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Abstract 

Background  Nanoparticles (NPs) are increasingly used in medicine, industry, agriculture, cosmetics, drug deliv-
ery, and energy storage. Despite their widespread use, their potential toxicity, particularly their effects on behavior, 
remains poorly understood. This study aimed to investigate behavioral and neuronal changes following chronic expo-
sure to four types of NPs: silicon dioxide, nickel oxide, cobalt oxide, and perovskite nanomembrane.

Methods  Eighty adult male BALB/c mice were divided into four treatment groups and four control groups. Treated 
mice received daily intraperitoneal injections of silicon dioxide, nickel oxide, cobalt oxide, or perovskite for 35 days, 
while controls received the corresponding vehicle. All mice underwent eight neurobehavioral tests. Brain tissues were 
collected for histological and immunohistochemical analysis.

Results  NPs-exposed mice exhibited anxiety- and depression-like behaviors, increased stress, thigmotaxis, reduced 
locomotion, and impaired exploratory activity. Spatial learning and both reference and working memory were 
also compromised. Histological analysis revealed neuronal shrinkage and pyknosis in the prefrontal cortex, hip-
pocampus, and cerebellum, along with gliosis, vascular changes, perivascular edema, neuronophagia, and spongiosis. 
Moreover, a positive inducible nitric oxide synthase (iNOS) immunoreactivity has been increased by the exposure 
to different types of NPs indicating nitrosative stress with subsequent oxidative stress.

Conclusions  Chronic exposure to NPs induces nitrosative and subsequent oxidative stresses-related neuronal dam-
age and behavioral alterations, potentially disrupting brain function. Among the tested NPs, perovskite nanomem-
branes displayed the most severe effects, followed by Co3O4, NiO, and SiO2 NPs. Further studies are needed to eluci-
date the relationship between behavioral outcomes and neuronal pathology caused by long-term NP exposure.
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1 � Background
Nanoparticles have emerged as transformative tools 
across various sectors. In therapeutics, they enable tar-
geted drug delivery, improving treatment efficacy while 
reducing side effects [1]. In diagnostics and medical 
imaging, their unique properties enhance contrast and 
precision [2]. Industrial applications include catalysis 
and sensing, contributing to more efficient processes 
and advanced materials development [3]. In agriculture, 
NPs support nano-fertilizers, pest control, and precision 
farming [4]. The food packaging industry uses them to 
extend shelf life, prevent microbial contamination, and 
monitor food quality [5]. In cosmetics, NPs improve for-
mulation performance, enabling better skin penetration 
and sustained release of active ingredients [6]. Perovskite 
solar cells, a promising renewable energy source, demon-
strate power conversion efficiencies of up to 25%, offering 
high performance and low production costs [7].

Despite this broad utility, the potential toxicity of 
NPs remains underexplored. Humans may be exposed 
through inhalation, skin contact, or ingestion, rais-
ing health concerns. NPs can penetrate cells and inter-
act with macromolecules and organelles. Studies have 
shown that they can impair the function of vital organs, 
including the liver, kidneys, testes, heart, and brain [8, 9]. 
In particular, their accumulation in the brain has been 
linked to structural and functional damage [10].

Evidences indicate specific concerns regarding the toxi-
cological profiles of the NPs under investigation. Silicon 
dioxide NPs have been reported to accumulate in the 
neuronal tissues, induce oxidative stress, inflammatory 
responses, and potential genotoxic effects [8]. They are 
also capable of crossing the blood–brain barrier (BBB), 
where they can trigger oxidative stress, neuroinflamma-
tion, and neuronal apoptosis, potentially impairing cog-
nitive function. Nickel oxide NPs are associated with 
oxidative and nitrosative stress, cognitive decline, DNA 
damage, apoptosis, and inflammatory cascades, which 
may contribute to neurotoxicity outcomes [10]. They may 
also disrupt neurotransmitter levels and induce neuro-
degeneration through oxidative damage and inflamma-
tion in brain tissues. Cobalt oxide NPs have been shown 
to cause mitochondrial dysfunction in neural cells and 
generate reactive oxygen species (ROS), leading to neu-
rotoxicity, cellular damage, and neuronal cell death [9]. 
Furthermore, lead-based perovskite nanomaterials may 
release toxic ions, such as lead or halide compounds, 
posing significant risks to both neuronal and systemic 
health [7]. Exposure to these materials has been linked 
to impaired synaptic function and neurodevelopmental 
alterations.

These impacts underscore the need for more targeted 
neurotoxicological studies of these NPs, particularly 

under conditions of chronic exposure, to better under-
stand their impact on brain structure and function. 
In addition, evidence from multiple studies, including 
our own, suggests that the brain is particularly vulner-
able to NP-induced toxicity [11]. Therefore, the present 
study aims to assess behavioral and neuronal histological 
changes following chronic exposure to four types of NPs: 
silicon dioxide, nickel oxide, cobalt oxide, and perovskite 
nanomembranes.

2 � Materials and methods
2.1 � Nanoparticles
2.1.1 � Silicon dioxide NPs
Nano-powder of SiO2 NPs (CAS number 7631-86-9, 
product number 637246, 15  nm, 99.5% purity, surface 
area 640 m2/g) was purchased from Sigma-Aldrich 
(USA). The nano-suspension was prepared using normal 
saline as the vehicle. Silicon dioxide NPs were adminis-
tered intraperitoneally (IP) at a daily dose of 2  mg/kg 
body weight (bw) for 35 days, while mice in the control 
group each received an IP injection of 0.2 mL fresh steri-
lized physiological saline solution as a vehicle [11].

