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Abstract

Background: Silver nanoparticles (AgNPs) are widely used in biomedical and industrial
applications due to their unique antimicrobial properties. Despite their extensive utility, the
potential toxicological risks, especially during pregnancy, necessitate a comprehensive
evaluation.

Objective: This study aims to investigate the effects of biodegradable synthesized AgNP
colloidal solutions administered via oral gavages on the biochemical parameters, oxidative
stress markers, and cellular integrity in pregnant Swiss albino mice and their fetuses.
Methods: Pregnant Swiss albino mice were treated with different concentrations of AgNPs.
Biochemical parameters in the mother's blood serum and fetal tissues were quantified,
including glucose, calcium, protein, creatinine, total bilirubin levels, catalase activity, and
reduced glutathione activity. The study employed a detailed methodology for assessing
oxidative stress and potential toxicological mechanisms.

Results:

Biochemical Changes: Significant decreases in maternal blood serum glucose and calcium
levels were observed post-AgNP treatment, alongside dose-dependent alterations in
protein, creatinine, and total bilirubin levels.

Oxidative Stress Indicators: Liver catalase activity decreased with increasing AgNP doses,
indicating enhanced oxidative stress. Similarly, reduced glutathione activity in brain tissue
significantly decreased with dose increments.
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Cellular and Genetic Effects: The study highlighted potential toxicity mechanisms, such as
silver ion release leading to DNA damage, chromosome abnormalities, and altered cell cycle
progression, without extensive apoptosis or necrosis even at higher concentrations.
Conclusion: The administration of silver nanoparticles significantly alters biochemical
parameters and oxidative stress markers in pregnant mice and their fetuses, suggesting
potential toxicological risks. These findings emphasize the need for careful evaluation of
nanoparticle exposure during pregnancy and contribute valuable insights into the
toxicological profile of AgNPs.

Keywords: Silver nanoparticles, Oxidative stress, Toxicological assessment, Pregnancy,

Fetal health, Biochemical changes.

1. Introduction

Nanotechnology has revolutionized various fields, including biomedical and industrial applications.
Among the nanoparticles, silver nanoparticles (AgNPs) have gained significant attention due to their
unique antimicrobial properties. They are extensively used in drug delivery, imaging probes, and
biomedical device coatings [1]. However, concerns have been raised regarding the potential
environmental and health impacts of AgNPs, especially for pregnant individuals and fetal development
[2]. The vulnerability of developing organisms to nanoscale materials necessitates further investigation
in this area [3]. AgNPs can be synthesized through physical, chemical, and biological methods [4, 5].
These methods offer different advantages in terms of environmental impact and reliability.
Understanding the synthesis, characterization, and mechanisms of AgNPs is crucial for their safe and
effective use. AgNPs hold immense potential in various applications, but their potential risks and effects
on fetal development must be thoroughly studied.

The toxicological profile of AgNPs, particularly in the context of prenatal exposure, still needs to be
fully understood. The generation of reactive oxygen species (ROS) leading to oxidative stress is a well-
documented effect of nanoparticles, including AgNPs [6, 7]. This oxidative stress is crucial in cellular
damage, affecting essential biomolecules such as lipids, proteins, and DNA [8]. However, the effects of
AgNPs on oxidative stress markers and the resulting biochemical alterations in maternal and fetal
tissues have yet to be comprehensively elucidated [9]. Further research is needed to understand how
AgNPs induce oxidative stress and the subsequent impact on maternal and fetal health.

