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Abstract

MgO/ZnO core/shell nanoparticles were synthesized using the atmosphere plasma jets technique. The physical properties of
the synthesized nanoparticles were investigated by a series of techniques, including X-ray diffraction (XRD), X-ray disper-
sive spectroscopy (EDS), and transmission electron microscopy (TEM). XRD and EDS analyses confirmed the purity of the
nanoparticles synthesized with an average nanoparticle crystallite size of 36 nm. TEM confirmed the successful synthesis of
spindle-shaped MgO/ZnO core/shell nanoparticles with an average size of 70 nm. To evaluate their toxicity, the MgO/ZnO
core/shell nanoparticles were tested in vivo. Twenty-five albino female rats were randomly divided into five groups (five
rats in each group); one was used as the control group and the other four as the experimental groups. Doses of the MgO/
ZnO core/shell nanoparticles solution were orally administered to the test groups to examine the toxicity. For 30 consecutive
days, each rat in test groups 2-5 received 1 mL of the MgO/ZnO core/shell nanoparticles solution at the respective doses
of 1.25,2.5, 5, and 10 mg L™!. The rats’ growth, hematology, thyroid gland function, and histopathology were examined
after 30 days. Findings indicate that the growth retardation in the rats treated with MgO/ZnO core/shell nanoparticles may
be due to their infection by Hyperthyroidism. The hematology results show the nonsignificant effect of MgO/ZnO core/
shell nanoparticles on white blood cells, implying that these nanoparticles have no harmful impact on the immune system.
Moreover, the levels of the thyroxine and thyroid-stimulating hormones increased, and that of the triiodothyronine hormone
decreased. The histological analysis results show that low concentrations of MgO/ZnO core/shell nanoparticles are safe for
desired biomedical applications.
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Introduction

Nanotechnology is a burgeoning field that enables the
creation of novel materials and/or devices in the nanom-
eter size range (1-100 nm) for various applications. This
revolutionary technology can improve nearly every aspect
of human life, including medical healthcare (Ahamed et al.
2015; Jeyaraj et al. 2019). Nanoparticles (NPs) are in high
demand in the global market, and the demand is estimated
to exceed 98 billion dollars by 2025. Numerous technolo-
gies from various sources, such as physical, chemical,
and biological materials, are involved in the fabrication
of nanomaterials (Jeyaraj et al. 2019). Plasma synthesis is
currently used in various applications (Jang et al. 2021),
such as surface modification (Hegemann et al. 2016; Rao
et al. 2018), layer deposition for electrical devices (Seo
et al. 2019), and anti-bio or bio-material applications
(Vasilev 2013; Vasani et al. 2017). Compared to chemi-
cal synthesis, the non-thermal plasma synthesis of metal
nanostructures is a green synthesis technology with sig-
nificant advantages. Non-thermal plasma is a beneficial
alternative to synthesizing NPs because no toxic agents are
used, and the processing time is shorter than that required
for chemical synthesis (Chiang et al. 2019; Kaushik et al.
2019). This technology generates large amounts of free
electrons, charged particles, excited metastable species,
reactive oxygen, and nitrogen species through non-ther-
mal atmospheric pressure plasmas in ambient conditions
(Bruggeman et al. 2016). When the plasma comes into
contact with the liquid medium, these species can be trans-
ported into the liquid phase (Rumbach et al. 2013, 2015).
The chemical reactions during the plasma synthesis of
metallic NPs (MNPs) in plasma-activated water depend
primarily on the dissolved reactive species (Chen et al.
2015; Rumbach and Go 2017). MNPs mainly include
metal and metal oxide NPs. Given their unique features,
MNPs have attracted considerable commercial attention
with the development of nanotechnology. Thus, their
potential toxic effects on human health and the environ-
ment have received significant attention (Sajid et al. 2014;
Yao et al. 2019).