2.1.2 � Nickel oxide NPs
Powdered NiO NPs (CAS number 1313-99-1, product 
number 637130, < 50 nm particle size, density 6.67 ng/mL 
at 25  °C, bulk density 0.51  g/mL) were purchased from 
Sigma-Aldrich. A suspension of NiO NPs was prepared 
in normal physiological saline and administered IP at a 
dose of 25 mg/kg bw/day for 35 days, while IP injection 
of 0.2 mL fresh sterilized physiological saline solution as 
a vehicle was administered to control mice [12].

2.1.3 � Cobalt oxide NPs
Porous, spherical, uncoated Co3O4 NPs powder of 
high purity (CAS number 1308-06-1, product number 
637025, < 50 nm particle size, density 6.11 g/mL at 25 °C) 
was purchased from Sigma-Aldrich. The suspension was 
prepared using distilled water. Mice in the control group 
received an IP injection of 0.25 mL distilled water, while 
treated mice received 2.0  mg Co3O4 NPs/kg bw IP for 
35 days [13].

2.1.4 � Perovskite nanomembrane
A perovskite solution with the formula FA0.5MA0.5PbI3 
was obtained from the Nano Center at Jordan Univer-
sity of Science and Technology. The perovskite was 
characterized using the following methods: Particle size 
was measured using Zetasizer dynamic light scattering, 
optical characteristics were evaluated using a Cary 5000 
UV–VIS–NIR spectrophotometer (300–900  nm), and 
Fourier Transform Infrared Spectroscopy (FTIR) was 
conducted over a wavenumber range of 5000–500 cm−1. 
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All nanoparticle stock suspensions were sonicated for 
15 min using an ultrasonic bath cleaner. The water in the 
bath was maintained at 37 °C and was replenished at reg-
ular intervals to ensure consistent ultrasonic power deliv-
ery. All nanoparticle suspensions were sonicated at 37 °C 
for 15  min before injection. The final volume adminis-
tered IP to each mouse was 250 µL.

In the perovskite-treated group, each mouse received 
a dose of 0.37  mg/kg bw of perovskite nanomembrane 
via IP injection, while mice of the control group each 
received a daily IP dose of 0.8 mg/kg of the organic sol-
vent DMF (N,N-dimethylformamide) as a vehicle [14]

2.2 � Animals and housing conditions
Eighty healthy adult male BALB/c mice, weighing 
25–28  g, were used in the present study. Mice were 
housed in a temperature-controlled environment 
(22 ± 2  °C) with 50–60% relative humidity and a 12:12-h 
light–dark cycle. Standard pellet food and drinking water 
were provided ad libitum.

2.3 � Experimental protocol and tissue sampling
Following acclimatization period, the mice were ran-
domly assigned to four main groups (n = 20 per group), 
each corresponding to one type of nanoparticle (SiO2, 
NiO, Co3O4, or perovskite). Each group was subdivided 
into a control subgroup (n = 10), which received the vehi-
cle only, and a treated subgroup (n = 10), which received 
the corresponding nanoparticle. Intraperitoneal injec-
tions were administered daily for 35 consecutive days. 
The IP route was deliberately selected as a proof-of-
concept and exploratory step to obtain reproducible sys-
temic exposure. IP approach allows early identification 
of intrinsic systemic toxic effects, target organ including 
brain, and dose–response relationships, which are essen-
tial for hazard identification.

All experimental procedures complied with the NIH 
Guide for the Care and Use of Laboratory Animals and 
were approved by the Ethics Committee of the University 
(Approval No. 3/6/2024/2025). Neurobehavioral testing 
was initiated 24 h after the final NPs injection and con-
tinued for a 10-day period. These tests included elevated 
plus-maze test, open-field maze test, hole-board test, 
light–dark box test, forced swimming test, tail suspen-
sion test, multiradial maze test, and Morris water-maze 
test.

Neurobehavioral testing began on day 36, 1 day after 
the final IP injection, with one test conducted per day. 
Testing concluded on day 45, and all animals were dis-
sected on day 46 for brain harvesting. Neurobehavioral 
assessment was effectively managed by our laboratory 
team, which included eight members. The availability 
of three complete sets of each behavioral maze test and 

the use of four strategically positioned digital video cam-
eras allowed for sufficient observation and significantly 
facilitated the timely and parallel execution of the neu-
robehavioral assessments. Moreover, we implemented 
randomization procedures to minimize potential stress 
carry-over. Specifically, animals were randomly assigned 
to different test times to reduce systematic bias across 
individuals.

Upon completion of the behavioral assessments, mice 
were anesthetized with an IP injection of freshly pre-
pared Xylazine/Ketamine solution1 (10:1 ratio, 80 mg/kg 
Ketamine and 8 mg/kg Xylazine) in saline and sacrificed 
on day 46. Brains were then excised, rinsed in ice-cold 
saline, blotted dry, and fixed in buffered neutral formalin. 
Each brain was sagittal bisected into right and left hemi-
spheres, and processed for histological and immunohis-
tochemical evaluation.

