health concerns. The safety profile
of these nanoparticles needs to be further investigated, especially in relation to

their long-term exposure and biocompatibility in biological systems.

1.2 Hypothesis

Green synthesized MgS nanoparticles using Citrus limetta leaves extract may have

immunological, biochemical or histopathological toxicity.

1.3 Gap Analysis

There are few studies regarding the green synthesis of MgS-NPs and their effec-
tiveness against neuroblastoma cell line but there is lack of information regarding
toxicity of MgS-NPs and their effect on biological systems. There are no studies
present to address antimicrobial properties of green synthesized MgS-NPs. Also,
no information is available concerning green synthesis of MgS-NPs from Citrus
limetta and their interaction with biological systems. So, this is the significant
gap and filling this gap is essential for the safe use of Citrus limetta synthesized

MgS-NPs for biomedical applications.

1.4 Aim and Objectives

The aim of the study is to synthesized Mg NPs using Citrus limetta leaves extract
and to check their safety profile. It will be aligned by following objectives:

e To synthesize and characterize the MgS-NPs from Citrus limetta leaves ex-
tract

e To check the effects of Green-synthesized MgS-NPs on Rat Model

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

after intake of Green-synthesized MgS-NPs nanoparticles.



Chapter 2

Literature Review

2.1 Nanotechnology and Nanomedicine

Nanotechnology is capable of helping create materials with better properties, such
as increased strength, decreased weight, and enhanced chemical resistance. In
nanomedicine, an aspect of nanotechnology in healthcare, nanoparticles, which
have sizes ranging from 1 to 100 nm, interact with biological molecules on the
surface and inside of cells. Drugs and medications can be administered directly
to certain cells, including cancer cells, with the use of nanoparticles, which lowers

adverse effects and increases effectiveness [20].

NPs improve drug stability, bioavailability, targeted distribution, and the duration
of the drug’s action in the target tissue, among other aspects of drug efficiency and
safety. These particles are further separated into two categories: nanodrugs and
nanocarriers. Nanoparticles can reach a wider variety of cellular and intracellular

targets than microparticles because of their smaller size and greater mobility [21].

2.2 Properties of Nanoparticles

A variety of distinct physicochemical characteristics set nanoparticles apart from

bulk materials. Their tiny size, usually ranging from 1 to 100 nanometers, is one of

6
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their most distinctive characteristics. This leads to a high surface area-to-volume
ratio, which improves their biological interactions and chemical reactivity. Their
morphology—whether spherical, rod-shaped, or cubic—influences their interac-
tions with other materials and cells. Zeta potential, a measure of surface charge,
is essential for colloidal stability; nanoparticles with values higher than +30 mV
are regarded as stable in suspension. Using methods like X-ray diffraction (XRD),
their crystalline structure and phase may be determined, providing crucial details
regarding their mechanical and optical characteristics. Energy Dispersive X-ray
Spectroscopy (EDX), which measures chemical composition, verifies the existence
of core components and any surface alterations. Furthermore, nanoparticles fre-
quently have special optical characteristics that may be examined with UV-Vis
spectroscopy, such as surface plasmon resonance in metallic nanoparticles. Ad-
ditionally, their surfaces could have FTIR-detectable functional groups (such as
-OH, -COOH, and -NH,) that are essential for stabilization, targeting, or drug
administration. Additionally, their suitability for use in industrial and biological
contexts is influenced by their dispersibility, solubility, and aggregation behaviour
in different solvents. These traits together determine the efficacy, safety, and

functioning of nanoparticles in a range of technical and scientific applications [22].

2.2.1 Size of Nanoparticles

Since it affects biological destiny, toxicity, in vivo distribution, and targeting abil-
ity, particle size is one of the most crucial characteristics of NPs. Additionally, the
NPs have an impact on drug loading, stability, and release. Drug release depends
on particle size. Drug release is accelerated by small particles’ greater surface
area-to-volume ratio. On the other hand, because of their huge cores, larger par-
ticles enable the extra drug to be encapsulated per particle, leading to a slower

rate of drug release [21].

2.2.2 Particle Shape

The incorporation of nanoparticles by the targeted cells makes their physical shape

vital to biodistribution. Cationic nanoparticles with a rod shape, for example,
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are simpler for endosomes to absorb than those with other shapes, indicating
that immune system cells may perceive them as rod-shaped germs. Therapeutic
nanoparticles’ surface charge is crucial to their precise distribution and clearance.
The immune system reacts more strongly to positively charged nanoparticles than

to neutral or negatively charged ones [23].

2.2.3 Swurface Hydrophobicity

It is also believed that hydrophobicity is a crucial factor in predicting how nano-
materials would behave in the environment and interact with biological systems.
Similar to chemicals, hydrophilic nanoparticles have a higher chance of staying in
the water column and maybe having greater mobility, while hydrophobic particles
are more likely to adhere to organic matter in the sediment. NPs are frequently
functionalized with different surface coatings, which can change how hydrophobic

the surface is.

According to earlier research, modifications in the particle surface’s hydrophobicity
can influence cell contacts and, in turn, absorption. According to a different study,
the hydrophobicity of coatings (citrate, PVP, and GA) was directly correlated
with the attachment of Ag NPs to hydrophobic collector surfaces. As a result,
a practical hydrophobicity metric that appropriately captures the intricate and

dynamic behaviour of NPs is required [24].

2.2.4 Drug Release

The solubility of the drugs, the rate at which the adsorbed drug dissolves, the
drug’s diffusion via nanoparticle matrices, the degradation or erosion of the nanopar-
ticle matrixes, and the combination of the diffusion and erosion processes are the

main factors that affect the release rate of the drugs.

sRelease is significantly governed by the diffusion process if it outpaces matrix
erosion in speed. The drug is consistently dispersed and delivered in nanospheres

through diffusion or matrix erosion [25].
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2.2.5 Targeted Delivery of Nanoparticles

NPs must be able to reach the expected site of action or tumor site with the least
amount of activity or volume loss in order for an anti-cancer medication delivery
system to be effective. Second, they must be able to produce the intended thera-
peutic effect after they have entered the tumor site. In both cases, nanoparticles
meet these criteria. NPs must always arrive at the target location correctly. Once
there, they must bind to the site, transfer the drug materials to the targeted tis-
sues, and lessen the harm that the medications do to healthy cells. Keeping the
coating-specific ligands on the NPs’ surface is the most popular tactic. Small com-
pounds, proteins, antibodies, and nucleic acid aptamers can all create this ligand

126].

2.3 Synthesis of Nanoparticles

There are two main approaches for the synthesis of Nanoparticles.

2.3.1 Top-Down Approach

To create the necessary nanostructure, the "top-down” method breaks down the
big material fragments. Top-down methods can produce particles with defects and
less control over their size and shape, despite being scalable and very simple to
employ. Ball milling crushes particles at the nanoscale using a top-down method,
whereas lithography uses to create the necessary nanostructure, the ”top-down”
method breaks down the big material fragments. Top-down methods can produce
particles with defects and less control over their size and shape, despite being

scalable and very simple to employ.
2.3.2 Bottom-up Approach

Usually through chemical or biological synthesis, the bottom-up strategy involves
molecules self-assembling and building up to form nanostructures or nanoparticles
atom by atom or molecule by molecule. Bottom-up methods usually provide better

control over the size, composition, and structure of nanoparticles and are often
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more economically and ecologically efficient, but they can be challenging to scale

up consistently.

Approaches of NPs Synthesis
Top-Down/ Physical

Bottom-Up

Chemical Green/Biological

Laser Ablation
Electron Explosion

Mechanical Milling

Algae

Electrospinning

Plants Bacteria
Microorganisms

Biomimetic Actinomycetes

Pulsed Wire Discharge Pollens

Arc Discharge

Lithography

FIGURE 2.1: Approaches to synthesize Nanoparticles [27]

2.4 Types of Nanoparticles

Lipid-based Carbon-based
nanoparticles nanoparticles
Polymeric Types c_'f Ceramic
nanoparticles nanoparticles nanoparticles
Semiconductor Metal
nanoparticles nanoparticles
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FiGURE 2.2: Different types of Nanoparticles
2.4.1 Carbon Based Nanoparticles

Fullerenes and carbon nanotubes (CNTs) are the two main subgroups of carbon-

based NPs. NPs of spherical hollow cages, which mimic allotropic forms of carbon,
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are found in fullerenes. Their exceptional strength, structure, electron affinity,
electrical conductivity, and flexibility have garnered significant commercial interest

[28].