Silicon dioxide (Si0,), titanium dioxide (TiO,), ferric
oxide (Fe20,), magnesium oxide (MgO), and zinc oxide
(ZnO) are the most important representatives of the single
metal oxide group. Because of their unique features, these
materials have uses in fields such as electronics, informa-
tion technology, energy, agriculture, medical, and environ-
mental protection (Hornak 2021). Among the metal oxide
nanoparticles, magnesium oxide (MgO) is of great interest
for many reasons, including the fact that they are abundant,
stable, inexpensive, odorless, and non-toxic (Chinthala
et al. 2021). Additionally, ZnO was used in ointments to
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treat adverse skin conditions since at least 2000 B.C., in
ancient Egypt and then in Rome (Borysiewicz 2019). ZnO
NMs have many potential medical applications, includ-
ing contrast agents (imaging), diagnostic and therapeutic
functions, in photodynamic therapy, biosensor, prophylac-
tic and therapeutic vaccines, gene carriers, drug carriers,
iron delivery, potential anti-cancer agent, wound dressing,
tissue engineering, support for antifungal treatments, and
inhibition of influenza virus infection (Wojnarowicz et al.
2020).

According to previous studies, the systemic administration
of diagnostic or therapeutic metal oxide NPs often results in
significant bioaccumulation in the liver and the possibility
of NPs interactions with hepatic cells. Thus, safety screen-
ing methodologies should be developed for the interactions of
metal oxide NPs with the liver and other organs (Mirshafiee
et al. 2018). During the past decade, many studies have been
reported on coating NPs with different organic and inorganic
agents, such as polymers, organic monolayers, oxides, and
metals, to create core/shell (CS) MNPs. CS NPs have recently
gained increasing attention due to their low cytotoxicity and
chemical liable surface (Sabale et al. 2017; Rajabi and Sohrab-
nezhad 2018). These studies focused on inorganic shells, like
noble metals, carbon, and silica and demonstrated many bio-
medical applications (Sabale et al. 2017). Some of these stud-
ies investigated the plasma synthesis of hybrid nanomaterials
composed of Au NPs and a polymer to improve the stability
and biocompatibility of Au NPs (Nguyen et al. 2020; Jang
et al. 2021). Metal nanomaterials are an important gateway
to medicine's future. MgO and ZnO NPs within various bio-
medical applications have already found their place. Thus, in
this study were selected these nanomaterials to create core/
shell NPs to modify and cause changes in their characteristics
and reduce toxicity. Studies have also reported the toxicity of
MgO (Mangalampalli et al. 2017; Mangalampalli et al. 2018)
and ZnO NPs (Almansour et al. 2017; Singh et al. 2019). To
the best of our knowledge and according to a literature survey,
no report is available on the acute lethal effect and toxicity of
biologic MgO/ZnO CS NPs. However, the toxicity of MgO/
ZnO CS NPs must be carefully researched, and their toxicity
mechanisms must be clarified before their commercial imple-
mentation in biomedical applications. Thus, the present study’s
biomedical application includes the estimation of toxicity via
hematology, thyroid hormones, and histopathology analyses.

Methods
Synthesis nanoparticles
To synthesize MgO/ZnO CS NPs, we used a magnesium

wire and a zinc sheet with a purity content of 99.99%,
purchased from (THE BRITISH DRUG HOUSES LTD./
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LONDON, Manufactured in England, 652247/470611). As
shown in Fig. 1, the experimental setup consists of a high
voltage DC power supply (20 kV) and a stainless steel tube
that acted as the cathode. A magnesium wire or zinc sheet
was used as the anode, immersed in a glass beaker contain-
ing 5 mL of deionized water. The Ar gas flow was fixed
at 2 L min~! using a flowmeter; the plasma jet propagated
across the air at a distance of approximately 2 cm between
the plasma jet nozzle and the surface of deionized water.
The plasma treatment of the metal in the liquid lasted for
5 min. MgO/ZnO CS NPs were synthesized in two steps.
First, magnesium was used as the electrode to synthesize the
MgO cores. Second, the ZnO shell around the MgO cores
was synthesized by replacing the magnesium with a zinc
electrode. The synthesized MgO/ZnO CS NPs were char-
acterized by techniques, including XRD (XPERT PAAN-
ALTICAL PHILLIPS HOLLAND), EDS (TESCN MIRA3
FRENCH), and TEM, which were carried out in Iran at the
University of Kashan.