2.4 � Histological, immunohistochemical processing, 
and morphometry

Formalin-fixed brain tissues were dehydrated using a 
graded series of ethanol, cleared in xylene, and embedded 
in paraffin wax. Serial coronal sections  (4–5  μm thick) 
were stained with hematoxylin and eosin (H&E) to assess 
the general histological features of the prefrontal cortex, 
hippocampus, and cerebellum [15]. Slides were examined 
using a light microscope, and images were captured with 
a digital camera. Furthermore, histopathological altera-
tions were graded in all study groups using a semi-quanti-
tative scoring system with a range of 0–3. Six parameters 
were evaluated histopathologically and scored as fol-
lows: inflammation, vascular congestion, perivascular 
edema, gliosis, vacuolation/spongiosis, and neuronal 
degenerative markers (neuronal shrinkage, perineuronal 
halos, and nuclear pyknosis). 0 denotes absence, 1 mild, 
2 moderate, and 3 common. Each mouse’s histopatho-
logical score varied from 0 to 18, which was determined 
by averaging the scores of these six parameters for each 
brain per animal per group. Each group’s histopathologi-
cal scores were determined by averaging the values of all 
the animals in that group [16, 17]. Two observers who 
were blinded to the groups assessed the histopathological 
alterations.

For immunohistochemistry, the streptavidin–biotin–
peroxidase technique was employed as described by Tor-
lakovic et al. [18]. The expression of iNOS was evaluated 
using a rabbit monoclonal anti-iNOS antibody (Abcam, 
178,945) to assess of nitrosative and subsequent oxida-
tive stress levels. For morphometric analysis, the area 
% of iNOS protein expression was assessed. In order to 
assess iNOS protein expression, the immunoreactive area 
in five non-overlapping high-power fields (400 × magnifi-
cation) per brain region for each mouse under study was 
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measured using FIJI/ImageJ software (Version 1.51; NIH, 
USA). Thresholding was consistently standardized across 
all images to guarantee uniformity and reproducibility, 
following the method described by Sewelam et al. [19].

2.5 � Neurobehavioral assessment
All behavioral assays were conducted during the light 
phase of the circadian cycle, within a dedicated, sound-
attenuated testing room under dim illumination (< 50 lx). 
Each apparatus was thoroughly cleaned with a 70% etha-
nol solution and allowed to dry completely between trials 
to remove olfactory cues.

To avoid potential stress carry-over between 
tests, animals were randomized, and test order was 

counterbalanced across groups, in an attempt to reduce 
potential confounding.

2.5.1 � Elevated plus‑maze test
This test aimed to assess anxiety in rodents. This maze 
is plus shape consists of four arms surround a small 
central platform (5  cm × 5  cm). Two opposing arms are 
surrounded by high walls (30  cm L × 5  cm W × 15  cm 
H) while the others are open (30  cm L × 5  cm W). The 
animal begins on the central platform, facing one of the 
open arms, and is given 10 minutes to explore the maze. 
Time spent in each arm, in the central platform, and the 
number of entrances into closed and open arms were all 
recorded. An entry was defined as all four paws crossing 
into the arm.

Typically, animals make significantly more entries into 
the closed arms. In anxiety-like states, the number of 
entries into open and closed arms becomes more bal-
anced, and animals are more reluctant to explore the 
open arms [20]. Additionally, the anxiety index induced 
by the NPs was calculated in the following formula 
according to Kraeuter et al. [21]:

2.5.2 � The light–dark box maze test
It is designed to test anxiety-like behavior in rodents. 
Light and new surroundings serve as minor stresses for 
the rodents. It is made out of a box (45  cm L × 27  cm 
W × 27  cm H) with two-thirds of it intended to be an 
open light chamber and one-third as a covered dark 
chamber.

Both the chambers are connected with a door 
(7.5 cm × 7.5 cm). The number of transitions between the 
two chambers and the time spent in each one is recorded. 
Entry is defined as mouse’s four paws are in the chamber 
[22]. The anxiety index was calculated using the following 
formula in accordance with Brown and Hascoet [23].

2.5.3 � Hole‑board test
This test evaluates animal’s emotionality, neophilia, 
stress, and anxiety. The device consisted of a 50 × 50 × 40 
cm Perspex box with 16 holes, 2.5 cm in diameter, drilled 
through the floor. Exploratory behaviors including thig-
motaxis, locomotion, head-dipping, rearing, and cen-
tral area visiting were observed in each mouse. For 10 
min, each animal was placed separately in the middle of 
the board, and these actions were recorded. To quantify 
stress-like behavior relative to exploration, a compos-
ite stress index was calculated according to Brown and 
Nemes using the following formula [24]:

2.5.4 � Tail suspension test
This test is a widely used method for assessing depres-
sion-like behavior in rodents by measuring immobility 
time, mobility time, and related behavioral parameters. 
For 5 minutes, the animal is suspended by its tail from 
a tube about 10 cm above the ground. The animal will 

Anxiety index =
(closed arm entrances× 100)

(closed arm enterances + open arm enterances)

Anxiety index =
(Time spent in the covered dark chamber× 100)

(

Time spent in the covered dark chamber + Time spent in the open light chamber
)

Stress index =

(

Thigmotaxis × 100
)

(

Head dipping+ Rearing+ Center movement
)
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attempt to flee and grab for the ground during this 
moment. It is timed to see how long it stays immo-
bile. It is based on the finding that mice would become 
immobile when exposed to brief, unavoidable stress. The 
depression-like behavioral index was calculated based on 
the following formula according to Can et al. [25]:

