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INTRODUCTION

Silica nanoparticles (SNPs) are increasingly being used in various consumer, environmental 
and bio-medical applications.[1,2] Importantly, SNPs have already entered human clinical trials 
as diagnosis, drug delivery vehicles and agents for photothermal ablation therapy.[3] The risk of 
exposure to biological systems, including humans, is thus raised. Human exposure to these 
particles may take place through inhalation, ingestion, dermal and injection routes including 
exposure at workplaces such as research laboratories, automobile, aerospace factories, gun 
industries or pharmaceutical industries.[4]

A limited number of studies have measured exposure and potential risks for humans. McCarthy 
et al. (2012) reported inflammation, oxidative damage, and death of human lung submucosal 
cells when exposed to amorphous SNPs in vitro for 24  h.[5] Similarly, SNP exposure leads to 
significant oxidative stress followed by apoptosis in cultured cardiomyocytes.[6] An in vivo study 
conducted using Wistar rats examined the toxicity of SNPs after inhalation exposure. There was 
clear evidence of chronic kidney inflammation and fibrosis even after stopping the exposure. 
Focal lesions in the lungs were also reported.[7]

ABSTRACT
Objectives: In this study, silica nanoparticles (SNPs) were synthesized through the sol-gel approach, characterized 
using X-ray diffraction and examined for their potential to induce acute neurotoxicity in rats.

Materials and Methods: The average particle size was confirmed to be 110 ± 5 nm through scanning electron 
microscope (SEM) analysis. An intraperitoneal injection of 25, 50, and 100 mg/kg of SNPs was administered 
twice over 24 h to rats, followed by autopsies 24 h later. Brain regions (cerebellum, frontal cortex, hippocampus, 
and corpus striatum) were analyzed for changes in antioxidant enzyme activity (superoxide dismutase [SOD], 
catalase [CAT], glutathione-s-transferase [GST], glutathione peroxidase [GPx], glutathione reductase [GR] and 
thiobarbituric acid reactive substance [TBARS] levels) and neurotransmitter concentrations (acetylcholinestrase 
[AChE], dopamine, serotonin and nor-epinephrine).

Results: The activity of SOD, CAT and GST increased significantly in the high dose group, specifically in the hippocampus 
and corpus striatum. No significant change in GR activity was observed in any dose group. Significant alterations were 
observed in neurotransmitter concentrations in hippocampus and corpus striatum in rats treated with high dose.

Conclusion: Overall, the outcomes derived from our research suggest that SNPs lead to dose-dependent oxidative 
harm and neurotoxic effects in different regions of brain.
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Figure 1: Synthesis of silica nanoparticles (SNPs) in the study. A sol-gel chemical method was used 
to synthesise spherical and mesoporous SNPs in the laboratory according to the procedure described 
by Rahman and Padavettan. CTAB: Detyltrimethylammonium bromide, NaOH: Sodium hydroxide, 
TEOS: Tetraethyl orthosilicate, rpm: Revolutions per minute.
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Few studies have examined the effects of SNP exposure on 
the brain. Wu et al. (2011) demonstrated that intranasally 
instilled SNPs entered the brain.[8] The particles were 
associated with increased inflammation and oxidative damage 
in the striatum area of the brain in treated rats.[8] In another 
study, male mice were exposed to silica nanomaterials through 
intranasal instillation once per day for 81  days. SNPs cause 
elevated tau phosphorylation, neuroinflammation, and 
neurodegeneration-like features in the medial prefrontal cortex 
and the hippocampus.[9] Clearly, there is evidence that SNPs can 
potentially harm nervous tissue through several mechanisms. 
However, a complete understanding of neurotoxic effects and the 
underlying mechanism is still lacking.[10]

The current investigation, therefore, aims to fill this 
knowledge gap. Amorphous, mesoporous, and spherical 
SNPs were synthesised using a sol-gel chemical procedure. 
Subsequently, adult Wistar rats were acutely exposed to 
varying concentrations of SNPs through intraperitoneal 
administration. General health, oxidative stress parameters, 
neurotransmitter concentrations, and histopathological 
changes were examined in four specific brain regions, namely 
the cerebellum, frontal cortex, hippocampus, and corpus 
striatum of control and treated animals. The present study 
is expected to provide insights that will help to understand 
the potential risks associated with SNP exposure in various 
biomedical, occupational, and environmental settings.