Animals and condition

Healthy 5-week-old albino female rats weighing 65-90 g
were purchased from the University of Al-Nahrain/Bio-
technology Research Center/Animal House. The rats were
housed in plastic cages in an air-conditioned room at
12-h light and 12-h dark cycle. The room’s temperature
ranged from 22 to 24 °C +2 °C. The rats had free access
to food and water. Twenty-five rats were randomly divided

into five groups (five rats in each group), with one group
assigned as the control group and the remaining four as
test groups, and administered various doses of MgO/ZnO
CS NPs. After a 1-week acclimatization period, the ani-
mals were 6 weeks old at the start of the experiment. The
control group female rats were not treated. Different doses
of the MgO/ZnO CS NPs solution were orally adminis-
tered to the test groups to examine the toxicity. Every day,
each rat in test groups 2-5 received 1 mL of the MgO/
ZnO CS NPs solution at 10, 5, 2.5, and 1.25 mg L~! doses.
Each rat was observed twice daily for any clinical signs
of toxicity, and the body weight was measured each week
throughout the test period. The rats were sacrificed after
30 days to examine the toxicity through hematological,
thyroid hormones, and histological analyses.

Haematological analysis

Blood samples were collected through an intra-cardiac
puncture after the inhalation of anesthesia with isoflurane
(manufactured by Piramal Enterprises Limited: Telan-
gana, India). The blood samples were immediately col-
lected in coated tubes for hematological analysis. The
hematological parameters were examined: red blood cells
(RBCs), white blood cells (WBCs), hematocrit (HCT),
hemoglobin (Hb) levels, mean corpuscular hemoglobin
(MCH), mean corpuscular volume (MCV), and mean cor-
puscular hemoglobin concentration (MCHC).

Fig. 1 The experimental setup

of a non-thermal plasma system
to synthesize MgO/ZnO CS
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Thyroid hormones analysis

Blood samples were collected in clotted vials to estimate the
serum biochemical examination. The serum was collected by
centrifugation for 10 min at 2000 rpm in an automatic ana-
lyzer (Hitachi 912 Chemistry Analyzer). The thyroid gland
activity was assessed through the triiodothyronine (T3), thy-
roxin (T4), and thyroid-stimulating hormone (TSH) levels
using the serum.

Histopathology analysis

Histological analysis was performed to determine whether
the MgO/ZnO CS NPs caused morphological changes in the
kidney, liver, and spleen of the rats. Tissue specimens were
collected and washed with deionized water to remove the
blood and then fixed in 10% formalin, embedded in paraffin
blocks, and cut into sections of 5 um thickness. Hematoxy-
lin and eosin (H and E) staining was performed to analyze
the fixed sections. The sections were examined under a bin-
ocular microscope (40, 100, and 400X magnification), and
photomicrographs of the fixed tissue were taken.
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Statistical analysis

The results of each group are expressed in mean =+ stand-
ard deviation (n=5), and all the experimental values were
compared with the corresponding control values. The results
presented as mean + standard deviation by ANOVA followed
by GraphPad Prism version 8 (GraphPad Software Inc.,
La Jolla, CA, USA) were used to analyze the differences
between the mean values and P value <0.05 was considered
statistically significant.

Result and disscusion

Characterization of MgO/ZnO core/shell
nanoparticles

The XRD pattern of the MgO/ZnO CS NPs was recorded at
a 20° angle ranging from 30° to 60°, as shown in Fig. 2a. The
broad diffraction peaks appear at angles positions 31.40°, 34.1,
36.3, 47.7, and 56.94, which are related to the ZnO structure
and are indexed to miller indices (100), (002), (101), (102),
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Fig.2 Physical properties of MgO/ZnO CS NPs synthesized with non-thermal plasma jet. a XRD pattern, b EDS pattern, ¢ TEM image, d size

of particles histogram
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and (110), respectively. Have been matched with the JCPDS
No: 36-1451 of the zinc oxide hexagonal wurtzite structure.
While, diffraction peaks at 20° positions 36.1° and 38.13° are
found to be relative to (002) and (202) planes, respectively,
of MgO, were matched with the JCPDS No: 87-0653, which
appear the creation of MgO polycrystalline cubic structure.
The XRD pattern of MgO/ZnO did not appear any other peaks
related to secondary phases for MgO and ZnO that indicate
the purity of the synthesized sample. The crystalline size of
MgO/ZnO CS NPs was measured from the Scherrer equation
(Ali et al. 2017)

kA

bCa) = Bcosd

Here D is the average crystalline size, k is the Scherer’s
constant (k=0.9), 4 is the X-rays wavelength (1.540 A), and
p is the full width at half maximum (FWHM) of the peaks at
diffracting angle @ from the Bragg’s angle position. The aver-
age crystalline size of MgO/ZnO CS NPs is 36 nm.