FIGURE 2.3: Different types of carbon-based nanoparticles: C60 fullerene, car-
bon black, and carbon quantum dots, each with distinct structures and proper-
ties [29]

Carbon-based nanoparticles come in a variety of structural forms, each offer-
ing distinct physicochemical properties suited to different applications. Spheri-
cal fullerenes feature a highly organized, cage-like arrangement of carbon atoms
that provides remarkable stability and electron-accepting capabilities. In contrast,
carbon dots are composed of loosely packed clusters of carbon atoms with more
irregular shapes, known for their small size, high surface area, and intrinsic fluo-
rescence, making them ideal for imaging and biosensing. Graphene quantum dots,
on the other hand, are flat, nanoscale fragments of graphene sheets with a defined
hexagonal carbon lattice. Their unique combination of conductivity, biocompati-
bility, and edge chemistry makes them especially useful in drug delivery systems,

bioimaging, and energy-related technologies.

2.4.2 Metallic Nanoparticles

Metal nanoparticles are composed entirely of metals. These NPs’ well-known local-
ized surface Plasmon resonance (LSPR) characteristics give them unique electrical
characteristics. A wide absorption band is seen in the visible portion of the solar
electromagnetic spectrum in Cu, Ag, and Au nanoparticles. Because of their im-
proved characteristics, such as their regulated production in terms of size, shape,

and facet, metal nanoparticles are employed in a variety of scientific domains.
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Due to their optical, electrical, and molecular-recognition properties, silver nanopar-
ticles (AgNPs) are the subject of much research and have many potentials or
promised applications in a variety of fields, such as electron microscopy, electron-
ics, nanotechnology, materials science, and biomedicine. AgNPs may also have
additional antimicrobial properties not found in ionic silver. FeNPs are used in
MRIs, to remove impurities from water, and to deliver medications to particular

parts of the body, like cancer cells [30].

2.4.3 Metallic Oxide Nanoparticles

Numerous metal oxide nanoparticles have been investigated for the electrochemical
detection of biomolecules, including ZnO, NiO, MnO,, TiO,, Fe;O3, and Co30y.
In addition, there has been adequate emphasis on mixed metal oxides in this
field. Due to their special properties, CuO-NPs are beneficial in a wide range
of applications, such as catalysts, antibacterial agents, sensors, and superstrong
materials. It can also come into contact and interact with other nanoparticles
because of its high surface area to volume ratio. It has recently been discovered
that CuO-NPs have superior antibacterial activity against B. subtilis and E. coli

compared to Ag-NPs [31].

2.4.4 Lipid Based Nanoparticles

Because of their high loading capacity, low production costs, scalable manufac-
turing, biocompatibility, thermal and long-term stability, and ease of preparation,
lipid-based nanoparticles have revolutionized therapeutic disease delivery. Specif-
ically, during the COVID-19 pandemic, this delivery method was an essential
feature of the vaccination to combat the virus. Lipid-based nanoparticles must
enter target cells, release medicines, and reach the intended locations with high
efficiency in order to provide successful drug delivery. To improve the therapeutic
benefits, lipid-based nanoparticles’ shapes and compositions can be changed to
control this behaviour in vivo. Lipid-based nanoparticles are at the forefront of

medication delivery and related research because of their adaptability and safety
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profile. Solid lipid nanoparticles (SLNs) have a single phospholipid layer surround-
ing a fat-based core, ideal for carrying payloads like modRNA or RNA vaccines.
Targeting molecules, such as antibodies or peptides, can also be attached to the

surface for precise delivery [32].

FIGURE 2.4: Solid lipid nanoparticles (SLNs) consist of a single phospholipid
layer, as their core is mainly made up of lipophilic material. Therapeutic agents
like modRNA, RNA vaccines, or other payloads can be loaded into the core [33].

2.4.5 Semiconductor Nanoparticles

Semiconductor nanoparticles share characteristics with metals and non-metals,
which is why they have unique physical and chemical properties that make them
useful for a variety of applications. One type of nanoparticle that shares charac-
teristics with metals and non-metals is a semiconductor nanoparticle, particularly
zinc sulphide (ZnS) nanoparticles, which scientists primarily study because of
their excellent optical and electric properties, which include high stability, low
toxicity, and the ability to generate visible light when excited by UV radiation.

Semiconductor nanoparticles are used in biomedical applications for imaging and
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diagnostics because of their brilliant fluorescence and ability to target specific cells

or tissues [34].

2.4.6 Polymeric Nanoparticles

In the literature, these are known as polymer nanoparticles (PNPs), and they
are typically organic-based NPs. Their forms are usually nano-spherical or nano-
capsular. While the other molecules are adsorbed at the outer edge. Nano capsules
feature a core-shell structure, with a liquid or solid core surrounded by a poly-
mer shell that contains the active ingredient. Dendrimers are a different kind
of polymeric nanoparticle. These highly branching, tree-like structures have a
large number of functional groups on their surface that allow various medicinal

compounds to adhere [35].

Polymeric nanoparticle

Polymeric membrane
Polymeric —— % ® Drug ® b “shell”
matrix Liquid cavi
iquid cavity
b ® ® b “core”
Nanosphere Nanocapsule

FIGURE 2.5: llustration of the two main types of nanoparticles made from
polymers: solid nanospheres and hollow Nano capsules, each designed to carry
and release molecules differently [36].

2.5 Biomedical Applications of Nanoparticles

Magnesium oxide nanoparticles (MgONPs) produced biogenically have special

properties that make them suitable for use in environmental biotechnology and
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medicine. According to reports, these biogenically produced MgONPs have anti-
fungal, antioxidant, antibacterial, antipyretic, anti-inflammatory, and anticancer
properties. Silver nanoparticle biosynthesis may produce strong antiviral drugs
that limit the activities of viruses. At non-cytotoxic concentrations, silver nanopar-
ticles have been shown to exhibit antiviral action against HIV-1. According to a
study, fluconazole and silver nanoparticles together exhibited the greatest sup-

pression of Candida albicans [37].

For medicinal purposes, ZnO-NPs are potent pharmacological agents. When com-
pared to microparticles, ZnO-NPs appear to have a considerable therapeutic phar-
macological activity. Additionally, ZnO-NPs have therapeutic properties against

spores that are resistant to high temperatures and pressures [38].

2.6 Safety Concerns and Toxicity

Despite these advantages, the small size and high reactivity of nanoparticles raise
concerns about potential toxicity and environmental impacts. When inhaled, in-
gested, or absorbed, some nanoparticles may interact with biological tissues in
unanticipated ways that could have detrimental effects. Therefore, the study of
nanoparticle toxicity, bioaccumulation, and environmental persistence is an essen-

tial topic of ongoing research to ensure the safe usage of these materials [39].

Immune responses can be triggered by nanoparticles, resulting in inflammation
or immunological suppression that might damage tissue or increase the likelihood
of autoimmune reactions. Certain nanoparticles may cause DNA damage or mu-
tations, raising the risk of cancer, because they can disrupt normal cell division
or interfere with cellular functions. In sensitive individuals, skin penetration by
nanoparticles included in sunscreens and cosmetics may result in irritation, allergic
reactions, or sensitisation. Furthermore, research suggests that certain nanopar-
ticles could be able to cross the placental barrier and impact fetal development;
studies on animals also suggest potential links between nanoparticle exposure and

reproductive harm, reduced fertility, or developmental abnormalities [39].
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2.7 Green Synthesis of Magnesium Sulfide Nano-

particles and their Biological Applications

There are very few studies regarding green synthesis of MgS nanoparticles. Green
synthesized MgS from Hordeum vulgare successfully synthesized. The green syn-
thesized Magnesium findings suggest that metal sulphide nanoparticles showed
antibacterial action against fungus (Aspergillus niger, Candida albicans) and bac-
teria (Staphylococcus aureus, Escherichia coli), indicating their potential use in

the fight against multidrug-resistant microorganisms.

Also, MgS-NPs from Punica granatum fruit extract synthesized and their activ-
ity was checked against SH-SY5Y neuroblastoma cell line [40]. However, MgS
nanoparticles by Clitrus limetta leaf extract are not reported yet. Citrus limetta
leaf extract contains various phytochemicals flavonoids, alkaloids and tannins that

are required for the synthesis of Nanoparticles [41].