2.5.5 � The forced swimming test
This test was performed to assess depression behavior. 
Mice were located in a clear cylindrical glass container 
(30 × 30 × 50 cm) filled with water (25 ± 1°C) to a depth 
that the mouse cannot touch the bottom with its hind 
legs. Mice were skilled to swim for 15 min. After, 24 h, 
they were enforced to swim again for 6 min through 
which the immobility duration was recorded. Key param-
eters assessed include swimming time, immobility time, 
the number of swimming events, the average time spent 
in arrest, and the number of climbing attempts. If the 
animal was passively floating with just slight movements 
to maintain its head above the water, it was deemed 
motionless [26]. The depression index was considered 
according to Can et al. using the following formula [27]:

2.5.6 � The multiradial maze test
The purpose of this test was to assess rodents’ working 
memory and reference memory. It consists of central 
area with eight arms extending from it. The distant end 
of each arm may contain a prize (food based), designed 

Depression - index =

(

immobility time× 100
)

Total time
(

Immobility time +mobility time
)

Depression

− index =

(

immobility time× 100
)

(

Swimming time+ immobility time
)

to be not obvious from the central platform. The mouse 
is placed on the center of the platform and allowed to 
explore the arms freely for the reward. Since consumed 
food is not replaced, the mice should enter each arm only 
once. Between arm visits, the animal must return to the 
center, where the same eight options are provided each 
time. The mouse then has to recall which options have 
already been selected [28]. Additionally, the working 

memory index is the average number of entrances to 
the arm with no food while the reference memory index 
(RMI) was calculated according to Vorhees and Williams 
by using the following formula [29]:

2.5.7 � Morris water‑maze test
It is composed of a circular tank with dimensions of 
approximately 110 cm in diameter and 40 cm in height 
with a platform that permits the mouse to escape the 
water. The water depth is maintained at 25 cm. Each 
mouse was located in the pool to discover the obvious 
platform, and the time taken to locate the platform in 
each trial was recorded. The following metrics were used 
to assess the overall activity: the number of climbing 
attempts, swimming time, immobility time, and escape 
latency (time to locate the platform) [30].

2.5.8 � Marble‑burying test
This test is a widely used behavioral assay to assess com-
pulsive and obsessive-like behaviors in rodents, often 
reflecting underlying neurobehavioral and neurochemi-
cal disturbances [31]. The test provides insight into the 
compulsive–obsessive index (COI) by evaluating the 
number of marbles buried within a specific timeframe. 
Mice were individually placed in a standard clean cage 
(36 × 20 × 14  cm) containing a 5-cm deep layer of fresh 
bedding. Twenty glass marbles (1.5  cm diameter) were 
arranged in a regular 4 × 5 grid on the surface of the bed-
ding. Each mouse was left in the cage for 30 min. After-
ward, the number of marbles buried (defined as being at 
least two-thirds covered by bedding) was counted.

The COI was calculated according to Angoa-Pérez et al. 
from the following formula [32]:

2.6 � Statistical analysis
The data were represented as mean ± standard devia-
tion (SD). The comparison between the groups was done 
using ANOVA followed by Tukey post hoc test for multi-
ple comparison. The assumption of homogeneity of vari-
ances was verified using Levene’s test. For all significant 
ANOVA results, the effect size was calculated using eta-
squared (η2). p value was considered significant when its 
value less than 0.05. All statistical analyses were done 
using SPSS software (Version 26, USA).

RMI =
(Number of entrances to the arm with food)× 100

(Total number of visited arm)

COI =
(Number of marbles unburied at 15 min+Number of marbles unburied at 30 min)× 100

Maximum number of marbles available
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3 � Results
3.1 � Histological changes
To standardize the comparison, brain histological and 
immunohistochemical analysis was performed on each 
mouse included in the study. The following brain areas 
were examined: the internal pyramidal layer of the pre-
frontal cortex, the hippocampus (which included the 
Cornu Ammonis subfield CA3 and the hippocampal den-
tate gyrus), and the cerebellar cortex.

3.1.1 � Neuronal histological components of the control mice
Brain sections of the four control subgroups exhib-
ited almost similar histological construction. The inner 
pyramidal layer of prefrontal cortex presented large- and 
medium-sized pyramidal neuronal cell bodies having 
large, rounded, vesicular nuclei with prominent nucleoli 
and basophilic cytoplasm. Also, neuroglia seen as small 

cells with dark nuclei, blood capillaries, and neuropil 
(meshwork formed of neuronal and glial processes) were 
distinguished (Fig.  1a). Regarding CA3 hippocampal 
subfield, well-defined three layers were displayed: poly-
morphic layer containing glial cells, pyramidal cell layer 
exhibiting large pyramidal neurons having large rounded 
vesicular nuclei, and molecular layer containing mainly 
the dendrites of the pyramidal neurons (Fig. 1b). In addi-
tion, the hippocampal dentate gyrus exhibited three lay-
ers: molecular, granular (the principal cell layer being 
formed of small, rounded neurons), and polymorphic 
layers (Fig. 1c). Moreover, the cerebellar cortex of control 
mice exhibited a normal molecular layer, rich in dendrites 
of normal Purkinje cells layer consisting of a single row of 
large neurons with large, rounded, pale nuclei and promi-
nent nucleoli. The granular cell layer appeared densely 
packed with small granule cells, alongside Purkinje and 
Golgi cells (Fig. 1d).