EDS analyses

The chemical composition of the synthesized MgO/ZnO CS
NPs was examined using Energy Dispersive X-Ray Spec-
troscopy (EDS). Figure 2b show the EDS spectrum analy-
sis revealed the presence of Zn, Mg, and O, indicating that
the sample formed was pure successfully, with no impurity
elements present in MgO/ZnO CS NPs. The percentages of
compositions (weight%) of the Mg, Zn, and O were 5.33%,
57.27%, and 37.40%, respectively. Also, the percentages of
compositions (atomic %) were 6.38, 25.52, and 68.0 for Mg,
Zn, and O, respectively.

TEM analysis

Transmission Electron Microscopy (TEM) analysis has been
carried out to confirm the synthesis of the core/shell nanoparti-
cles. The information relevant to the shape, size, and aggrega-
tion was obtained from TEM analysis. The TEM images show
that the MgO/ZnO CS NPs are spindle-shaped, as shown in
Fig. 2c. In addition, it demonstrated that there are two differ-
ent regions inner dark part represents the core. The shiny part
surrounding the dark region represents the shell, confirming
the synthesis of MgO/ZnO CS NPs. The Image J software pro-
gram carried out the analysis of the TEM image to determine
the particle size. The average diameter of MgO/ZnO CS NPs
is 70 nm, as shown in the size distribution histogram Fig. 2d.

Assessment toxicity

In vitro cultures seem unable to include helpful information
about the physiological system response under investigation.

Thus, examining the in vivo toxicity is beneficial for synthe-
sizing MgO/ZnO CS NPs through the plasma jets technique.

Animal observation

Each animal was observed twice daily for any clinical signs
of toxicity or mortality throughout the test period. During
the treatment period, no mortality was observed. Except for
growth retardation, pupil changes, and hair loss in some
groups, the animals in all the groups did not show severe
clinical poisoning symptoms, like loss of appetite, skin color
change, and decreased mobility. The rats were weighed
every week during the experiment. Figure 3 shows the mean
body weights + SD of the groups treated with MgO/ZnO CS
NPs at various doses compared with the control group. The
outcomes indicate the growth retardation of the female rats,
which can be attributed to the rats’ injury from Hyperthy-
roidism, as discussed in the section on thyroid hormones.
Growth retardation is the main characteristic of NP-intox-
icated animals. The American National Research Council
reported that growth inhibition might be the greatest sign
of NPs’ toxicity. NPs reduce the production of growth hor-
mone, somatomedin C, insulin-like growth factor-binding
proteins, and insulin-like growth factor-1, causing growth
retardation (Shakibaie et al. 2013).

Hematology analysis

The assessment of hematological parameters is an essential
step in the detection of the toxicity of NPs. After 30 days of
oral exposure to MgO/ZnO CS NPs at various concentra-
tions, the hematological profiles were assessed to determine
the physiological state of the animals. Hematological param-
eters can be used to diagnose the extent of a foreign com-
pound’s harmful influence on an animal’s blood constituents.
Given that changes in the hematological system have a high
predictive value for toxicity, such toxicity testing is relevant
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Fig.3 Mean body weight of female rats administered MgO/ZnO CS
NPs at the doses of 1.25, 2.5, 5, and 10 mg L~! for 30 consecutive
days. Values are means+SD (n=5), (** refer P<0.01, compared
with the control)
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to risk assessment when data from animal studies are trans-
lated into human toxicity (Ashafa et al. 2012).

Table 1 shows the concentration-dependent hematology
results of the MgO/ZnO CS NPs. The hematologic param-
eters reveal that the Hb levels were affected only at the
1.25 mg L~! dose and the HCT at the 2.5, 5, and 10 mg L!
doses. In contrast, the MCHC was affected at all doses. The
disturbing normal cell physiology shows abnormal oxygena-
tion from the lungs, indicating the absence of oxygen in the
blood with elevated Hb and HCT values (Espinosa-Cristo-
bal et al. 2013; Mangalampalli et al. 2018). Although these
values are regarded as normal parameters, further studies
should focus on them. No effect was observed on the other
hematologic parameters compared with the control groups.
The non-significant impact of MgO/ZnO CS NPs on WBCs
implies that the rates of hematological parameter entry into
the blood from the bone marrow and removal from circu-
lation were unchanged (Aluko et al. 2017). This practical
implication indicates that the MgO/ZnO CS NPs NPs have
no harmful impact on the immune system. Figure 4 pre-
sents the mean value of the hematologic parameters + SD
of the groups treated with MgO/ZnO CS NPs at various
doses compared with the control group. Changes in blood
cells occur when blood component anomalies interfere with
normal functions (Khabbazi et al. 2015).