2.7.1 Introduction and Medicinal Properties of Citrus lime-

tta Plant

Citrus limetta plant belongs to family Rutaceae and commonly known as sweet
lime. These evergreen, spiky trees range in size from small to medium, and they
are native to tropical and subtropical areas of Asia, including Pakistan, China,
India, Myanmar, the Philippines, Iran, and others. The fruit of the tree has a

juicy endocarp, a fibrous mesocarp, and a leathery pericarp.

Citrus fruits are primarily a source of carbohydrates, including sucrose, glucose,
and fructose, and have very little fat and minimal protein. Additionally, fresh
citrus fruits are a good source of dietary fibre, which has been linked to decrease
blood cholesterol and the avoidance of gastrointestinal disorders. The fruits pro-
vide phytochemicals such carotenoids, flavonoids, and limonoids, as well as the

most abundant nutrient, vitamin C, and B vitamins (thiamin, pyridoxine, niacin,
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riboflavin, pantothenic acid, and folate). These biological components are essen-
tial for improving human health because of their antioxidant qualities, capacity
to be transformed into vitamin A [42]. Citrus limetta leaves extract also shows
antimicrobial activity against various bacterial pathogens including B. subtilis, S.

aureus, K. pneumoniae and E. faecalis [43].

FIGURE 2.6: Citrus limetta fruit and leaves [44]
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FiGURE 3.1: Research Methodology

3.1 DMaterials Needed

A variety of chemicals and reagents, tools and equipment, an animal model (Sprague

Dawley rat), and the rat’s blood and liver will all be used in this experiment.
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3.2 Chemicals and Reagents

The chemicals was used in this research are Sodium sulphide (Na2S), Magnesium
sulfate (MgSO4), distilled water, acetone, formalin, chloroform and magnetic stir-

rer.

3.3 Apparatus and Equipment

The apparatus and equipment 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, volumet-
ric flask, graduated cylinders, calibrated digital balance, EDTA coated tubes, cen-

trifuge machine, Falcon tubes and Culture tubes.

3.4 Methodology

The research process outlined in the study was simply categorized into four steps.
Preparation of Green synthesized MgS-NPs using Citrus limetta leaves extract,
characterization of the prepared NPs, testing of prepared Green-Synthesized MgS-

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

(—.——-\ Sodium Sulfide
L. and
Stirring Magnesium
—

\,_') Heating |

Stirring Sulfate
) solution
. Dried and Extract Metal salt
Citrus Leaves . ) .
grinded formation _____ solution
Characterization 8
Toxicological U;-n\gs _F iltration
studies on Rat l P ﬁ
Model FTIR
XRD Centrifugation ~
NPs synthesis

FIGURE 3.2: Overview of Methodology
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3.5 Green Synthesis of MgS-NPs

3.5.1 Extract Preparation

The green synthesis of MgS-NPs was carried out using citrus limetta leaf extract.
Leaves were collected from surroundings of Islamabad. Leaves and fruit were
identified and authenticated by Botany department Arid Agriculture University,
Rawalpindi.

To prepare the extract, 10 grams of the dried leaf powder was mixed with 120
mL distilled water, heated at 60 °C for 2 hours. The mixture in the flask was
the transferred to shaking incubator for the next 24 hrs., followed by filtration
and drying of the crude extract at 45 °C for 12 hrs. After drying the extract was

collected in a vial and was utilized for synthesis of MgS-NPs.

FIGURE 3.3: Citrus limetta leaves washed, dried and chopped. Then added
into distilled water.
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3.5.2 Synthesis of MgS-NPs

The synthesis of green synthesized MgS-NPs involved the utilization of specific
amounts of precursor, reducing and capping materials. Primarily, 0.125 M of
MgS0O,4.7H50 (1.50 g), 0.125 M of NayS (1.5 g), and plant extract (100 mg) were
prepared separately in 100 mL distilled water. Subsequently, the prepared solu-
tions ofMgSQO,.7 H,O and Na4S were mixed and kept on stirring for 10 min. Later
on, the plant extract solution was added to the previously prepared mixture. Slight
color changes were observed as the solution was placed on the magnetic stirrer
for 4h at 65 °C. Conclusively, the slurry was collected and washed three times
using a centrifuge at 6000 rpm for 8 min for each step of collection and washing
with distilled water to improve the purity of nanoparticles. The materials were
then placed in a drying oven in a clean petri plate at 75 °C, and the finished
dried product was collected after 20 h. Following on, the material was grounded
into fine powder in pestle and mortar and calcination was performed at 100 °C
for 2 h to get the MgS-NPs. Finally, the prepared materials were stored at room
temperature and were further subjected to characterization analysis and biological

properties.

3.6 MgS Nanoparticles Physicochemical Char-
acterization

To better understand the properties of the synthesized MgS nanoparticles, sev-

eral techniques was used, including UV-Visible (UV-Vis) Spectroscopy, Fourier

Transform Infrared Spectroscopy (FTIR), Scanning Electron Microscopy (SEM),
Energy-Dispersive X-ray Spectroscopy (EDX), and X-ray Diffraction (XRD) [45].

3.6.1 FTIR Spectroscopy

FTIR, which stands for Fourier Transform Infrared Spectroscopy, is like a chemical

detective tool for nanoparticles. Nanoparticles, being so tiny, have a very distinct
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surface chemistry compared to bulk materials. Imagine them like little puzzle
pieces, and the surface of these pieces has various ”functional groups” things like
hydroxyl groups (-OH), carboxyl groups (-COOH), or amine groups (-NH2). These
groups play a big role in how nanoparticles interact with their surroundings, like

how they bond with other molecules, or how they react in a chemical process [46].

Now, FTIR comes in as the magnifying glass for these chemical groups. When a
nanoparticle sample is exposed to infrared light, the different chemical bonds in
those functional groups will absorb specific frequencies of light. This gives you a

unique " fingerprint” for each type of bond.

So, FTIR can tell you exactly what kinds of chemical groups are present on the sur-
face of the nanoparticles.In essence, using FTIR is like getting a chemical snapshot
of the nanoparticle’s surface, which helps scientists understand how these particles
might behave in real world applica- tions whether it’s for drug delivery, catalysis,

or even in environmental monitoring [47].

3.6.2 UV-Visible (UV-vis) Spectroscopy

UV-Visible spectroscopy was used as the first step to analyze the synthesized
magnesium sulfide (MgS) nanoparticles. This technique measures how the sample
absorbs light in the ultraviolet and visible range, offering insight into the material’s
electronic transitions. By observing specific absorption peaks, we can confirm
the presence of MgS and determine whether the nanoparticles have successfully
formed. Each material has a unique absorption pattern, so the appearance of

characteristic peaks serves as an initial fingerprint of successful synthesis.

Beyond simply detecting the nanoparticles, UV-Vis spectroscopy also allows us
to estimate their concentration and gain clues about particle size or aggregation
through shifts in absorption. It’s a quick, non-destructive method that provides
both qualitative and quantitative information, making it an ideal starting point

before moving on to more advanced techniques [48].
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3.6.3 X-Ray Diffraction (XRD)

X-ray diffraction was used to determine whether the synthesized MgS nanopar-
ticles are crystalline in nature. This technique works by directing X-rays at the
sample and analyzing the way they scatter, producing a pattern that reveals the
internal atomic structure. If the nanoparticles are crystalline, they will generate
distinct peaks in the diffraction pattern, which can then be matched to known
MgS structures. This allows us to not only confirm their formation but also ver-
ify their crystallinity an important property that can influence their physical and

chemical behavior.

In addition to identifying crystallinity, XRD is also valuable for assessing the
purity of the sample. Impurities or unwanted by-products will typically produce
extra peaks or cause noticeable changes in the diffraction pattern. By carefully
analyzing these patterns, we can ensure that the synthesized material is primarily

composed of pure MgS and not contaminated with other phases [49].

3.6.4 Scanning Electron Microscopy (SEM)

Scanning Electron Microscopy (SEM) was used to closely examine the surface
and structure of the MgS nanoparticles. This technique produces highly detailed
images by scanning the sample with a focused beam of electrons, allowing us to
directly see what the particles look like. Unlike other methods that give indirect
data, SEM lets us visually confirm the shape, surface features, and overall appear-
ance of the nanoparticles. It’s a powerful way to explore how the particles were

formed and how they behave at the microscopic level.