Repeated oral gavages of biodegradable synthesized AgNP colloidal solution were evaluated in pregnant
Swiss albino mice to assess the impact on ROS enzymes in experimental newborn fetuses' brain, kidney,
and liver tissues. The study aimed to investigate the biochemical, cellular, and genetic responses to
varying doses of AgNPs and provide insights into the mechanistic pathways of AgNP-induced toxicity and
potential risks associated with prenatal exposure [10]. The study found that acute exposure to low
doses of AgNPs increased ROS generation, decreased mitochondrial membrane potential, and ATP
synthesis in hippocampal cells [7]. AgNPs also induced the synthesis of glutathione as a cellular defense
mechanism and disrupted intracellular energetic metabolism, affecting the production of ATP and
glycolysis pathway [11]. Furthermore, AgNPs led to increased malondialdehyde and nitric oxide levels,
pro-inflammatory cytokines, and DNA damage while decreasing superoxide dismutase and reduced
glutathione levels [12]. These findings highlight the potential toxicity of AgNPs and the need for further
investigation into their effects on prenatal development and health [13].

Understanding the interactions between AgNPs and biological systems is essential for as- assessing the
safety of nanomaterials and developing guidelines to mitigate potential adverse effects. This study
contributes to the growing body of knowledge in nanotoxicology, offering evidence-based perspectives on
the implications of nanomaterial exposure during critical periods of development.

Research Methodology
Experimental Framework
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This investigation focused on pregnant Swiss albino mice, which were methodically segregated into
control and experimental cohorts. The latter was administered orally through various concentrations of
biodegradable silver nanoparticle (AgNP) colloids to evaluate the dose-responsive outcomes on the
pregnant mice and their embryos.

Preparation of Silver Nanoparticles

The AgNPs were prepared through a chemical reduction technique to ensure consistent size and
morphology, which is pivotal in reducing the variability of biological impacts. The concentration of the
colloidal solutions was carefully adjusted to provide the required doses for the study.

Animal Model and Dosing Regimen

For this study, pregnant Swiss albino mice were chosen due to their well-established patterns of
gestational development and genetic consistency. These animals were subjected to repeated oral doses
of AgNPs in concentrations of 0.5, 1, 5, 10, 15, and 20 mg/kg of body weight. Meanwhile, the control
group was given a similar volume of the vehicle solution used for nanoparticle dispersion.

Biochemical Evaluation

The effect of AgNP intake was gauged through biochemical metrics, including but not limited to
glucose, calcium, protein levels, and creatinine in the maternal serum. Furthermore, indicators of
oxidative stress, like catalase activity and glutathione levels, were measured in maternal and fetal
tissues, notably in the brain, kidney, and liver.

Statistical Examination

The collected data underwent analysis using suitable statistical methods, with ANOVA employed for the
assessment across multiple groups and t-tests for direct comparisons between the control and treated
cohorts. A significance threshold was established at p<0.05. The findings were presented as mean =
standard deviation (SD), illustrating the distribution and variability of the data comprehensively.

Ethical Compliance

The research was executed in strict adherence to the ethical standards and guidelines for the care and
use of laboratory animals (ethical approval No. Dean/2014/CAEC/614/Dt.30.05.14), as endorsed by the
Central Animal Ethical Committee, Division IMS, BHU.

ARRIVE Statement

In alignment with our commitment to uphold the highest standards of research integrity and ethical
responsibility, we hereby confirm under this dedicated "ARRIVE Statement" section that our study,
"Impact of Silver Nanoparticles on Maternal and Fetal Health: A Toxicological Assessment,” has adhered
to the guidelines set forth by the ARRIVE (Animal Research: Reporting of In Vivo Experiments)
guidelines. This adherence is not only in compliance with local and national regulations concerning
animal research but also embraces the broader, internationally recognized ARRIVE principles designed
to improve the reporting of research involving animals. These guidelines encompass comprehensive
recommendations covering aspects such as the study design, experimental procedures, ethical
considerations, and statistical analysis, ensuring the research is conducted with the utmost care for
animal welfare and scientific accuracy.

By integrating the ARRIVE guidelines into our research methodology, we aim to enhance our work's
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reproducibility, transparency, and ethicality. This ensures that our findings contribute meaningfully to
the scientific community's understanding of the effects of silver nanoparticles on maternal and fetal
health while promoting ethical standards in animal research. We encourage reviewers and readers to
refer to the specific sections of our manuscript where these guidelines have been meticulously applied,
underscoring our commitment to responsible and ethical scientific inquiry.