Thyroid hormones function

The toxic effect of MgO/ZnO CS NPs on thyroid gland func-
tion, the concentrations of thyroid hormones (T3 and T4),
and the TSH were analyzed in the blood serum of albino
female rats in control and treated groups after 30 days. The
analysis revealed that the T3 level decreased while the T4
and TSH levels increased, as reported in Table 2. Although
MgO/ZnO CS NP exposure affected the serum T3 concen-
trations, statistically significant differences in the T4 levels
were found only in the group treated with the 1.25 mg L™!
dose (P <0.0137). The T3 levels decreased when the expo-
sure dosage increased. The statistically significant differ-
ences in T3, T4, and TSH in the serum blood due to the
oral administration of MgO/ZnO CS NPs are shown in
Fig. 4. However, these results have highlighted a significant

practical implication, the increase in the T4 level indicates
that the rats were infected by Hyperthyroidism, which
explains their weight reduction. Hyperthyroidism is a cata-
bolic state related to increased energy consumption, pro-
tein turnover, and lipolysis. Usually, these metabolic effects
result in weight reduction, accompanied by a decrease in
fat storage and lean body mass (Peterson et al. 2016). The
results of our study are partly consistent with those of a
recent survey reported by (Sakr and Steenkamp 2021),
who found a significant reduction in triiodothyronine (T3),
thyroxine (T4), and TSH after 30 days of exposure to zinc
oxide NPs (200 mg kg™!). The present study demonstrated
that exposure to MgO/ZnO CS NPs deteriorates thyroid
hormones (T4, T3, and TSH). This finding can be related
to increased free radical levels and decreased antioxidants
(Yousef et al. 2019). The statistically significant differences
in T3, T4, and TSH in serum blood due to the oral adminis-
tration of the MgO/ZnO CS NPs are shown in Fig. 5.

Histopathological analysis

To assess the toxicity of MgO/ZnO CS NPs, histological
analysis was performed on the liver, kidney, and spleen of
the female rats after 30 days of consecutive oral administra-
tion. The liver and kidney are common target organs regard-
less of exposure routes and animal types. The results of the
histological analysis of these organs are presented below.

Hepatic toxicity

The histological photographs related to the liver of albino
female rats in the control group show that the central vein
and hepatic cords were normally arranged; the hepatic lob-
ules, the hepatocytes, the sinusoids, and the Kupffer cells
were also normal, as shown in Fig. 6a. In the rats treated
with MgO/ZnO CS NPs at a dose of 1.25 mg L™!, the sec-
tions of hepatic lobules showed regularly arranged hepatic
cords and central vein compared with sections of the con-
trol group. The magnified sections reveal mild dilation and
congestion of the sinusoid and mild sinusoidal infiltra-
tion of mononuclear leukocytes, as shown in Fig. 6b. In
addition, at the 2.5 mg L~! dose, the magnified sections

Table 1 Hematological

f Hematological ~ Control 125 (mgL™)  25@mgL™) 5 (mgL™") 10 (mgL™")
parameters in female rats treated ) yeqerg Mean + SD Mean + SD Mean+SD Mean+ SD Mean + SD
with various doses of MgO/ZnO - - - - -
core/shell NPs WBC 17.00+0.685  12.95+5.297 1263+3.754  11.86+6337  11.52+2.750

RBC 538640326  5254+0.584  5.668+0451 513840472  5.944+0.943
Hb 1040+0.158  14.06+3.343 12.82+1.045 112441026  13.06+2.053
MCV 41.06+19.94  54.14+5.663  5422+1.089  5422+4.130  54.72+1.574
MCH 2024+0.623 233440760  22.56+0.907  21.86+1.346  21.90+0.640
MCHC 41.86+0397  41.74+1.036 417641266  4042+1571  40.16+1.328
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Fig.4 The hematological results for rats treated with MgO/ZnO core/shell nanoparticles following 30 days at different doses (1.25, 2.5, 5, and
10 mg. LY. Values are means + SD (n=15) (* refer P<0.05 and ** refer P<0.01, compared with the control group)