In addition to capturing the particles’ shape, SEM helps measure their size and
check for consistency across the sample. We can evaluate whether the nanoparti-
cles are evenly sized, if they’ve clumped together, or if they display irregularities.
This information is important for understanding how successful and controlled

the synthesis process was. By providing clear, magnified images, SEM gives us a
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visual confirmation of the material’s physical characteristics, making it easier to

assess the quality and uniformity of the final product [50].

3.6.5 Energy-Dispersive X-ray Spectroscopy (EDX)

Energy-Dispersive X-ray Spectroscopy (EDX), often used alongside SEM, was em-
ployed to identify the elements present in the MgS nanoparticles. When the elec-
tron beam hits the sample, it causes the atoms within to emit X-rays at energies

unique to each element.

By analyzing these signals, EDX can tell us exactly which elements are present
in the nanoparticles and in what relative amounts. This is especially useful for

confirming that magnesium and sulfur are the main components, as expected.

EDX also plays a crucial role in checking for impurities. Sometimes, during the
synthesis process, unwanted elements like oxygen or carbon can be introduced
either from the environment or from leftover chemicals. EDX can detect even
small amounts of these contaminants, helping us evaluate the overall purity of the
sample. In this way, EDX not only verifies the composition of the nanoparticles

but also ensures the quality and cleanliness of the final product [51].

3.7 Experimental Plan

This study was conducted over a 20 day period in a carefully monitored and
controlled animal research facility. The aim is to evaluate the effects of magnesium
sulfide (MgS) nanoparticles using a straightforward, three group experimental

design to ensure clarity and reproducibility of the results.

3.7.1 Animal Selection

The experiment will involve healthy adult male Sprague Dawley rats, known for

their docile nature and widespread use in laboratory studies. Each rat will weigh
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between 150 and 200 grams and be aged between six to eight weeks to ensure
uniformity and maturity. They was housed in a clean, pathogen-free animal fa-
cility where environmental conditions such as temperature, humidity, and light
cycles (12-hour light/dark) are carefully regulated. These controlled settings help
maintain the well-being of the animals and ensure that external factors do not

interfere with the experimental outcomes [52].

3.7.2 Acclimatization

Before the start of the experiment, all rats will undergo a one-week acclimatization
period. This allows the animals time to adjust to their new environment, handling
routines, and daily care. Acclimatization is a critical step in animal studies as it
helps reduce stress, stabilize physiological responses, and minimize variability in
the data. This period ensures that when the experiment begins, the rats are in a

stable condition, which leads to more reliable and consistent results.

3.7.3 Experimental Groups

A total of nine rats was randomly assigned to one of three experimental groups,

with three rats in each group:

Group 1 (Control) This group will serve as the baseline for comparison. Rats in
this group will receive only a standard laboratory diet and purified water for 20

days, with no exposure to MgS nanoparticles.

Group 2 (Low Dose) These rats will receive a low dose of magnesium sulfide (MgS)

nanoparticles along with the same regular diet and purified water for 20 days.

Group 3 (High Dose) This group was given a higher dose of MgS nanopar- ticles,

again with a standard diet and purified water, for the same 20-day period.

This group design allows the study to assess the biological impact of different MgS

nanoparticle concentrations and identify any dose-dependent effects.
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FIGURE 3.4: Sprague Dawley rats categorized into three groups

3.7.4 Dosage Optimization

The average weight of the rat was 200gm. Dose preparation of MgS-NPs was
decided on the basis of tolerate dose of CuS NPs which was 8.66 mg/kg. On the
basis of tolerate dose the dosage was decided as 1.73 mg/200gm (low dose taking
group) and 3.46mg/200gm (high dose taking group) [53].

FIGURE 3.5: Rat being given dose using feeding tube

3.7.5 Morphological Assay

To monitor physical health and potential changes during treatment, the body
weight and general behavior of each rat was recorded after every five days. An
electronic weighing scale was used for accuracy. Observing weight gain or loss, as
well as any behavioral changes, can help indicate the biological response to MgS

exposure and provide early signs of toxicity or stress.
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3.7.6 Animal Dissection

On the 215 day, the rats was ethically euthanized to collect tissue samples for fur-
ther analysis. Each animal will first be deeply anesthetized with pentobarbitone
sodium (50 mg/kg) to ensure they feel no pain. Once fully anesthetized, euthana-
sia was performed via cervical dislocation. Liver tissues will then be carefully
extracted and either preserved in 10% formalin for histological examination or
snap-frozen in liquid nitrogen for biochemical and molecular studies. All samples

was stored at -70°C to maintain their integrity until analysis [54].

FIGURE 3.6: Rat being anesthetized and dissected

3.7.7 Biochemical Assay

While the rats are under anesthesia, blood samples was collected via cardiac punc-
ture. These samples was stored at —200C and later analyzed for key biochemical
markers. Tests will include liver function tests (such as ALT and AST) and RFT
[55].

FIGURE 3.7: Blood sample for biochemical analysis
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3.7.8 Hematological Analysis

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)

FicUre 3.8: Blood sample for biochemical analysis

3.7.9 Histopathological Analysis

After the treatment period, the liver and intestines was collected from each rat
for detailed microscopic analysis. The tissues was fixed in 10% formalin, em-
bedded in paraffin wax, sectioned into thin slices, and stained using hematoxylin
and eosin (H&E). This staining technique allows researchers to closely examine
cellular structures and detect any abnormalities such as tissue damage, inflam-
mation, or necrosis that may have resulted from the MgS nanoparticle exposure

[57).

3.7.10 Statistical Analysis

To determine whether any differences between groups are statistically significant,

a one-way Analysis of Variance (ANOVA) was used [58].
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Results

4.1 Preparation of Citrus limetta Leaves Extract

and MgS-NPs Synthesis

Extract was prepared from leaves in 120 ml of distilled water after heating fol-
lowed by filtration results in yellowish light green color solution. 0.1 M solution of
MgS0O4 and Na2S were prepared in 100 ml distilled water and then mixed along
with stirring. Solution then added dropwise into extract for 4h and then giv-
ing centrifugation along with washing. Bioactive compunds like polyphenols and
flavonoids act as reducing agents and color of the solution changes to pale yellow
which indicates the synthesis of MgS nanoparticles [59]. Nanoparticles then dried

and stored for characterization and further application.

FIGURE 4.1: Green Synthesized MgS-NPs after washing and drying
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4.2 Characterization of Green Synthesized MgS

Nanoparticles

4.3 SEM-EDX

SEM (Scanning Electron Microscopy) was done to identify the morphology and
size of the synthesized nanoparticles and EDX (Energy Dispersive X-Ray) was
also performed to confirm the elemental composition of Magnesium Sulfide NPs

synthesized by Citrus limetta leaf extract.

According to SEM, the size of nanoparticles is between 80-100nm, Image formed
by SEM is shown in Figure below which demonstrate the formation of MgS-NPs in
crystalline form flake like lamellar sheets at different resolutions. Particles show
a tendency to form clusters or agglomerates, which is typical for metal sulfide

nanoparticles.
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Ficure 4.2: SEM images of MgS nanoparticles at different resolutions

EDX analysis of green synthesized MgS-NPs is presented in the form of different

peaks. The elemental analysis showed atomic and mass percentages of O, Mg, C,
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S, Na and Cl. Na, C and Cl must have adhered from the Citrus limetta leaves
extract and Mg is present at highest percentage in different spectra, in spectra
6 and 7 Mg % is 27.3% and 29.6%, which shows the purity of NPs. Also traces
of Au are present mainly because gold is coated over non-conductive samples like
MgS nanoparticles to improve image quality and reduced charging during SEM
imaging.
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FI1GURE 4.3: SEM of MgS-NPs at 10 microns
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FIGURE 4.5: EDX Spectra 7 of green synthesized MgS-NPs
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4.3.1 UV-Vis Spectroscopy

Because of its cost and ease of use, this approach is frequently employed in a wide
range of theoretical and practical applications. MgS-NPs UV-visible absorption
spectra, which were derived from Citrus limetta leaves extract, were measured
at room temperature using a Genesys 10S UV-Vis apparatus. By combining the
NP solution with distilled water, the spectral response (SPR) of the nanoparticles
(NP) was determined in the 200-800 nm range. MgS Uv-Vis absorption was
reported around 280-320nm range. MgS nanoparticles show absorption peaks
around 260-320 nm. Green synthesized MgS-NPs showed highest peak at 300nm

which confirms the existence of MgS nanoparticles [60].
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FI1GURE 4.6: Uv-Vis Analysis of Green synthesized MgS Nanoparticles