MATERIALS AND METHODS

Materials

Tetraethyl orthosilicate (TEOS) (TEOS ≥99.0% GC 
M.W: 208.33  g/moL, d: 0.933  g/mL) and mesitylene 
(M.W: 120.19 g/moL, d = 0.864 g/mL, 98%) were procured from 
Sigma-Aldrich, and N-cetyl-N,N,N-try methylammonium 

bromide (CTAB, M.W: 364.45, 99%) and sodium hydroxide 
(NaOH) were procured from HiMedia Laboratories (Mumbai, 
India) for SNPs preparation. Ultrapure water (Direct-Q® 
Water Purification System, Merck Millipore) was used all 
over synthesis to avoid metal impurities. Analytical-grade 
chemicals were used in all the experiments.

Synthesis of SNPs

A sol-gel chemical method was used to synthesise spherical and 
mesoporous SNPs in the laboratory according to the procedure 
described by Rahman and Padavettan (2012).[11] Briefly, the 
methodology involves the synthesis of SNPs using CTAB as a 
surfactant and mesitylene as a pore-size modifier [Figure 1]. The 
process involves dissolving CTAB in water, adjusting the pH to 
between 11 and 12 using NaOH, adding mesitylene, and then 
adding TEOS dropwise while stirring at 80°C. The resulting 
white precipitate is hot-filtered, washed with water and acidic 
ethanol to remove the CTAB template, and dried under a light 
lamp. The yield of the dried SNP powder was 1.006 g.

Particle characterisation

The amorphous structure of spherical SNPs was analysed using 
X-ray diffraction with a PANalytical X-ray Diffractometer, 
using Cu Kα radiation with a wavelength of 1.54060 Å. The 
analysis was conducted in the 2θ range of 10–90° at a scan 
speed of 0.4°/min to confirm the structural properties of SNPs. 
The optical properties of the SNPs were analysed using an 
ultraviolet–visible spectroscopy (UV-Vis) spectrophotometer 
operating in the 200–700  nm wavelength range, with a 
resolution of 2  nm. The particle size and distribution of 
SNPs were measured using dynamic light scattering with 
a Malvern Zetasizer instrument, with 80 accumulation 
times per measurement. The zeta potential of the SNPs was 
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measured using electrophoretic light scattering with the 
same instrument to determine the reason for agglomeration. 
The size distribution and morphology of SNPs were analysed 
using SEM images obtained with a 30 kV EVO-18 Carl Zeiss 
Scanning Electron Microscope. The diameter of 100 randomly 
selected SNPs was measured to determine the size distribution.

Animal handling

In this study, healthy male Wistar rats with a body weight of 
120 ± 10 g an age of 6–8 weeks, and proven fertility, were used. 
They were housed under standard laboratory conditions, 
with a temperature of 25 ± 2°C and relative humidity of 
35 ± 5%, with a 12-h light and 12-h dark photoperiod, in 
polypropylene cages with clean wooden shavings as bedding. 
Animals were fed a standard diet. The animal handling 
and care followed the guidelines set by the Committee for 
the Purpose of Control and Supervision on Experiments 
on Animals in New  Delhi, India. The experiment had the 
consent of the departmental animal ethics committee (UDZ/
IAEC/1/020-CPCSEA, dated 13 July 2017).

Experimental schedule

Rats were administered SNPs at doses of 25, 50, and 
100 mg/kg twice over 24 h through intraperitoneal injection 
as per the guidelines set by the Committee for the Purpose 
of Control and Supervision on Experiments on Animals 
in New Delhi, India. The rats were divided into four groups 
(6 animals/group) including a control group (ultra-pure water 
as the vehicle), a low dose group (25 mg/kg), a moderate dose 
group (50 mg/kg), and a high dose group (100 mg/kg). After 
24 h, the rats were autopsied and brain sub-regions (frontal 
cortex, cerebellum, hippocampus, and corpus striatum) were 
analysed for changes in antioxidant enzyme activity and 
biochemical parameters to assess acute neurotoxicity.