Table.2 Results Of_ effect Thyroid Control 1.25 (mgL™) 2.5 (mgL™") 5 (mgL™") 10 (mgL™)
thyroid hormones in female hormones
rats exposed to various doses of Mean +SD Mean+SD Mean +SD Mean+SD Mean +SD
Mg0O/ZnO CS NPs T3 2568+0256  2.576+0.188  2.546+0.146  2.104+0241  1.976+0.196
T4 41.96 +8.200 59.29+9.495 50.83+5.270 46.71+£8.354 46.85+9.974
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Fig.5 Thyroid hormones (T3, T4, TSH) for rats treated with MgO/ZnO CS NPs following 30 days at different doses (1.25, 2.5, 5, and
10 mg L™Y). Values are means +SD (n=5) (* refer P <0.05 and ** refer P <0.01, compared with the control group
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Fig.6 Histological results of the liver (H and E stained, X400 mag-
nification). a No abnormal histological changes were observed
for hepatocytes (H), sinusoids (S), and kupffer cells (Arrow) in the
control group, b histological results of the liver after 30 days of oral
exposure to MgO/ZnO CS NPs with 1.25 (mg L™!) doses, sections
were shows mild infiltration of mononuclear leukocytes (Arrows)
and mild dilation with congestion of sinusoids (asterisks), ¢ at 2.5

reveal normal hepatocytes, mild dilation and congestion of
the sinusoid, and mild sinusoidal infiltration of mononu-
clear leukocyte as shown in Fig. 6¢. The histopathological
analysis indicates that exposure to 5 and 10 mg L™! doses
induced changes in the liver tissue. The sections of hepatic
lobules at the 5 mg L~! dose showed irregularly arranged
hepatic cords and moderate cellular swelling with granu-
lar cytoplasmic degeneration of hepatocytes, as shown in
Fig. 6d. The magnified sections of hepatic lobules at the
10 mg L~! dose reveal irregular arranged hepatic cords,
moderate zonal cellular swelling, and the necrosis of

pilase cllallauao .
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(mg L") doses, sections were showed mild infiltration of mononu-
clear leukocytes (black arrows) and congestion of sinusoids (red
arrows), d at 5 (mg L") doses sections were showed moderate cel-
lular swelling with granular degeneration (asterisks) and necrosis (N)
of hepatocytes, e at 10 (mg L") doses the sections of hepatic lobule
show moderate cellular swelling (arrows) and necrosis of hepatocytes
(asterisks)

hepatocytes, as shown in Fig. 6e. MNPs cause cell damage
and death via hepatocyte necrosis by generating reactive
oxygen species (ROS). The necrosis of parenchymal cells
in organs is promoted by inflammation. Thus, one of the
prominent features of acute liver injury is necrosis. Plasma
membrane rupture, mitochondrial swelling, and intracel-
lular contents release are all characteristics of necrosis
(Yao et al. 2019). The results of the histological analysis
indicate that hepatocytes necrosis was induced at 5 and
10 mg L™! of MgO/ZnO CS NPs.
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Renal toxicity

The renal sections of the female rats in the control group
were normal, as shown in Fig. 7a. Compared to the renal
sections of the control group, the renal sections of the rats
were administered with 1.25 mg L™! of MgO/ZnO CS NPs
revealed no histological changes. The cortex and medulla
of the treated rats were similar to those in the control group,

as shown in Fig. 7b. In the rats treated with a 2.5 mg L™!
dose, the renal cortex sections showed a mild cloudy
degeneration of renal tubules. In contrast, the renal medulla
showed mild vascular degeneration and necrosis, as shown
in Fig. 7c. The renal glomeruli appeared normal in the rats
treated with a 5 mg L~! dose. However, the renal cortex and
medulla sections showed a mild vascular degeneration of
renal tubules, as shown in Fig. 7d. No histological alterations

Fig. 7 Histological results of the kidney (H and E stained, X400 mag-
nification), a Section of the renal cortex shows glomeruli (G), collect-
ing tubule (Ct), proximal (Pct), and distal convoluted tubules (Dct)
were normal, no abnormal histological changes were observed for
hepatocytes (H), sinusoids (S), and kupffer cells (Arrow), b histo-
logical results of the kidney after 30 days of oral exposure to MgO
/ZnO CS NPs with 1.25 (mg L™') doses, Section of the renal cor-
tex shows collecting tubules, thick segment and thin segment of the
Henle loop were normal, no changes of a section of the renal cortex,
show glomeruli (G), collecting tubule (Ct), proximal (Pct), and dis-
tal convoluted tubules (Dct) were normal, ¢ at 2.5 (mg LY doses.