4.3.2 FTIR Analysis

The FTIR analysis of MgS nanoparticles from Citrus limetta leaves extract reveals
several functional groups, particularly hydroxyl, carbonyl/ether/amine, and
aromatic compounds which play a pivotal role in the green synthesis of MgS
nanoparticles [61]. These groups act as natural reducing and stabilizing agents,
confirming the bio-fabrication of MgS through peaks observed at 3672, 1244,
1055, 881, 658, and 511 cm .
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FIGURE 4.7: Interpretation of various peaks in FTIR analysis of MgS-Nps from

TABLE 4.1: Interpretation of various peaks in FTIR analysis of MgS-Nps from
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FTIR Functional Group Significance in MgS NP Synthesis
Peak
(em™")
3672 Hydroxyl (-OH) group Acts as a reducing agent to convert
(alcohols, phenols) Mg?* and S?~ into MgS. Also stabilizes
NPs by hydrogen bonding.
2974 Alkyl C-H stretch Provides hydrophobic environment for
capping and nanoparticle stabilization.
1244 & C-O / C-N (esters, Play a dual role: reduce metal ions
1055 ethers, amines) and bind/cap NPs to prevent agglom-
eration.
881 C=C out-of-plane bend- Aromatic m-electron systems facilitate
ing (alkenes/aromatics) electron donation to metal ions.
658 C—Cl or halogen group vi- May contribute to surface modification
brations
511 Metal-S vibrations Indicates successful formation of metal-
based nanoparticles like MgS.
3672 Hydroxyl (-OH) group Acts as a reducing agent to convert
(alcohols, phenols) Mg?*t and S%?~ into Mg S. Also stabi-
lizes NPs by hydrogen bonding.
2974 Alkyl C-H stretch Provides hydrophobic environment for

capping and nanoparticle stabilization.
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4.3.3 XRD

In the context of magnesium sulfide (MgS) nanoparticles, XRD plays a pivotal
role in validating the crystalline phase formed during synthesis. Since MgS can
exist in multiple polymorphs, such as cubic or hexagonal structures, XRD helps to
distinguish between them based on their unique peak positions in the diffraction
pattern. Moreover, XRD is used to confirm the purity of the synthesized nanopar-
ticles by identifying and eliminating any unwanted phases like magnesium oxide
(MgO), magnesium sulfate (MgSQOy,), or other impurities. This is especially im-
portant in green synthesis methods where plant extracts may introduce additional

organic or inorganic components [62].
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FIGURE 4.8: X-ray diffraction pattern of MgS-NPs

The image depicts an X-ray diffraction pattern of Magnesium Sulfide nanoparticles
(NPs), as shown in Fig. 2. The graph shows the intensity (in arbitrary units)
on the y-axis and the diffraction angle (20) on the x-axis, ranging from 5° to
85°. The most prominent peak is located around 45°, corresponding to the (220)
crystallographic plane of the MgS-NPs. The XRD pattern indicates a crystalline
structure, with the sharp peak suggesting well-defined crystallinity. The rest of
the graph shows a decrease in intensity as the angle increases, implying fewer or
no detectable crystallographic planes beyond the identified peak. This pattern
can be used to study the structural properties of the MgS-NPs and confirm their
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phase purity and particle size, important for their applications in various fields

like catalysis, electronics, and materials science.

4.4 Body Weight of Rats

Over the course of 20 days, the rats’ body weights in three groups—control, low
dosage, and high dose were recorded [63]. The body weight of the control group
increased steadily from 165 + 25 g on day 1 to 206 + 15.09 g on day 20. In a
similar way, the low-dose group showed weight increasing gradually from 178 + 2

gto 206 +4g.

The high-dose group, on the other hand, started with a lower baseline weight (150
+ 16 g) and increased more slowly, reaching 195 4+ 4.5 g by day 20.
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FIGURE 4.9: Body weight of rats from day 1 to day 20. one way ANOVA along
Mean+SD when p-value was <0.05

Over time, all groups gained weight, although the rate and amount of increase var-
ied greatly, especially between the high-dose and low-dose groups. The observed
variations in weight increase between the groups are statistically significant, as

indicated by the p-value of less than 0.05. This suggests that the medication,
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particularly at higher dosages, may have had an adverse effect on metabolism or

body weight control.

TABLE 4.2: 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

Group 1st Day 5th Day 10th Day 15th Day 20th Day
control 165+25 175+ 23 186+ 20.5 197.3+ 18.1 2064 15.09
low dose 178+ 2 187+ 3 196+ 4 201+ 5 206+ 4

high dose 150+ 16  159.33+ 15.50 170+ 14 182 + 12 195+ 4.50

4.5 Hematological Analysis

4.5.1 HB

A vital component of oxygen transport, hemoglobin (Hb) is also a crucial marker
of haematological and general physiological health [64]. In this investigation, the
control group’s mean hemoglobin level was 13 4+ 0.818 g/dL, but the low-dose and
high-dose groups’ levels were marginally lower at 12.56 + 0.305 g/dL and 12.06
+ 0.251 g/dL, respectively.

Hemoglobin Level

HB (g/dL)

Control Low Dose High Dose

Treatments

FIGURE 4.10: Body weight of rats from day 1 to day 20. one way ANOVA
along Mean+SD when p-value was <0.05

The p-value of 0.173 suggests that the differences are not statistically significant,
even with this slight drop. This implies that the therapy had no discernible effect
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on hemoglobin concentration over the research period, even at increasing dosages.
Given that the Hb levels were comparatively constant across all groups, the sub-
stance may be deemed hematologically safe at the studied doses since it is probably

not harmful to the generation of red blood cells or erythropoietic function.

TABLE 4.3: Mean+SD values for HB of all groups compared by one-way

ANOVA
Parameter Control Low Dose High Dose P value
HB 13+ 0.818 12.56 £ 0.305 12.06+ 0.251 0.173

4.5.2 RBCs

The movement of oxygen from the lungs to bodily tissues and the elimination
of carbon dioxide depend on red blood cells, or RBCs. Anemia, bone marrow
suppression, or systemic toxicity may be indicated by any notable decrease in

their count, which is an essential indicator of blood health [65].
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FIGURE 4.11: RBCs (mil/mma3) of all Groups

In this study, the control group maintained a normal RBC count of 8.89 + 0.12
million/p 1L, while the low-dose and high-dose groups showed a significant reduction
to 6.78 £ 0.225 and 6.04 £+ 0.015 million/uL, respectively. The associated p-value

of 0.002 confirms that these differences are statistically significant.
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TABLE 4.4: Mean+SD values for RBCs of all groups compared by one-way
ANOVA

Parameter Control Low Dose High Dose P value

RBCs 8.89£ 0.12 6.78% 0.225 6.04%+ 0.015 0.002

4.5.3 WDBCs

White blood cells, or WBCs, are essential parts of the immune system that help
protect the body against foreign substances, inflammation, and diseases. WBC
counts that are elevated or decreased may indicate pathological or physiological

alterations, such as immune suppression or activation [66].
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FIGURE 4.12: Graph showing WBCs (mil/mm3) in all groups

In this study, the control group exhibited a normal WBC count of 4.05 4+ 0.085
while the low-dose group showed a significant increase to 7.76 £ 0.03, and the
high-dose group further elevated to 9.05 £ 0.04. The p-value of 0.0003 indicates
that these differences are highly statistically significant.