Analysis of antioxidant enzymes activity and 
thiobarbituric acid reactive substance (TBARS) level 
assessment

The rats were euthanised and autopsied to isolate their 
brains, which were weighed and divided into four regions: 
Cerebellum, frontal cortex, hippocampus, and corpus 
striatum. The brain regions were homogenized in a buffer 
solution and centrifuged to obtain a 10% homogenate. This 
homogenate was used to measure the activity of various 
antioxidant enzymes and neurotransmitters. The activity of 
acetylcholinesterase (AChE) was also assessed.

Enzymatic activities of superoxide dismutase (SOD), catalase 
(CAT), glutathione peroxidase (GPx), glutathione-s-transferase 
(GST) and glutathione reductase (GR) were assessed as per the 
protocols established by Marklund and Marklund, Aebi, Paglia 
and Valentine, Habig et al. and Bergmeyer and Garvehn, 

respectively.[12-16] TBARS concentration was measured in brain 
tissue homogenates using the protocol of Ohkawa et al.[17] 
Concentrations of dopamine, serotonin and norepinephrine 
were measured by the methods prescribed by Jacobowitz and 
Richardson.[18] The activity of AChE enzyme was evaluated 
following the method given by Ellman et al.[19]

Statistical analysis

All the data were represented as mean ± SD and statistically 
analysed by GraphPad Prism (v. 8.0.2). One-way analysis of 
variance followed by Dunnett’s multiple comparisons test was 
utilised to test the statistical difference between mean values 
from control and treated groups. P < 0.05 was considered as 
statistically significant.

RESULTS

Particle characterisation

X-ray diffraction and UV-Vis spectrum

UV-Vis spectrophotometer (Varian) was used to analysis the 
optical properties of colloidal solution of SNPs in the region of 

Figure  2: (a) Ultraviolet-visible spectrum of silica nanoparticles. 
(b)  Shows X-ray diffraction pattern of silica nanoparticles (SNPs) 
that confirms the amorphous structure of SNPs.
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average particle size (nm) and particle distribution of 
SNPs were measured. The hydrodynamic size obtained was 
between 300 and 600 nm [Figure 3b].

Scanning electron microscopy

SEM was used to find the average particle size and the 
morphology of the SNPs using by 30 kV EVO-18 Carl Zeiss 
SEM. The SEM images as shown in [Figures  4a and b]. 
SNPs were observed in the size range of 80–115  nm. The 
SEM micrograph indicates that the synthesised SNPs are 
largely spherical in shape and size. However, some particles 
had non-spherical shapes like elongated, ellipsoidal, larger 
aggregates. The SEM analysis has revealed that the average 
particle size is 113 nm.

Oxidative stress markers in the brain

The study evaluated the changes in the activities of various 
antioxidant enzymes, such as SOD, CAT, GST, GPx, and 
GR as well as the level of TBARS in four sub-regions of the 
brain: Cerebellum, frontal cortex, hippocampus, and corpus 
striatum. The results showed an increase in the activities of 
CAT, SOD and GST in hippocampus and corpus striatum 
sub-regions of the brain of animals exposed to high doses of 
SNPs compared to the control group after 24 h of exposure 
[Figures 5a-c]. GR activity showed statistically insignificant 
changes in all treated groups compared to the control group, 
in all the brain sub-regions exposed to SNPs in any dose 
group, as shown in Figure 5d. GPx and TBARS levels also 
increased in the hippocampus and corpus striatum sub-
regions [Figures 5e, f and Table 1]. Antioxidant enzyme 
activities remained statistically comparable to control in the 
cerebellum and frontal cortex regions.

Neurotransmitters level in brain

The levels of serotonin and nor-epinephrine were observed 
to have a significant decline in high dose group in 

Figure  3: (a) Zeta potential of silica nanoparticle. (b) The size 
distribution curve of silica cluster nanoparticles.

b

a

Figure  4: (a and b) SEM images of different-sized silica nanoparticles (SNPs). The particle size of 
SNPs was recorded in between 80 and 115  nm range. The size distribution curve shows that the 
synthesised SNPs had a narrow size range.