Fig. 1  a–d Light H&E-stained micrographs of control brain mice. a The inner pyramidal layer of prefrontal cortex presents normal large pyramidal 
neurons (arrow). b Hippocampal CA3 subfield displaying normal molecular (M), pyramidal (P), and polymorphic (Po) layers, c hippocampal 
dentate gyrus with normal molecular (M), granular (G), and polymorphic (Po) layers, and d cerebellar cortex with normal granule (G), Purkinje (Pr), 
and molecular (M) layers. Note normal neurons (arrow), neural capillaries (curved arrow), and glial cells (arrowhead). Scale bar = 50 μm (H&E, × 400)
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3.1.2 � Neuronal histological alterations induced by NPs 
treatment mice

Histological analysis of the prefrontal cortex, hippocam-
pal CA3 subfield, dentate gyrus, and the cerebellar cor-
tex of all mice under study subgroups exposed to NPs 
treatment revealed the following significant histological 
alterations.

3.1.2.1  Neuronal histological alterations induced by SiO2 
NPs  The prefrontal cortex of this group of NPs-treated 
mice exhibited shrunken neurons with pyknotic nuclei, 
perineuronal spacing, gliosis, and neuronophagia (Fig. 2a). 
The hippocampal CA3 subfield showed gliosis associated 
with occasional pyramidal neuronal pyknosis (Fig.  2b) 
and a similar granular neuronal pyknosis in the dentate 
gyrus (Fig. 2c). However, apart from vascular congestion 
and perivascular edema in the granule cell layer, the cer-
ebellar cortex remained largely unaffected (Fig. 2d).

3.1.2.2  Neuronal histological alterations induced by NiO 
NPs  Mice exposed to NiO NPs showed cortical vascu-
larization and neuronal nuclear pyknosis (Figure 3a). The 
hippocampal CA3 subfield displayed pyknotic pyrami-
dal neurons with perineuronal spacing (Figure 3b), while 
the dentate gyrus exhibited occasional pyknotic granular 
neurons associated with vascular congestion and perivas-
cular edema (Figure  3c). The cerebellar cortex of these 
mice showed marked vascular congestion associated with 
Purkinje cell shrinkage and nuclear pyknosis (Figure 3d).

3.1.2.3  Neuronal histological alterations induced 
by  Co3O4 NPs  Mice treated with Co3O4 NPs showed 
shrunken pyknotic neurons in the prefrontal cortex, 
along with vascular congestion and perivascular edema 
(Fig. 4a). In the hippocampus, the CA3 subfield exhib-
ited extensively shrunken pyknotic pyramidal neurons 
with perineuronal spacing (Fig.  4b), and the dentate 

Fig. 2  a–d Light H&E-stained micrographs of mice exposed to SiO2 NPs. a Prefrontal cortex, b CA3 hippocampal subfield, c dendate gyrus, 
and d cerebellar cortex. Note, shrunken neurons with pyknotic nuclei and perineuronal spacing (arrow*), gliosis (arrowhead*), neurophagia (blue 
arrow), and vascular congestion with perivascular edema (curved arrow*). In addition, molecular (M), pyramidal (P), polymorphic (Po), granular (G), 
and Purkinje (Pr) layers are obvious. Scale bar = 50 μm (H&E, × 400)
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gyrus showed shrunken, pyknotic granular neurons 
(Fig.  4c). The cerebellar cortex displayed Purkinje cell 
pyknosis, extensive vascular congestion, and neuropil 
vacuolation (Fig. 4d).

3.1.2.4  Neuronal histological alterations induced by per‑
ovskite nanomembrane  In mice exposed to perovskite 
nanomembrane, severe neuronal injury and neuro-
degeneration were exhibited. The prefrontal cortex 
(Fig.  5a), hippocampal CA3 subfield (Fig.  5b), dentate 
gyrus (Fig. 5c), and cerebellar cortex (Fig. 5d) exhibited 
variable degrees of neuronal damage including shrink-
age with pyknosis, chromatolysis, neuronophagia, and 
necrosis. In addition, neural spongiosis and edema, dif-
fuse gliosis, astrocyte hypertrophy, and neuropil vacu-
olation were also demonstrated. Further, focal gliosis 
(Fig.  5e) and congested choroid plexus vasculature 
(Fig. 5f ) were displayed.

3.1.2.5  Histopathological scoring  As presented in 
Table  1, the histopathological brain damage scoring 
increased with a varying degree in the four NPs-treated 
groups relative to control group. Post hoc Tukey’s HSD 
analysis showed a statistically significant in total histo-
pathological damage, as following: perovskite NPs > Co3O4 
NPs > NiO NPs > SiO2 NPs (p < 0.05 for all sequential pair-
wise comparisons).