2. Results

This section presents the findings from the investigation into the effects of silver nanoparticles (AgNPs)
on various biochemical parameters in fetal and maternal tissues. The study utilized oral gavages of 20
nm size AgNPs in different concentration groups to assess the impact on glutamine synthetase (GS)
levels in fetal liver tissue, as well as the effects on reduced glutathione (GSH), glucose, calcium, total
protein, creatinine, and total bilirubin levels in pregnant mother's liver and blood serum.

1. Glutamine Synthetase (GS) Levels

The assessment of GS levels in fresh fetal liver tissue was conducted through the L-glutamine standard
curve, revealing a dose-dependent decrease in GS activity with increasing concentrations of AgNPs. The
mean + S.D. of GS levels across the groups showed a significant decrease from the control group to the
highest dosage group, indicating a potent oxidant damage effect of AgNPs on fetal liver tissue.

Figure 1. Showing L-glutamic acid standard curve.

Table 1 Mean, S.D., S.E.M. and upper and lower Cl of means of Glutamine synthatase level of fresh
fetus liver tissue.

Reduced L Glutamine level of fresh fetus brain tissue  Control 0.5mg 1 mg 5 mg 10mg 15mg 20 mg

Mean 1.06 0.99 0.92 0.70 0.49 0.38 0.19
Std. Deviation 1.40 1.40 1.39 1.15 0.97 0.81 0.64
Std. Error 0.62 0.62 0.62 0.51 0.43 0.36 0.28
Lower 95% Cl of mean -0.67 -0.75 -0.80 -0.72 -0.71 -0.61 -0.60

Upper 95% Cl of mean 2.81 2.74 2.66 2.14 1.69 1.39 0.99
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Reduced L-Glutamine Level in Fresh Fetus Brain Tissue by Dose
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Figure 2 shows the reduced L-Glutamine level in fresh fetus brain tissue across different doses.
The graph above visualizes the reduced L-Glutamine level in fresh fetus brain tissue across different
doses. It displays the mean L-Glutamine levels alongside the standard deviation, standard error, and
the 95% confidence interval of the mean for each dose category. This graphical representation aids in

understanding how the L-Glutamine level varies with increasing doses.

2. Reduced Glutathione (GSH) Levels
The analysis of GSH levels in fresh tissue of pregnant mothers treated with AgNPs showed a significant
reduction across the dosage groups compared to the control. This reduction signifies the potential
oxidative stress and cellular damage inflicted by AgNP exposure.
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Figure 3: Shows reduced glutathione standard curve.
Table 2: Calculated Mean, S.D. S.E.M., lower and upper 95% CI of the mean Reduced Glutathione of
freshly dissected pregnant mother brain from the 20 nm AgNPs treated group.

Pregnant mother's liver Reduced Glutathione level

Mean
Std. Deviation
Std. Error

Lower 95% Cl of mean
Upper 95% Cl of mean

Control
0.53
0.16
0.16
0.52
0.92

0.5mg 1mg
0.49 0.38
0.14 0.13
0.07 0.07
0.46 0.42
0.79 0.78

5 mg
0.29
0.12
0.11
-0.04
0.52

10mg 15mg 20mg
0.21 0.10 0.09
0.09 0.06 0.04
0.05 0.03 0.02
-0.06 -0.08 -0.09
0.18 0.15 0.14
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Reduced Glutathione Level in Pregnant Mother Liver by Dose

—e— Mean
Std. Deviation
Std. Error
0.8 95% CI of Mean

o

>

Y06

[0}

c

=]

7=

s

5 0.4

O

o

7]

[v]

3

9 0.2

o

0.0
A
ééo . @Q " @Q g &Q 5 é@ & @fb & ((\Q
® Y ~ » v

Dose

Figure 4. The reduced Glutathione levels in the liver of pregnant mothers across various doses.
The graph above illustrates the reduced Glutathione levels in the liver of pregnant mothers across
various doses. It shows the mean reduced Glutathione levels and incorporates the standard deviation,
standard error, and the 95% confidence interval of the mean for each dose. This visual aids in
understanding the impact of different doses on the reduced Glutathione levels in pregnant mothers,
offering a clear depiction of the data for inclusion.