ba

200–700 nm operating at a resolution of 2 nm.[20] Absorption 
peak λ max was obtained at 270  nm. Figure  2a shows the 
absorption spectra of synthesised SNPs. The results, shown in 
Figure  2b, reveal the non-crystalline and amorphous nature 
of the SNPs through the presence of a broad peak at 2θ = 22° 
and a wide hump between 16° and 30°, indicating the absence 
of any crystalline structures. These findings are consistent 
with previous studies on SNPs reported in the literature.[21,22]

Zeta potential and size distribution by intensity

The measurement of zeta potential of SNPs was recorded to 
obtain the reason for agglomeration.[23] Malvern Zetasizer 
instrument with electrophoretic light scattering was used to 
measure the zeta potential. The measurements were repeated 
5 times and average values were recorded. The graph shows 
good stability of synthesised particles and very less tendency 
to form aggregates [Figure  3a]. The intensity-weighted 
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Figure  5: The specific activity of antioxidant enzymes in different brain sub-regions (cerebellum, 
frontal cortex, hippocampus and corpus striatum) of rats treated with control and different doses 
of silica nanoparticles. (a) Catalase (CAT). (b) Superoxide dismutase (SOD). (c) Glutathione-
S-transferase (GST). (d) Glutathione reductase (GR). (e) Glutathione peroxidase (GPx). 
(f) Concentration of thiobarbituric acid reactive substances (TBARS). Each group consisted of 6 
animals and the values are expressed as mean±SD. The data were analysed using one-way analysis 
of variance followed by Dunnett’s multiple comparison test (*P ≤ 0.05). SOD (1 unit is defined as the 
amount of enzyme inhibiting the rate of autoxidation of pyrogallol by 50%), CAT (1 unit is equal to 
1 mmol H2O2 decomposed per min per mg protein), GST (μ mole G-SDNB formed per min per mg 
protein), GR (1 unit equals to nmol NADPH oxidised per min per mg protein), GPx (1 unit is defined 
as nmol NADPH oxidised/min/mg protein), TBARS (1 unit is equal to 1 nmol TBARS formed/h/mg 
protein). C: Control group, LD: Low dose group, MD: Moderate dose group, HD: High dose group.
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hippocampus and corpus striatum compared to the control 
group [Figures  6a, b and Table 2]. SNPs did not alter the 
dopamine levels of various brain sub-regions in any dose 
group as shown in figure 6c. Activity of acetylcholine esterase 
enzyme showed significant decline in high dose group in 
hippocampus and corpus striatum of treated rats [Figure 6d]. 
Neurotransmitter levels remained statistically comparable to 
control in cerebellum and frontal cortex regions.

DISCUSSION

In this study, we have demonstrated that SNPs with an average 
size of 113 nm can breach the blood–brain barrier, resulting 
in oxidative stress and brain inflammation in Wistar rats. 
For instance, Wu et al. (2011) demonstrated that intranasally 
instilled SNPs accumulate in the corpus striatum of treated 
animals. SNPs induced oxidative stress and downregulation of 
tyrosine hydroxylase protein. Adverse effects were observed 
on dopaminergic neurons in the study.[8] Similarly, Liu et al. 
(2017) have also shown the involvement of oxidative stress and 
Rho-kinase/JNK signalling pathways in the toxicity caused by 
SNPs.[24] These particles can also impact the astrocytes, which 

are neuroprotective and supportive of neuron functioning.[25] 
In our study, acute exposure (i.p.) to SNPs at 100 mg/kg body 
weight in rats altered the activities of antioxidant enzymes in 
the hippocampus and corpus striatum, consistent with the 
reports discussed above. Our research indicates that SNPs 
may permeate specific regions of the brain, particularly the 
hippocampus and striatum. This infiltration is followed by the 
generation of oxidative stress, as suggested by our findings.

Oxidative stress is a major contributing factor in SNPs 
mediated cellular damage, especially, within the brain for two 
reasons. First, neurons are dependent mainly upon oxidative 
phosphorylation for energy, and second, they are exposed 
to more amount of oxygen.[26] Zhou et al. (2016) exposed 
PC12  cells, an in vitro model for dopaminergic neurons, 
with mesoporous SNPs. Analysis showed that the particles 
induced the production of ROS and malondialdehyde.[27] 
The exposure was also associated with reduction of reduced 
glutathione and leakage of lactate dehydrogenase in a dose-
dependent manner.[27] Yuan et al. (2022) evaluated the effects 
of SNPs in a transgenic mice model for Parkinson’s disease.[28] 
Male mice were exposed through intranasal instillation at a 
dose of 5 μg/μL SNPs every 2 days for a period of 90 days. 