section of the renal cortex shows mild cloudy degeneration of renal
tubules (asterisks) and necrosis (N), section of renal medulla shows
mild vacular degeneration of renal tubules (asterisks) and necro-
sis (N), d at 5 (mg L™") doses section of renal medulla shows mild
vacular degeneration of renal tubules (asterisks) and necrosis (N),
and Section of renal cortex shows mild vacular degeneration of renal
tubules (asterisks), e at 10 (mg L™!) doses the Section of the renal
cortex shows cloudy degeneration (red arrow) and vacular degenera-
tion (black arrows). Section of renal cortex shows cloudy degenera-
tion (black arrow), vacular degeneration (red arrows) and necrosis of
renal tubules (asterisks)
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were observed in the renal glomeruli of the rats exposed to
a 10 mg L~! dose. However, the renal cortex and medulla
sections showed a mild cloudy and vascular degeneration
with the renal cortex and little medulla necrosis of the renal
tubules, as shown in Fig. 7e.

Splenic toxicity

The splenic sections of the rats in the control group were
normal, as shown in Fig. 8a. In comparison to sections of
the control group Fig. 8a, the tissue of rat’s splenic treated
with 1.25 mg L™! of MgO/ZnO CS NPs appears some his-
tological changes. The white pulp of the spleen showed
marked enlarged lymphatic follicles associated with the
marked hyperplasia of lymphocytes within the germinal
center, revealing many mitotic figures. On one hand, the
splenic sinusoids within the red pulp revealed severe dila-
tion and congestion, as demonstrated in Fig. 8b. The rats
treated with a 2.5 mg L™! dose revealed histological changes
in the spleen. The sections of white pulp showed marked
enlargement and fused lymphatic follicles associated with
the marked hyperplasia of lymphocytes.

On the other hand, the splenic sinusoids within the red
pulp revealed severe dilation, congestion, and the marked
grouping of non-malignant hyperplastic lymphocytosis, as
shown in Fig. 8c. Figure 8d shows the spleen change in the
female rats treated with a 5 mg L™! dose. The sections of the
splenic white pulp showed marked enlargement and fused
lymphatic follicles associated with the marked hyperplasia
of lymphocytes. Meanwhile, the female rats treated with a
10 mg L™! dose showed splenic sections with normal splenic
white and red pulps, as shown in Fig. 8e.

In terms of toxicity, the results obtained indicate that
MgO/ZnO CS NPs are less toxic than previously reported in
the literature. Almansour (Almansour et al. 2017) reported
that the exposure of male rats to ZnO NPs (35 nm) for
21 days caused the dysfunction liver and kidney tissues and
ZnO NPs induced inflammatory cell infiltration, sinusoidal
dilatation, Kupffer cells hyperplasia, necrosis, hepatocytes
hydropic degeneration, nuclear alterations, and hepatocytes
glycogen depletion. Singh (Singh et al. 2019) also reported
the oral exposure of rats to a high dose (250 mg kg™!) of
ZnO NPs (30 nm) for 28 days might cause the apoptotic
death of their splenocytes, indicating that ZnO NPs induced
tissue damage via oxidative stress by increasing the genera-
tion of ROS, thereby compromising the integrity of cellular
membranes.

In addition, few follow-up studies on MgO NPs have
demonstrated liver and renal tissue changes in female rats
post-acute oral exposures, according to (Mangalampalli
et al. 2017); the administration of 2000 mg kg~! of MgO
NPs (52.97 nm) for 14 days induced hepatic degeneration
and necrosis, and the kidneys revealed focal tubular damage
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and swelling in the renal glomerulus. The spleen, the heart,
and the brain were not affected morphologically. Mangalam-
palli (Mangalampalli et al. 2018) also found that the oral
administration of MgO NPs in 59.85 nm size for 28 days
at various doses (250, 500, and 1000 mg kg'l) altered the
biochemical and genotoxic parameters of the rats. The
liver, kidney, and stomach tissues of the rats that received
1000 mg kg~! of MgO NPs showed severe histopathologi-
cal damage. The practical implication of the histopathology
mentioned findings showed that MgO/ZnO CS NPs could
induce morphological and histological changes in the liver,
kidneys, and spleen. The damage of this change is much
lower and milder than that reported in the literature related
to the toxicity of MgO and ZnO. This discrepancy might
be due to various factors, like the size of particles and the
doses. This finding also suggests that covering MgO NPs
with ZnO NPs improves their toxicity properties.