This substantial and dose-dependent increase in WBCs suggests that the admin-
istered compound may have stimulated an immune response or induced mild sys-

temic inflammation, particularly at higher doses.
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TABLE 4.5: Mean+SD values for WBCs of all groups compared by one-way

ANOVA
Parameter Control Low Dose High Dose P value
WBCs 4.054+0.085 7.764+ 0.03  9.05+ 0.04  0.0003

4.5.4 Platelets

Platelets (thrombocytes) are small blood components essential for clot formation
and preventing bleeding. Normal platelet levels are crucial for vascular integrity
and immune defense. Abnormal counts can lead to bleeding or clotting disor-
ders. In this study, platelet counts decreased significantly with higher doses [67].
The control group had 361 4 47.4, the low-dose group 355 4 17, and the high-
dose group 229 + 17. A P value of 0.003 indicates a significant, dose-dependent

reduction in platelet levels.
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FI1GURE 4.13: Graphical representation of Platelets Count

TABLE 4.6: Mean+SD values of Platelets count for all groups compared by one
way ANOVA

Parameter Control Low Dose High Dose P value

Platelets 361+47.4  355+17 229£17 0.003
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4.5.5 Neutrophils

Neutrophils are the most abundant type of white blood cells and play a key role in
the body’s defense against infections, particularly bacterial and fungal pathogens.
They are essential components of the innate immune response. In this study,
neutrophil counts showed a significant dose-dependent decrease [68]. The control
group had 36.96 + 1.379, while the low-dose group dropped to 10.16 4+ 0.351, and
the high-dose group further declined to 7.1 + 0.3. The P value of 0.0001 indicates
this reduction is highly significant, suggesting that higher doses may suppress

neutrophil levels and potentially impair immune function.
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FIGURE 4.14: Neutrophils level (%) of all groups, when p value was <0.05

TABLE 4.7: Mean4SD values of Neutrophil count for all groups compared by
one way ANOVA

Parameter Control Low Dose High Dose P value

Neutrophils  36.96+1.379 10.16£0.351 7.14+0.3 0.0001

4.5.6 Lymphocytes

Lymphocytes are a type of white blood cell essential for adaptive immunity, in-
cluding the production of antibodies and coordination of immune responses. They
play a vital role in defending the body against viral infections and in immune reg-

ulation. In this study, lymphocyte levels increased significantly with higher doses
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[69]. The control group had 54.1 4+ 3.99, the low-dose group rose to 69.3 + 1.87,
and the high-dose group reached 80.33 £ 2.51. The P value of 0.001 indicates a
statistically significant, dose-dependent increase, suggesting a potential stimula-

tory effect on lymphocyte production or activity.
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FIGURE 4.15: Lymphocytes level (%) of all groups, when p value was <0.05

TABLE 4.8: Mean+SD values of Neutrophil count for all groups compared by
one way ANOVA

Parameter Control Low Dose High Dose P value

Lymphocytes 54.1£3.99 69.3£1.87  80.33+2.51  0.001

4.5.7 Monocytes

Monocytes are white blood cells involved in immune defense, particularly in phago-
cytosis, inflammation, and antigen presentation. Their levels in blood can indicate
immune activation or suppression, depending on physiological or pathological con-
ditions [70]. The table shows a significant change in monocyte levels across treat-
ment groups (P = 0). The low dose group exhibited a substantial increase (11.03
+ 0.15) compared to control (4.5 + 0.81), indicating a strong immune response.
Interestingly, the high dose group showed a reduced level (7.13 + 0.25) relative
to the low dose, suggesting a possible immunomodulatory or suppressive effect

at higher concentrations. This dose-dependent trend highlights the treatment’s

impact on immune function.
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FIGURE 4.16: Graphical presentation of Monocytes level (%) of all groups

TABLE 4.9: Mean4SD values of Monocytes count for all groups compared by
one way ANOVA

Parameter Control Low Dose High Dose P value

Monocytes  4.5£0.81 11.03£0.15 7.134+0.25 0

4.5.8 Eosinophils

Eosinophils are a type of white blood cell primarily involved in allergic responses
and defense against parasitic infections. Changes in eosinophil levels can indicate
allergic reactions, parasitic infestations, or immune system modulation [71]. In

the table, eosinophil levels show a statistically significant difference across groups

(P = 0.0008).

The low dose group shows a slight increase (7.2 £ 0.2) compared to the control
(6.46 £ 0.55), suggesting mild activation. In contrast, the high dose group dis-
plays a notable decrease (5.1 £+ 0.1), indicating a potential suppressive effect at
higher concentrations. This suggests a dose-dependent immunomodulatory effect

on eosinophils.
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Eosinophils Level
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FIGURE 4.17: Graphical presentation of Eosinophils level (%) of all groups

TABLE 4.10: Mean+SD values of Eosinophils count for all groups compared by
one way ANOVA

Parameter Control Low Dose High Dose P value

Eosinophils  6.46£0.55 7.2+ 0.2 5.1£0.1 0.0008

4.5.9 MCHC

Mean Corpuscular Hemoglobin Concentration (MCHC) reflects the average con-
centration of hemoglobin in red blood cells and is used to assess types of anemia
or red cell disorders. Changes in MCHC can indicate alterations in hemoglobin

synthesis or red blood cell integrity [72].

According to the table, MCHC levels vary significantly across groups (P = 0.04).
The low dose group shows a slight decrease (33.23 4+ 1.07) compared to control
(35.26 &+ 0.83), while the high dose group exhibits a mild increase (36.13 + 1.10).
This suggests that the treatment influences hemoglobin concentration in a dose-
dependent manner, with higher doses potentially enhancing hemoglobin content

within red blood cells.
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FIGURE 4.18: Graphical presentation of Eosinophils level (%) of all groups

TABLE 4.11: Mean+SD values of MCHC count for all groups compared by one

way ANOVA
Parameter Control Low Dose High Dose P value
MCHC 35.26+0.83 33.23£1.069 36.13+1.096 0.04

4.5.10 HCT

Hematocrit (HCT) measures the proportion of red blood cells in the blood and
is an important indicator of oxygen-carrying capacity and overall blood health.

Changes in HCT can reflect dehydration, anemia, or other blood disorders [73].

In this table, HCT levels show a slight decrease from control (39.33 + 4.24) to low
dose (35.13 £ 0.15) and high dose (34 £ 0.3), but the difference is not statistically
significant (P = 0.08).

This suggests that the treatment may have a mild lowering effect on red blood cell

volume, though the evidence is not strong enough to confirm a definitive impact.
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FIGURE 4.19: Graphical presentation of HCT levels%

TABLE 4.12: Mean+SD values of HCT count for all groups compared by one

way ANOVA
Parameter Control Low Dose High Dose P value
HCT 39.33+4.24 35.13+0.152 34+ 0.3 0.08

4.5.11 MCV

Mean Corpuscular Volume (MCV) measures the average size of red blood cells and
helps diagnose different types of anemia. Increased MCV values typically indicate
larger-than-normal red blood cells, which can be associated with conditions like

vitamin B12 deficiency or bone marrow response [74].

The table shows a significant increase in MCV levels in both low dose (54.1 £
0.75) and high dose (55.5 £ 0.1) groups compared to control (45.03 £+ 1.20), with
a P value of 0.008.

This suggests that the treatment causes red blood cells to become larger, indicating

a possible effect on red blood cell production or maturation.
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FIGURE 4.20: MCV levels (f/1) graphical presentation

TABLE 4.13: Mean+SD values of MCV levels for all groups compared by one

way ANOVA
Parameter Control Low Dose High Dose P value
MCV 45.03+1.20 54.14+0.754 55.540.1 0.008

4.5.12 MCH

Mean Corpuscular Hemoglobin (MCH) measures the average amount of hemoglobin
per red blood cell and is important for assessing red blood cell function and oxygen-

carrying capacity [75].

The table shows a significant increase in MCH levels in both the low dose (19 £
0.2) and high dose (19.8 + 0.36) groups compared to the control (15.6 + 0.70),
with a highly significant P value of 0.0001.

This indicates that the treatment substantially raises the hemoglobin content in

individual red blood cells, which may improve their oxygen transport efficiency.
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FIGURE 4.21: MCH (p g) level of all groups, when p value was <0.05

TABLE 4.14: MCH levels of control, low dose and high dose group compared
in one way ANOVA

Parameter Control Low Dose High Dose P value

MCH 15.6£0.70 19+0.2 19.8+0.36 0.0001

4.6 Renal Functioning Tests

4.6.1 Creatinine

Creatinine is a waste product produced by muscle metabolism and is commonly
measured to assess kidney function. Stable creatinine levels generally indicate

normal kidney health [76].

In this table, creatinine levels remain similar across control (0.92 £+ 0.16), low
dose (0.99 £ 0.05), and high dose (0.95 + 0.14) groups, with a non-significant P
value of 0.78. This suggests that the treatment does not have a significant effect

on kidney function based on creatinine measurements.
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FIGURE 4.22: Creatinine (mg/dL) value of all groups.