3.1.3 � Immunohistochemical alterations
The positive iNOS immune reaction appeared as brown 
coloration in the brain tissue sections. Brain sec-
tions of the four control subgroups exhibited almost 
similar immunohistochemical reaction that appeared 
non-specific or minimally positive (Fig.  6a–d). Nev-
ertheless, a varying degree of iNOS immune posi-
tive reactivity was distinguished in all NPs-treated 
groups. The immune reaction was apparently mild 

Fig. 3  a–d Light H&E-stained micrographs of mice treated with NiO NPs. a Prefrontal cortex, b CA3 hippocampal subfield, c dendate gyrus, and d 
cerebellar cortex. Note, shrunken neurons with pyknotic nuclei and perineuronal spacing (arrow*), vascular congestion with perivascular edema 
(curved arrow*). In addition, molecular (M), pyramidal (P), polymorphic (Po), granular (G), and Purkinje (Pr) layers are distinguished. Scale bar = 50 μm 
(H&E, × 400)
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positive in SiO2 NPs-treated mice (Fig.  6e–h), moder-
ately positive in both NiO NPs (Fig.  6i–l) and Co3O4 
NPs (Fig. 6m–p) treated mice, but strongly positive in 
perovskite nanomembrane-treated mice (Fig.  6q–t). 
These observations were confirmed by morphometry 
findings. The mean values of area percentage (area %) 
of iNOS expression have been shown a significant dif-
ference (p < 0.05) regarding the prefrontal cortex, hip-
pocampal CA3 subfield, dentate gyrus, and cerebellar 
cortex in all groups under study (Table 2). The current 
study suggested that the positive iNOS immune reac-
tivity has been increased by the exposure to different 
types of NPs indicating a variable degree of nitrosative 
stress with subsequent oxidative stress. In compari-
son between the administrated NPs, statistical analysis 
using Tukey’s HSD test showed a significant stepwise 
increase in iNOS expression across the treatment 
groups for all brain regions examined, in a following 

order: perovskite NPs > Co3O4 NPs > NiO NPs > SiO2 
NPs, as presented in Table 2.

3.2 � Behavioral alterations
Compared to the control mice in each group, the NPs 
under investigation exhibited the following distinct 
behavioral alterations:

3.2.1 � Anxiety induction
3.2.1.1  The elevated plus‑maze test  Compared with the 
control mice, the treated mice with SiO2 NPs displayed 
mild anxiety, while Co3O4 NPs produced significant neu-
robehavioral effects (Table 3). In contrast, NiO NPs and 
the perovskite nanomembrane showed a high anxiety 
index.

3.2.1.2  The light–dark box maze test  The light–dark 
box maze is a widely used neurobehavioral test to assess 

Fig. 4  a–d Light H&E-stained micrographs of mice treated with Co3O4 NPs. a Prefrontal cortex, b CA3 hippocampal subfield, c dendate gyrus, and d 
cerebellar cortex. Note, shrunken neurons with pyknotic nuclei and perineuronal spacing (arrow*), vascular congestion with perivascular edema 
(curved arrow*), vacuolated neuropil (#). Also, molecular (M), pyramidal (P), polymorphic (Po), granular (G), and Purkinje (Pr) layers are obvious. Scale 
bar = 50 μm (H&E, × 400)
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Fig. 5  a–f Light H&E-stained micrographs of perovskite NPs-exposed mice. a Prefrontal cortex, b CA3 hippocampal subfield, c dendate gyrus, d 
cerebellar cortex, e focal gliosis, and f congested choroid vasculature. Note, diffuse gliosis with hypertrophied astrocytes (arrowhead*), neuronal 
shrinkage with pyknosis (arrow*), neuronophagia (blue arrow), neuronal necrosis (notched arrow), chromatolysis (thick arrow), vascular congestion 
(curved arrow*), vacuolated neuropil (#), spongiosis, and edema. Further, molecular (M), pyramidal (P), polymorphic (Po), granular (G), and Purkinje 
(Pr) layers are visible. Scale bar = 50 μm (H&E, × 400)
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anxiety-like behaviors in rodents. In comparison with 
control mice, exploratory investigating activities (transi-
tions between the light and dark chambers, partial entries, 
peeking, or sniffing at the door), all NPs-treated mice 
demonstrated a significant increase in anxiety levels and 
variability in the time taken to locate the maze door. Addi-
tionally, apart from the SiO2 NP- and NiO NP-treated 
groups, a significant increase in anxiety levels was dem-
onstrated in all other NP-treated mice (Table 4).

3.2.2 � Stress induction
3.2.2.1  The hole‑board test  This test is a widely used 
method for assessing exploratory behavior and stress 
responses in rodents. As shown in Table 5, the test results 
reveal significant variations in neurobehavioral param-
eters between the control and NPs-treated groups.

Control mice frequently exhibited rearing behavior, 
whereas NPs-treated mice showed significant reductions 
in this activity, reflecting impaired motor function and 
heightened stress consistent with neurobehavioral inhi-
bition. Furthermore, center exploration, inversely cor-
related with anxiety and stress, was markedly reduced in 
NPs-treated groups compared to control animals. Mice 
with higher anxiety levels tend to avoid the center of the 
arena. Finally, control mice exhibited the lowest stress 
index, consistent with normal exploratory behavior. In 
contrast, all NPs-treated groups showed elevated stress 
indices, indicating increased stress responses and signifi-
cant neurobehavioral disruptions.

3.2.3 � Depression aggravation
3.2.3.1  Tail suspension test  As shown in Table  6, the 
control mice displayed the highest mobility time, the 
lowest immobility time, and favorable behavioral indices 
for escape attempts and rest, indicating normal neurobe-
havioral activity. In contrast, NPs-treated mice exhibited 
reduced mobility time, increased immobility time, and 

a significant rise in the depression-like behavioral index 
compared to the control group.

3.2.3.2  The forced swimming test  The forced swimming 
test is a widely used neurobehavioral assay to evaluate 
depressive-like behavior in rodents.