Limitations of the study

The results of this study have to be seen in the light of sev-
eral potential limitations:

1. The first limitation concerns the conditions of the
study conducted in November/2020 and the difficulty
in obtaining laboratory animals due to the COVID-19
Pandemic, which caused the closure of most research
centers.

2. The second limitation is time constraints. A PhD stu-
dents have to meet deadlines for submitting a thesis.
Therefore, the time available for the toxicity estimation
of MgO/ZnO CS NPs on other organs (such as the heart,
brain, stomach, bone marrow, etc.) was insufficient. So
we recommend the need for a future study (e.g., a longi-
tudinal toxicity study) to determine the helpful medical
applications

3. Lack of previous research studies on the topic. Citing
and referencing prior research studies constitutes the
basis of the literature review for the study. To the best
of our knowledge and according to a literature survey, no
report is available on the acute lethal effect and toxicity
of biologic MgO/ZnO CS NPs.

Conclusions

The composition of MgO/ZnO CS NPs, as confirmed by
XRD and EDS analyses, was pure, with no impurity ele-
ments present. The TEM images show that the generated
materials have NPs nature and morphology, the NPs are
agglomerated, and total separation is impossible. The ani-
mals in all the groups did not show severe clinical poison-
ing symptoms that lead to mortality. The outcomes indicate
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Fig.8 Histological results of
the spleen (H and E stained,
%400 magnification). a Section
of the spleen in the control
group. al A section of the
spleen shows a normal appear-
ance of splenic white pulp (Wp)
and Red pulp (Rp). a2 Central
arteriole (A) lymphocytes
(black arrow), macrophage

(red arrows) and splenic cord
(Sc). b Histological results of
the spleen after 30 days of oral
exposure to MgO/ZnO CS NPs
with 1.25 (mg L") doses. bl
Section of the splenic white
shows marked lymphocytic
hyperplasia (arrows). b2 Sec-
tion of spleen Red pulp shows
marked dilation and congestion
of splenic sinusoids (asterisks).
cat2.5 (mg L™!) doses, cl
section of the splenic white
shows marked lymphocytic
hyperplasia (asterisks) of white
pulp (Wp). 2 Section of spleen
Red pulp shows marked dila-
tion and congestion of splenic
sinusoids (black asterisks) and
focal groups of hyperplasia
lymphocytes (Red asterisks). d
At 5 (mg L") doses. Section of
the splenic white shows marked
lymphocytic hyperplasia (aster-
isks) of white pulp (Wp). e At
10 (mg L™1) doses. el Spleen
sections show a normal appear-
ance of the splenic red pulp
(Rp) and white pulp (Wp). €2
Section of the spleen show the
normal appearance of a lympho-
cytic follicle (red arrows) and
splenic sinus (black arrow)

T T

T

that the growth retardation of the female rats administered ~ in RBC, Hb, and HCT at the 10 mg L~! dose indicates that
with MgO/ZnO CS NPs resulted from infection by hyper-  these NPs stimulated the rate of blood corpuscle generation.
thyroidism. The insignificant effect of MgO/ZnO CS NPs  NPs at these doses may be helpful in treating anemia. The
on WBCs indicates that MgO/ZnO CS NPs have no harm-  increase in the T4 level indicates that the rats’ infection was
ful impact on the immune system. The significant increase ~ caused by hyperthyroidism. This finding may be useful in
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regulating thyroid hormones and treating hypothyroid with a
1.2 mg L~! dose of MgO/ZnO CS NPs due to its toxicity to
the liver and the kidney. Our results suggest that the toxicity
observed in the liver, kidney, and spleen of the female rats
treated with MgO/ZnO CS NPs may be attributed to the
enhanced ROS production by these NPs. Long-term expo-
sure, during which rats adapt to the MgO/ZnO CS NPs expo-
sure, maybe another factor of toxicity. This phenomenon
prevents MgO/ZnO CS NPs from being fully absorbed or
facilitates their excretion in large amounts, hence mitigating
the toxicity in animals.
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