3. Other Biochemical Levels

Further assessments included glucose, calcium, total protein, creatinine, and total bilirubin levels in the
pregnant mother's blood serum. These measures exhibited varied responses to AgNPs exposure, with
notable alterations indicative of metabolic and physiological stress upon exposure to increasing
concentrations of AgNPs.

Table 3 Mean= S.D., Lower and upper 95% confidence interval of the mean of Glucose value in
mg/dl from control and treated group pregnant mother and their F and P value.

Groups  Glucose value in mg/dl (Mean+ S.D.)  Lower 95% Cl of mean  Upper 95% Cl of mean

Control  128.9+33.52 93.71 164.1
0.5mg 127.9+33.02 92.71 163.1
1mg 127.1+32.52 91.71 162.1
5mg 118.4+£34.8 81.86 154.9
10 mg 156.3+46.76 107.2 205.4
15mg 104.4+36.47 66.10 142.6
20 mg 100.9+£46.16 52.48 149.4

F-value 980.7 - -
P-value >0.005(2,4,5,6,7)/<0.001(3) - -
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Glucose Value in mg/dl Across Different Groups
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Figure 5. Glucose values in mg/dl across different groups.

The graph above displays the glucose values in mg/dl across different groups, showcasing the mean
glucose values with their respective standard deviations and the 95% confidence interval of the mean for
each group. This visual representation helps compare the glucose levels across the control and various
dosage groups, highlighting the differences and variability within each group.

Table 4: Meanz+ S.D., lower and upper 95% confidence interval of Calcium value in mg/dl from
control and treated group pregnant mother and their F and P value

Groups
Control
0.5mg
1mg
5mg

10 mg
15mg
20 mg
F-value
P-value*

Calcium value in mg/dl (Mean= S.D.)
10.87+1.15

10.37+1.05

9.97+0.95

8.18+0.51

7.41+0.41*

6.80+0.31*

6.42+0.25*

42.27

<0.0001

Lower 95% ClI of mean
9.66
9.16
9.06
8.06
7.23
6.69
6.26

Upper 95% Cl of mean
12.08

11.58

11.08

8.30

7.60

6.92

6.58
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Figure 6. Calcium values in mg/dl across different groups.

The graph above portrays the calcium values in mg/dl across different groups, illustrating the mean
calcium values along with their standard deviations and the 95% confidence interval of the mean for
each group. This visual comparison aids in understanding the effects of different dosages on calcium
levels, indicating how calcium levels decrease with increasing dosages. The starred values for the
groups receiving 10 mg, 15 mg, and 20 mg indicate a significant decrease in calcium levels, as
highlighted by the P-value of <0.0001, suggesting a statistically significant difference in calcium levels

across these groups compared to the control.

Table 5: Mean=+ S.D., upper and lower 95% of confidence interval of total protein value in mg/dl
from control and treated group pregnant mother and their F and P value

Groups  Total protein value in mg/dl (Mean= S.D.) Lower 95% CI of mean

Control  6.56+1.74 4.73
0.5mg 6.76+1.94 4.53
1mg 6.86+1.99 4.33
5mg 7.55+0.45 7.07
10 mg 7.70+0.75 6.91
15mg 7.27+0.45 6.80
20 mg 7.20+0.45 6.73

F-value 11.67 -
P-value <0.0001 -

Upper 95% Cl of mean
8.39
8.29
8.19
8.03
8.50
7.75
7.69
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Figure 7. Total protein values in mg/dl across various groups.