As demonstrated in Table 7, control mice exhibited the 
longest swimming time, the shortest immobility time, 
and the lowest depression index compared to all groups 
treated with NPs, suggesting normal neurobehavioral 
activity and a low depressive-like phenotype. NPs-treated 
mice showed variable reductions in swimming time and 
increased immobility compared to the control mice. In 
addition, NPs groups demonstrated fewer swimming 
events (the count of distinct swimming episodes, hori-
zontal movements in the chamber without climbing), 
longer average arrest times, and more climbing attempts, 
accompanied by elevated depression indices, indicative of 
mild to severe depressive-like behavior.

3.2.4 � Effects on memory
3.2.4.1  The multiradial maze test  As presented in 
Table 8, significant neurobehavioral differences are among 
groups treated with NPs-treated mice compared with the 
control ones. Control mice displayed the highest num-
ber of arm visits, indicating intact exploratory behavior, 
cognitive and prefrontal cortical function. On the other 
hand, all treated groups showed reduced exploration, with 
mice treated with perovskite NPs exhibiting the most pro-
nounced decline. This suggests potential impairment in 
spatial exploration and overall activity, likely due to the 
neurotoxic effects of the NPs. The observed decrease in 
arm entries containing food indicates a progressive dis-
ruption in reference memory and goal-directed behavior 
among NP-treated groups. Furthermore, repeated entries 
into non-food arms suggest varying levels of working 

Table 1  The average distribution of histopathological scores among the various study groups

0–3 (0: absent, 1: mild, 2: moderate, and 3: common). The score for each mouse ranged from 0 to 18. “*” indicates statistical difference using post hoc Tukey test in 
comparison with the control group, “□” indicates statistical significance between NiO vs. SiO2 NPs, “#” indicates statistical significance between Co3O4 vs. NiO NPs, and 
“†” indicates statistical significance between perovskite vs. Co4O4 NP, p value < 0.05 is significant

Group
Histopathology Control SiO2 NPs NiO NPs CO3O4 NPs Perovskite NPs

Neuronal degeneration 0.25 1.55 2.2 2.8 3

Vascular congestion 0 1.2 1.8 2.8 3

Perivascular edema 0 1.45 1.8 2.2 2.8

Gliosis 0.25 2.8 2.2 1.8 2.8

Vacuolation/Spongiosis 0 1.2 1.2 2.4 3

Inflammatory infiltration 0 0 0.8 0 2.6

Total score 0.5 8.2* 10*,□ 12*,# 17.2*,†
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memory impairment, potentially linked to the neurotoxic 
potential of each nanoparticle type.

3.2.4.2  Morris water‐maze test  This test is a widely used 
neurobehavioral assay to evaluate spatial learning and 
memory in rodents. The escape latency, which measures 
the time taken to locate the platform, is a critical indica-
tor of spatial learning ability. Control mice exhibited the 
shortest latency, indicating intact spatial learning and 

memory. In contrast, a significant increase in escape 
latency compared to the control group suggests that 
the NPs under investigation may impair spatial learning 
(Table 9).

3.2.5 � Compulsive disorder induction
3.2.5.1  Marble‑burying test  This test is considered as 
an indicator for compulsive disorder among rodents. As 
shown in Table  10, a decrease in both number of mar-

Fig. 6  a–t Immunohistochemical photographs of brain sections of control (a–d), SiO2 NPs (e–h), NiO NPs (i–l), Co3O4 NPs (m–p), and perovskite 
nanomembrane (q–t) treated mice showing the prefrontal cortex, hippocampal CA3 subfield, hippocampal dentate gyrus, and cerebellar cortex 
stained with inducible nitric oxide synthase (iNOS) antibody. Black arrows represent the positive areas for the applied antibody. The layers of CA3 
subfield are labeled as molecular (M), pyramidal (P), and polymorphic (Po). Also, the layers of dendate gyrus are marked as molecular (M), granular 
(G), and polymorphic (Po) while those of the cerebellar cortex are presented as molecular (M), Purkinje (Pr), and granular (G). Scale bar = 50 μm (iNOS 
immunostaining, ×400)
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bles buried after 15 and 30 min in all NPs-treated groups 
compared to the control group. The control group buried 
an average of 6.45 marbles after 15 min and 11.72 mar-
bles after 30 min, resulting in a COI of 1.10. These values 
serve as the baseline for normal marble-burying behav-
ior indicating minimal compulsive–obsessive tendency. 
As shown in Table 10, all NPs-treated mice buried fewer 

marbles than the control group, after 15  min and after 
30 min.

4 � Discussion
This study provides a comparative assessment of the neu-
rotoxic potential of different nanoparticles, integrating 
histopathological, immunohistochemical, and behavio-
ral endpoints. Our results consistently demonstrate that 

Table 2  A statistical comparison between different groups regarding the mean area % of iNOS immune reaction in adult mice

p value was calculated using one-way ANOVA test. “*” indicates statistical difference using post hoc Tukey

test in comparison with the control group, “□” indicates statistical significance between NiO vs. SiO2 NPs, “#” indicates statistical significance between Co3O4 vs. NiO 
NPs, and “†” indicates statistical significance between perovskite vs. CO3O4 NPs. SD = Standard Deviation, p value < 0.05 is significant, number of selected mice = 10 for 
each group, iNOS = inducible nitric oxide synthase

Group
Brain region Control SiO2 NPs NiO NPs CO3O4 NPs Perovskite NPs p Size effect (η2)