TABLE 4.15: Mean+SD values for Creatinine of all groups compared by one
way ANOVA

Parameter Control Low Dose High Dose P value

Creatinine 0.92+ 0.16 0.99+ 0.05 0.95+ 0.14 0.78

4.6.2 BUN

Blood Urea Nitrogen (BUN) is a marker of kidney function and protein metabolism,

reflecting how well the kidneys are removing waste from the blood [77].

The table shows a significant difference in BUN levels across groups (P = 0.008).
The low dose group has a slight increase (14.4 + 0.8) compared to control (13.63
+ 0.25), while the high dose group shows a decrease (12.4 £ 0.3).

This suggests that the treatment affects kidney function or protein metabolism in

a dose-dependent manner, with higher doses potentially improving or normalizing

BUN levels.
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FIGURE 4.23: BUN (mg/dL) value of all groups

TABLE 4.16: Mean+SD values for BUN of all groups compared by one-way

ANOVA
Parameter Control Low Dose High Dose P value
BUN 13.63+ 0.25 14.44 0.8  12.44 0.3 0.008

4.6.3 Urea

Urea is a waste product formed from protein metabolism and is commonly mea-

sured to assess kidney function and nitrogen balance.

In this table, urea levels show a slight increase in the low dose group (30.5 + 2.12)
and a decrease in the high dose group (26.5 + 0.70) compared to control (29.5 £
0.70).

However, the differences are not statistically significant (P = 0.11), indicating that
the treatment does not have a clear impact on urea levels or kidney function in

this context.
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FIGURE 4.24: Urea (mg/dL) value of all groups

TABLE 4.17: Mean+SD values for Urea of all groups compared by one-way

ANOVA
Parameter Control Low Dose High Dose P value
Urea 29.5 £0.70 30.5 £2.12 26.54+0.70 0.11

4.7 Liver Function Test (LFT)

4.7.1 ALT

Alanine aminotransferase (ALT) is an enzyme found mainly in the liver, and

elevated levels in the blood typically indicate liver injury or inflammation [79].

The table shows a significant increase in ALT levels across groups (P = 0.028), with
the low dose group at 67.3 + 5.5 and the high dose group at 95 £+ 20, compared
to the control group at 53 4+ 13. This suggests that the treatment may cause liver
stress or damage in a dose-dependent manner, with higher doses leading to greater

liver enzyme elevation.
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FIGURE 4.25: Graphical presentation of ALT (U/L) value of all groups

TABLE 4.18: Mean+SD values for ALT of all groups compared by one-way

Parameter Control Low Dose High Dose P value

ALT 53+ 13 67.3£ 5.50 95+ 20 0.028

4.7.2 Albumin

Albumin is a major blood protein produced by the liver, important for maintaining

blood volume and transporting substances [80].

In the table, albumin levels show a slight decrease in the low dose group (3.56
+ 0.06) compared to control (3.69 £ 0.09), while the high dose group shows a
notable increase (5.42 + 1.47).

However, the difference is not statistically significant (P = 0.06), suggesting a pos-
sible trend toward increased albumin at higher doses but without strong evidence

to confirm this effect
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FIGURE 4.26: Albumin (g/dL) value of all groups

TABLE 4.19: Mean+SD values for Albumin of all groups compared by one way
ANOVA

Parameter Control Low Dose High Dose P value

Albumin 3.69£ 0.09 3.56£ 0.06 5.42+ 1.47  0.06

4.7.3 Total Protein

Total protein measures the combined amount of all proteins in the blood, including
albumin and globulins, and reflects overall nutritional and liver status [81]. In the
table, total protein levels are fairly consistent across control (7.56 £ 0.36), low dose
(7.66 + 0.38), and high dose (7.05 £+ 0.16) groups, with no significant difference
(P =0.112).

In the table, total protein levels are fairly consistent across control (7.56 + 0.36),
low dose (7.66 £+ 0.38), and high dose (7.05 £ 0.16) groups, with no significant
difference (P = 0.112). This indicates that the treatment does not significantly

affect total protein levels.
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FIGURE 4.27: Graphical presentation of Total protein g/dl of all groups

TABLE 4.20: Comparison of Control, Low and High dose group in one way
ANOVA

Parameter  Control Low Dose High Dose P value

Total Protein 7.56£ 0.36 7.66+ 0.38 7.05+ 0.16  0.112

4.7.4 Bilirubin

Bilirubin is a breakdown product of red blood cells and is commonly measured to
assess liver function and bile flow [82]. In the table, bilirubin levels remain stable
between the control and low dose groups (0.1), with a slight increase in the high

dose group (0.2 £ 0.1).

In the table, bilirubin levels remain stable between the control and low dose groups

(0.1), with a slight increase in the high dose group (0.2 &+ 0.1).

However, this change is not statistically significant (P = 0.12), suggesting the
treatment does not have a clear impact on bilirubin levels or liver function in this

study.
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FIGURE 4.28: Bilirubin Total (U/L) value of all groups

TABLE 4.21: Mean+SD values for Bilirubin of all groups compared by one way
ANOVA

Parameter Control Low Dose High Dose P value

Bilirubin 0.1 0.1 0.2+ 0.1 0.12

4.7.5 Globulins

Globulins are a group of blood proteins involved in immune responses, including
antibodies [83]. The table shows a slight increase in globulin levels in the low dose
group (4.1 £ 0.44) compared to control (3.88 £+ 0.27), and a decrease in the high
dose group (3.4 £ 0.13). However, these changes are not statistically significant
(P = 0.07), indicating only a trend toward modulation of immune-related proteins

without strong evidence of a treatment effect.

However, these changes are not statistically significant (P = 0.07), indicating only
a trend toward modulation of immune-related proteins without strong evidence of

a treatment effect.
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FIGURE 4.29: Globulin level g/dl of all groups

TABLE 4.22: Mean+SD values for Globulins of all groups compared by one
way ANOVA

Parameter Control Low Dose High Dose P value

Globulins 3.88+ 0.27 4.1£0.44 3.4+ 0.13 0.07

4.8 Histopathology of Liver

4.8.1 Control group

The liver histopathology section exhibits a relatively preserved hepatic architec-
ture with mild pathological changes. The hepatocytes are arranged in a typical
lobular pattern, radiating from the central vein. However, there is evidence of
mild hepatocellular vacuolation. Mild sinusoidal congestion is visible, indicating
minor circulatory disturbances. No significant necrosis or fibrosis is observed in
this section. Mild sinusoidal congestion is visible, indicating minor circulatory

disturbances. No significant necrosis or fibrosis is observed in this section.
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FI1GURE 4.30: Histopathological analysis of liver tissues at 10 and 40x, Control
group

4.8.2 Low Dose Group

The histopathological section of liver tissue exhibits a well-defined, dense aggre-
gate of inflammatory cells (star), predominantly lymphocytes and macrophages,
indicative of a focal granulomatous. The surrounding hepatocytes appear largely
intact but display mild vacuolar degeneration. The inflammatory infiltrate is cen-
tered around a portal region, suggesting a portal-based inflammatory response.
The presence of lymphocytic infiltration and hepatocyte degeneration suggests

ongoing hepatic injury.

F1GURE 4.31: Histopathological analysis of liver tissues of low dose group

4.8.3 High Dose Group

The histopathological section of the liver shows evidence of hepatocellular de-
generation and mild inflammation. Hepatocytes display cytoplasmic vacuolation,

indicating possible hydropic or fatty degeneration. There are scattered foci of
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inflammatory cell infiltration, primarily composed of mononuclear cells (arrow),
suggesting a mild inflammatory response. The presence of sinusoidal congestion
and hemorrhagic areas (arrow head) indicates vascular disturbances. Some hep-
atocytes exhibit pyknotic nuclei (red arrow), which may indicate early apoptosis

Or Necrosis.

FI1GURE 4.32: Histopathological analysis of liver tissues, high dose group
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Discussion

The present study investigated the in-vivo toxicity and biological safety of magne-
sium sulfide nanoparticles (MgS-NPs) synthesized through a green method using
Citrus limetta leaf extract. This research provides a comprehensive insight into
the growing field of green nanotechnology and its implications for biomedical ap-
plications. The novelty of this study lies not only in the synthesis approach but
also in its holistic biological evaluation, combining hematological, biochemical,

and histopathological analysis.