The graph above presents the total protein values in mg/dl across various groups, showing the mean
total protein values along with their standard deviations and the 95% confidence interval of the mean
for each group. This visualization enables a comparison of total protein levels across control and
treatment groups, illustrating an interesting trend where total protein levels tend to increase with
higher dosages up to a point. The P-value of <0.0001 indicates a statistically significant difference in
total protein levels among the groups, highlighting the impact of the treatments on total protein levels
in the study

Table 6: Mean= S.D., upper and lower 95% confidence interval of creatinine value in mg/dl from

control and treated group pregnant mother and their F and P value
Groups  Creatinine value in mg/dl (Mean+ S.D.)  Lower 95% Cl of mean  Upper 95% Cl of mean

Control  6.47+0.54 5.9 7.03
0.5mg 6.27+0.44 5.95 7.05
1mg 6.07+0.24 5.97 7.13
5mg 6.62+0.58 6.00 7.23
10 mg 4.22+0.41 0.43 0.91
15mg 6.80+0.62 6.80 7.75
20 mg 6.42+0.52 6.26 6.58

F-value 4.27 - -
P-value 0.0047 - -
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Figure 8. Creatinine values in mg/dl across various groups.

The graph illustrates the creatinine values in mg/dl across various groups, demonstrating the mean
creatinine values with their standard deviations and the 95% confidence interval of the mean for each
group. Notably, there has been an anomaly in the provided confidence interval values for the 10 mg
group, which indicated an unusually narrow range far below the mean value. This discrepancy suggests
a potential error in the 10 mg group's confidence interval data. Except for this anomaly, the
visualization helps compare creatinine levels across the control and treatment groups, with the P-value
of 0.0047 indicating statistically significant differences in creatinine levels among the groups.

Table 7: Mean+ S.D., upper and lower 95% confidence interval of total bilirubin value in mg/dl
from control and treated group pregnant mother and their F and P value.

Groups
Control
0.5mg
1mg
5mg
10 mg
15mg
20 mg
F-value
P-value

Total Bilirubin value in mg/dl (Mean+ S.D.)
0.81+0.73

3.31+£0.93

6.61+1.23

9.50+1.60

26.49+6.16

32.10+7.53

40.37+3.33

86.85

<0.0001

Lower 95% Cl of mean
0.67

2.67

4.67

7.81

20.02

24.20

36.88

Upper 95% Cl of mean
0.95

2.95

6.95

11.19

32.96

40.00

43.87
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Figure 9 total bilirubin values in mg/dl across various groups.

The graph above displays the total bilirubin values in mg/dl across various groups, highlighting the
mean total bilirubin values alongside their standard deviations and the 95% confidence interval of the
mean for each group. This visualization underscores a significant increase in total bilirubin levels with
higher dosages, especially noticeable in the groups receiving 10 mg, 15 mg, and 20 mg, where the
levels rise dramatically. The P-value of <0.0001 indicates a statistically significant difference in total
bilirubin levels among the groups, emphasizing the profound impact of the treatments on total bilirubin
levels in the study.

3. Discussion

The complex and multifaceted toxicological mechanisms of silver nanoparticles (AgNPs) have been the
subject of extensive research, revealing their profound impact across cellular structures, activities, and
genetic integrity. The deleterious effects of AgQNPs are manifested through decreased cellular and tissue
vitality, alongside degeneration and damage to genes and DNA, primarily attributed to the generation of
reactive oxygen species (ROS) [14-16]. Such oxidative stress further disrupts calcium metabolism in
pregnant mice, affecting bilirubin digestion and utility in tissue spaces and significantly elevating
alkaline phosphatase enzyme levels [17, 18].

Moreover, while certain studies have reported no significant impact of AgNPs on lipid peroxidase (LPx)
and malondialdehyde levels, suggesting a potential size-specific response of AgNPs [19], our findings
corroborate with Adeyemi et al. (2012) [20], who observed elevated levels of malondialdehyde in serum
and tissues post-AgNP exposure, indicating pronounced oxidative stress. This aligns with observations
in zebrafish, further underscoring the oxidative stress potential of AgNPs across different biological
models.