Table 1: Quantitative measurements of oxidative stress indicators in different brain regions of Wistar rats, post-exposure to various doses 
of SNPs.

Parameter Group Cerebellum Frontal cortex Hippocampus Corpus striatum

CAT Control 0.99±0.09 0.9±0.09 0.92±0.11 0.85±0.1
L.D. 1.13±0.15 0.92±0.12 1.09±0.14 0.93±0.1
M.D. 1.16±0.14 0.96±0.14 1.08±0.16 0.98±0.14
H.D. 1.18±0.15 1.05±0.17 1.16±0.13* 1.16±0.17*

SOD Control 126±4.85 103±5.54 111±5.2 104±4.3
L.D. 132±6.32 106±6.61 115±6.96 108±7.63
M.D. 136±10.25 108±10.2 158±10.22* 120±12.23
H.D. 140±16.32 110±16.34 165±16.36* 142±16.4*

GST Control 20.56±1.23 21.26±1.99 22.89±1.34 22.65±1.48
L.D. 21.56±1.56 22.9±1.68 24.67±1.54 24.28±1.62
M.D. 22.08±1.36 23.01±1.12 25.01±1.3 25.1±1.85
H.D. 23.04±1.71 23.75±1.98 27.46±1.7* 27.26±1.8*

GR Control 3.26±0.22 2.9±0.32 3.05±0.58 2.92±0.7
L.D. 3.45±0.32 2.95±0.84 3.54±0.57 3.58±0.45
M.D. 3.58±0.5 3.09±0.43 3.89±0.65 3.75±0.71
H.D. 3.58±0.64 3.11±0.37 3.91±0.56 3.8±0.55

GPx Control 21.84±2.44 25.56±2.42 25.56±2.4 25.12±2.45
L.D. 22.86±2.28 26.65±2.34 28.36±2.3 27.36±2.2
M.D. 24.89±2.56 28.12±2.48 29.02±2.5 28.13±2.53
H.D. 24.8±2.42 29.05±2.45 31.64±2.51* 31.86±2.15*

TBARS Control 3.85±0.36 3.34±0.54 2.09±0.68 3.06±0.95
L.D. 3.96±0.65 3.55±0.68 2.56±0.89 3.56±0.79
M.D. 4.02±0.54 3.86±0.95 2.87±0.65 4.56±0.92
H.D. 4.11±0.67 4.02±0.64 3.17±0.7* 5.78±0.95*

CAT: Catalase, SOD: Superoxide dismutase, GST: Glutathione S-transferase, GR: Glutathione reductase, GPx: Glutathione peroxidase, 
TBARS: Thiobarbituric acid reactive substances, L.D.: Low dose (25 mg/kg), M.D.: Medium dose (50 mg/kg), H.D.: High dose (100 mg/kg), 
SNPs: Silica nanoparticles. Values marked with an asterisk (*) represent a significant difference in the antioxidant enzyme activity as compared to control. 
The presented values are mean±standard deviation
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Figure  6: (a-d) The concentration of neurotransmitters in different brain sub-regions (cerebellum, 
frontal cortex, hippocampus and corpus striatum) of control and silica nanoparticles-treated 
rats. (a) Serotonin. (b) Norepinephrine. (c) Dopamine (in μg/g). (d) The specific activity of 
acetylcholinesterase (in μ mol substrate hydrolysed/min/mg protein). Each group had 6 animals, 
and the values are presented as mean±SD. The data were analysed using one-way analysis of variance 
followed by Dunnett’s multiple comparison test (*P≤0.05). C: Control group, LD: Low dose group, 
MD: Moderate dose group, HD: High dose group.