The results of the study revealed a clear dose-dependent biological response. High-
dose MgS-NPs (3.46 mg/200g) significantly altered serum biomarkers such as ALT,
AST, urea, and creatinine, which are well-established indicators of liver and kidney
function. These biochemical disruptions were supported by histological evidence
of hepatocellular degeneration, vacuolization, inflammation, and pyknotic nuclei,
indicating cellular distress and the initiation of apoptosis. These outcomes are

consistent with pr...

In contrast, the low-dose group (1.73 mg/200g) showed only mild histological
alterations and minimal changes in biochemical markers, suggesting that at lower
concentrations, green-synthesized MgS-NPs may be better tolerated by biological
systems. This aligns with the work of Ali et al. (2023)[84], who demonstrated
that MgO NPs synthesized using Abrus precatorius bark extract were effective
and exhibited low cytotoxicity at reduced concentrations.

o8
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Notably, the antioxidant and antimicrobial properties of Citrus limetta, as re-
ported by Mahmood et al. (2022)[85], may have contributed to the relatively safer
profile of the low-dose MgS-NPs. Citrus limetta leaves contain flavonoids, alka-
loids, and phenolics, which could stabilize the nanoparticles and mitigate oxidative
stress. The use of plant extracts in nanoparticle synthesis is known to introduce
capping agents that influence biological interactions (Gupta et al., 2023; Hano &
Abbasi, 2021)[86].

However, despite their green origin, nanoparticles can exhibit toxicity depend-
ing on their size, surface chemistry, and concentration (Sajid & Plotka-Wasylka,
2020)[87]. Our findings support this by highlighting the adverse effects of high-
dose MgS-NPs, reinforcing the concept that green synthesis alone does not ensure

biosafety.

The results also align with Bukola et al. (2018)[88], who observed significant liver
and kidney damage in rats exposed to magnesium hydroxide nanoparticles for 28

days.

Comparing MgS-NPs with other metal sulfide nanoparticles further contextualizes
their safety. Rana et al. (2018)[89] reported severe nephrotoxicity with cadmium
sulfide (CdS) NPs even at low doses, while lead sulfide NPs are known for inducing
oxidative stress and pulmonary inflammation (Ghasempour et al., 2023)[90]. In
this regard, MgS-NPs appear to be relatively less toxic, possibly due to the essen-
tial biological roles of magnesium and sulfur (Ahmed et al., 2023)[91]. Magnesium
is a cofactor in numerous enzymatic reactions, and sulfur contributes to amino

acids and antioxidants like glutathione.

The in vitro findings of Nalci et al. (2020)[92], who investigated MgS-Cisplatin
nanoconjugates on neuroblastoma cells, showed promising anticancer effects with-
out significant cytotoxicity. However, our in vivo data reveal that systemic admin-
istration, especially at higher concentrations, introduces a risk of tissue toxicity,
which may not be evident in isolated cellular environments. This highlights the
importance of animal studies in bridging the gap between laboratory results and

clinical relevance.
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Furthermore, studies on the biodistribution and pharmacokinetics of nanoparticles
emphasize that surface functionalization, particle charge, and aggregation state
play crucial roles in toxicity (Altammar, 2023; Rizvi & Saleh, 2018)[93]. Nanopar-
ticles may accumulate in specific organs like the liver, spleen, and kidneys, leading

to oxidative stress, inflammation, and cellular damage over time.

The results also support previous studies on the biocompatibility of Mg-based NPs.
For instance, Ali et al. (2023)[94] found MgO NPs to be safe at low doses, while
Gatou et al. (2024)[95] emphasized that MgO NPs are best suited for therapeutic
use when appropriately dosed. Similarly, green-synthesized ZnO and CuO NPs
have demonstrated antimicrobial and anticancer potential with varying toxicity
profiles depending on synthesis route and dose (Islam et al., 2022; Sudhakar et al.,
2025)[96].

Histopathological findings in this study, such as vacuolar degeneration and early
signs of apoptosis, mirror those reported by Alwan et al. (2021)[97] in rats exposed
to biogenic AgNPs, and by Khan et al. (2025)[98] in ZnS and ZnO nanocomposites.
These morphological changes reinforce that even low-toxicity nanoparticles can

elicit tissue-level stress responses if not optimally administered.

Taken together, the findings of this study support the growing consensus that
green-synthesized nanoparticles, while environmentally sustainable and potentially
safer, must undergo thorough in-vivo testing to establish realistic dose thresholds
and understand long-term biological impacts. The moderate toxicity observed at
high doses of MgS-NPs underscores the importance of careful risk-benefit analysis

before biomedical applications.
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Conclusion and Future Work

This study explored the in-vivo toxicity and biological safety of magnesium sulfide
nanoparticles (MgS-NPs) synthesized through a green method using Citrus limetta
leaf extract. Through a 20-day experimental trial on Sprague Dawley rats, the
research provided a thorough evaluation of how these nanoparticles interact with
living systems. The use of Citrus limetta leaves not only offered a sustainable and
eco-friendly synthesis route but also introduced bioactive compounds that likely

contributed to the stabilization and modulation of the nanoparticle activity.

The findings demonstrated a clear dose-dependent effect. At higher concentra-
tions (3.46 mg/200g), MgS-NPs triggered notable biological responses, including
elevated liver enzymes, disrupted kidney markers, and distinct histological alter-
ations such as hepatocellular degeneration and pyknotic nuclei suggesting early
cell death. These changes reflect the stress nanoparticles can impose on the liver
and kidneys when present in higher quantities. On the other hand, the group re-
ceiving a lower dose (1.73 mg/200g) showed only mild deviations from the control,
indicating that such concentrations might be within a safer threshold for future

biomedical use.

It is encouraging to note that the elemental composition of MgS built from magne-
sium and sulfur, both of which are naturally present in the body may help explain
why these nanoparticles are less toxic compared to other metal sulfides like cad-

mium or lead-based compounds. However, the mere fact that these nanoparticles

61
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are synthesized through a green route or made of biocompatible elements does not
guarantee their absolute safety. This study highlights the importance of rigorous
in-vivo assessments in addition to in-vitro analyses to accurately understand their

biological impact.

Overall, this research lays a strong foundation for future exploration into magnesium-
based nanomaterials. The results support the potential of MgS-NPs for biomedical
applications but clearly emphasize the need for careful dosage regulation and long-
term toxicity studies. By identifying both safe and harmful thresholds, this work
contributes valuable insights to the responsible development of nanotechnology in

medicine.

While this study has contributed significantly to the understanding of MgS nanopar-

ticle safety, it also opens several doors for future investigations.

1. Firstly, the 20-day experimental period provided important initial insights,
but it remains unclear how chronic exposure to MgS-NPs might affect living
systems. Long-term toxicity studies, possibly spanning several months, are

necessary to assess bioaccumulation and delayed onset of organ dysfunction.

2. Secondly, this study did not delve into the molecular mechanisms behind
the observed toxic effects. Future research should explore oxidative stress
pathways, mitochondrial damage, and inflammatory signaling to provide a

mechanistic understanding of nanoparticle behavior inside the body.

3. Techniques such as gene expression analysis and proteomics could greatly
enhance this aspect. Moreover, identifying the ideal dosage for therapeutic
use requires testing a broader range of nanoparticle concentrations. Estab-
lishing a precise therapeutic index the balance between efficacy and safety

will be crucial before any clinical application.

4. Tracking how these nanoparticles distribute across organs, and how they
are metabolized and excreted, is another vital area. Advanced tools such as
radio-labeling or ICP-MS can provide real-time biodistribution and pharma-

cokinetic data, helping to assess potential off-target effects.
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5. In addition, comparative studies using other plant-based synthesis methods
could highlight whether Citrus limetta holds unique advantages, or if simi-
lar effects are found with different botanical sources. Comparing MgS-NPs
with other metallic or non-metallic nanoparticles would further broaden our

understanding.

6. Lastly, while rats provide a strong baseline for toxicological testing, vali-
dation in other animal models and human cell lines will bring the findings
closer to clinical relevance. Applications in drug delivery, cancer therapy, or
antimicrobial treatments should be pursued, but only after thorough evalu-

ations ensure safety and efficacy.

In conclusion, this study is a starting point. It confirms that green-synthesized
MgS-NPs are not inherently safe or toxic they are dose-dependent. As research
moves forward, deeper investigations into mechanisms, pharmacology, and real-

world applications will be key to unlocking their full potential in the biomedical

field.
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