A critical aspect of AgNP exposure is the noted depletion in reduced Glutathione (GSH) activity,
signifying the nanoparticles' propensity to complex with thiol groups, potentially exacerbating the
effects of free radicals. The effects of AgNPs on GSH activity have been studied in various organisms,
including tobacco seedlings [21], mice [12], and aquatic organisms [22]. These studies have shown that
AgNPs induce oxidative stress and disrupt the antioxidant defense system, decreasing GSH levels.
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Additionally, AgNPs have been found to impair intracellular energetic metabolism, affecting the
production of adenosine triphosphate (ATP) and disrupting the tricarboxylic acids cycle [23]. The
depletion of GSH and disruption of energy metabolism contribute to the cytotoxic effects of AgNPs,
highlighting their potential to induce oxidative damage and inflammation in various biological systems.
This depletion underscores the pivotal role of GSH as a cellular antioxidant, capable of quenching free
radicals or serving as a substrate for other antioxidant enzymes, such as Glutathione Peroxidase and
Glutathione Reductase.

Interestingly, our study, similar to Guillermo Aragoneses-Cazorla et al. [12], found that silver
nanoparticles (AgNPs) induce the synthesis of glutathione as a cellular defense mechanism to face the
oxidative environment while depleting relevant molecules involved in the synthesis of essential
antioxidants [7]. This suggests that there may be an adaptive or compensatory response to oxidative
stress in brain tissue following repeated oral ingestion of AgNP colloidal solutions. Additionally, the
study by Caroline et al. showed that AgNPs can penetrate into the brain and cause neuronal death,
potentially leading to mitochondrial dysfunction [12]. However, the study by Aylin Ozodabas found that
under experimental conditions close to actual human consumption, silver nanoparticles do not have a
long-term adverse effect on central nervous system (CNS) functions [24]. Therefore, while there may be
potential mitochondrial dysfunction, the increase in Glutamine Synthase activity observed in brain tissue
could be a compensatory response to enhance neurotransmission despite the oxidative stress caused
by AgNPs.

Reactive oxygen species (ROS) play a crucial role in cellular signaling processes, including apoptosis,
gene expression, and the activation of cell signaling cascades. The balance between ROS production
and cellular detoxification mechanisms determines the threshold between normal physiological function
and oxidative stress-induced cellular damage [25-27]. ROS can function as signal transducers at low to
moderate levels, promoting cell proliferation, migration, invasion, and angiogenesis. However, high
levels of ROS can cause damage to cellular components, leading to cell death [28]. Dysregulation of
antioxidant pathways and altered redox balance are associated with various diseases [29].
Understanding the regulation of ROS and their impact on different types of cell death is crucial for
elucidating disease mechanisms and developing therapeutic strategies. Manipulating ROS levels has
shown promise in cancer therapy, and targeting ROS-related pathways may provide new avenues for
treatment.

In conclusion, the detailed examination of AgNPs' impact highlights the critical interplay between
nanoparticle-induced oxidative stress and the cellular antioxidant defense mechanisms. The detailed
understanding of these interactions is essential for assessing the biological implications of AgNPs,
emphasizing the need for comprehensive toxicological evaluations to delineate their safety and efficacy
in various applications.

4. Conclusion

Our study demonstrates significant dose-dependent alterations in biochemical parameters and cellular
structures upon exposure to silver nanoparticles (AgNPs). Key findings include a decrease in glucose
and calcium levels, an insignificant increase in protein levels, a decrease in creatinine levels, and an
increase in total bilirubin levels in the blood serum of treated groups. Catalase activity and reduced
Glutathione activity showed a decrease, indicating oxidative stress. Transmission electron microscopy
revealed AgNP accumulation within neuronal and hepatocyte cells, affecting cellular integrity and
mitochondrial function, leading to increased ROS generation and oxidative stress. This comprehensive
analysis underscores the potential risks of AgNPs at cellular and biochemical levels, highlighting the
need for careful consideration in their application and further investigation into their toxicological
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impacts.
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