dc

ba

The authors clearly demonstrated the generation of oxidative 
stress and damage to mitochondria. These changes lead 
to apoptosis in neurons.[28] The results of our study are 
in line with these earlier findings, further reinforcing the 
notion that SNPs contribute significantly to oxidative stress. 
AChE enzyme plays a key role in regulating the levels of 
acetylcholine. A decrease in AChE activity is associated with 
neuronal damage. Boukholda et al. (2022) administered SNPs 
intraperitoneally to Wistar rats at doses of 25 and 100 mg/kg 
bw/day for a period of 28 days.[29] Their findings demonstrated 
elevated reactive oxygen species and a significant reduction 
in the activity of the AChE enzyme in the corpus striatum. 
The group also demonstrated extensive histological damage 
in the striatum region of SNP-exposed rats. The present 
study showed a similar decline in AChE enzyme activity 

in different brain sub-regions of SNPs-exposed rats.[29] 
Our results also demonstrated a significant decline in 
norepinephrine and serotonin levels in the hippocampus and 
striatum. We hypothesise that these alterations may be due 
to the disruption of redox processes within the brain tissue 
leading to structural damage to neuronal cells following SNPs 
exposure [Figure 7]. This speculation aligns with the findings 
of our current investigation and is further substantiated by 
previous studies,[30-32] which highlight the potential for SNPs 
to disturb redox homeostasis.

CONCLUSION

The present study was designed to examine the neurotoxic 
effects caused by the acute exposure of SNPs to Wistar rats. 



Figure 7: Proposed mechanism of silica nanoparticles (SNPs) induced 
pathology in the brain of rats treated with intraperitoneal injections of 
SNPs was administered twice over 24 h. ROS: Reactive oxygen species.
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Table 2: Mean±standard deviation of neurotransmitter levels and AChE activity in various brain regions of rats after treatment with SNPs 
at different doses.

Parameter Group Cerebellum Frontal cortex Hippocampus Corpus striatum

Serotonin Control 3.85±0.47 2.74±0.45 3.6±0.3 3.45±0.41
L.D. 3.8±0.77 2.54±0.47 3.45±0.45 3.26±0.54
M.D. 3.74±0.17 2.32±0.87 3.25±0.2 2.86±0.67
H.D. 3.65±0.45 2.28±0.48 3.05±0.1* 2.5±0.5*

Nor-epinephrine Control 0.15±0.04 0.16±0.02 0.28±0.06 0.22±0.04
L.D. 0.14±0.04 0.15±0.03 0.2±0.04 0.17±0.03
M.D. 0.13±0.02 0.14±0.02 0.19±0.08 0.16±0.06
H.D. 0.12±0.01 0.13±0.03 0.18±0.07* 0.12±0.04*

Dopamine Control 0.15±0.04 0.45±0.02 0.15±0.04 0.16±0.02
L.D. 0.14±0.06 0.44±0.08 0.14±0.03 0.16±0.04
M.D. 0.14±0.02 0.42±0.02 0.13±0.02 0.15±0.06
H.D. 0.14±0.01 0.42±0.03 0.12±0.01 0.14±0.05

AChE Control 1.8±0.12 1.76±0.15 1.95±0.17 2.04±0.17
L.D. 1.6±0.05 1.68±0.03 1.79±0.08 1.85±0.04
M.D. 1.55±0.3 1.6±0.2 1.71±0.25 1.78±0.28
H.D. 1.5±0.25 1.56±0.17 1.42±0.15* 1.38±0.17*

AChE: Acetylcholinesterase, L.D.: Low dose (25 mg/kg), M.D.: Medium dose (50 mg/kg), H.D.: High dose (100 mg/kg), SNPs: Silica nanoparticles. Values 
marked with an asterisk (*) represent a significant difference in the neurotransmitter levels or AChE activity in the high dose group when compared to the 
control

SNPs utilised in the study, were synthesised utilising the 
sol-gel method and were amorphous and spherical in shape 
(110 ± 5 nm). The findings demonstrated that SNPs altered the 
activities of antioxidants enzymes, such as SOD, CAT, GST, GR, 
and GPx in the hippocampus and corpus striatum of treated rats, 
specifically at 100  mg/kg dose. Serotonin and norepinephrine 
levels also declined in these brain regions. The activity of AChE 
enzyme was also decreased due to the exposure. Overall, the 
results clearly indicate that acute exposure to SNPs induces 

oxidative stress and neurotoxicity in the brain. It is imperative 
that further studies should be undertaken to delve deeper into 
the in vivo toxicity of SNPs to better understand the potential 
risks they pose, paving the way for safer and more informed 
applications of these nanoparticles in the future.
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