Prefrontal cortex mean area% ± SD 2.1 ± 0.4 26.2 ± 2.0 * 32.5 ± 4.8*,□ 37.2 ± 4.5*, # 45.9 ± 6.2 *,†  < 0.001 0.82

Hippocampal CA3 mean area% ± SD 5.2 ± 0.4 19.8 ± 2.0 * 28.5 ± 4.4*,□ 31.2 ± 5.6*,# 35.8 ± 7.0 *,†  < 0.001

Dendate gyrus mean area% ± SD 3.1 ± 0.5 23.7 ± 1.6 * 19.7 ± 3.6 *,□ 34.2 ± 3.6*,# 45.8 ± 4.1*,†  < 0.001

Cerebellar cortex mean area% ± SD 2.7 ± 0.4 14.6 ± 0.5 * 22.6 ± 2.5*,□ 25.2 ± 3.4*,# 29.7 ± 5.1*,†  < 0.001

Table 3  The elevated plus-maze test results

p value was calculated using one-way ANOVA test. “*” indicates statistical difference using post hoc Tukey test in comparison with the control group. η2 indicates a 
large effect size

Elevated plus-
maze test

Average time 
spent in the 
center (s)

Average time 
spent in the 
open arms (s)

Average time 
spent in the 
closed arms (s)

Average # of 
entries to the 
open arms

Average # of 
entries to the 
closed arms

Average # 
of end arms 
exploration

Anxiety index

Control 14 ± 2.1 117 ± 17.5 177 ± 26.6 12.6 ± 1.9 14.7 ± 2.2 4.9 ± 0.7 53.9 ± 8.9

SiO2 NPs 19 ± 2.9 54 ± 8.1* 411 ± 61.7* 2.3 ± 0.4* 3.2 ± 0.7* 2.2 ± 0.3* 56.1 ± 7.4

NiO NPs 40 ± 6.0* 31 ± 4.7* 548 ± 82.2* 1.7 ± 0.6* 4.7 ± 1.1* 1.9 ± 0.4* 73.4 ± 11.9*

Co3O4 NPs 47 ± 7.1* 50 ± 7.5* 512 ± 76.8* 4.5 ± 0.9* 7.7 ± 1.2* 2.3 ± 0.9* 63.1 ± 9.1*

Perovskite
NPs

79 ± 11.9* 98 ± 14.7* 351 ± 52.7* 3.8 ± 0.6* 9.7 ± 1.7* 2.1 ± 0.4* 77.0 ± 12.6*

p-value 0.042 0.015 0.009 0.021 0.033 0.044 0.008

Size effect (η2) 0.48 0.55 0.58 0.51 0.49 0.47 0.60

Table 4  The light–dark box maze test results

p value was calculated using one-way ANOVA test. “*” indicates statistical difference using post hoc Tukey test in comparison with the control group. η2 indicates a 
large effect size

The dark–light open test Time spent to 
find the door (s)

Time spent in the 
light chamber (s)

Time spent in the 
dark chamber(s)

Average number of 
entries to the dark 
area

Number of 
exploring

Anxiety index

Control 7.9 ± 1.2 310 ± 46.5 275 ± 41.3 5.1 ± 0.8 11.5 ± 1.7 47.0 ± 7.1

SiO2 NPs 43.1 ± 8.5* 210 ± 38.5 244 ± 26.6 2.7 ± 0.4 6.8 ± 1.9* 53.7 ± 8.1

NiO NPs 60.5 ± 9.1* 330 ± 49.5 370 ± 65.5* 14.2 ± 2.1* 2.9 ± 0.8* 52.9 ± 7.9

Co3O4 NPs 107.7 ± 22.2* 162 ± 31.3* 412 ± 69.8* 15.11 ± 2.3* 2.5 ± 0.5* 71.8 ± 10.8*

Perovskite NPs 98.5 ± 21.8* 322 ± 42.3 475 ± 76.3* 5.1 ± 0.8 2.7 ± 0.4* 59.6 ± 9.9*

p-value  < 0.001 0.021 0.007 0.065 0.012 0.04

Size effect (η2) 0.78 0.52 0.57 0.38 0.54 0.46
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perovskite NPs exerted the most pronounced neurotoxic 
effects, followed by Co3O4 NPs and NiO, while SiO2 NPs 
induced relatively mild but still detectable alterations. 
The severity ranking was consistent across histopathol-
ogy, nitrosative/oxidative stress, and neurobehavioral 
performance.

Regarding histopathological findings, there was a pro-
gressive loss of structural integrity, from mild changes 
with SiO2 NPs to severe gliosis, neuronal degenera-
tion, extensive vascular congestion, perivascular edema, 
neuropil vacuolation, spongiosis, and inflammatory 
infiltration with perovskite nanomembrane. Accord-
ing to the cumulative histopathology scores, perovskite 

Table 5  The hole-board test results

p value was calculated using one-way ANOVA test. “*” indicates statistical difference using post hoc Tukey test in comparison with the control group. η2 indicates a 
large effect size

The hole-board test Average time spent in 
thigmotaxis (min)

Average number of 
head-dipping

Average number 
of rearing

Average number of 
movements to the center

Stress index

Control 12.5 ± 1.9 7.6 ± 1.1 8.1 ± 1.2 6.6 ± 1.2 54.3 ± 8.1

SiO2 NPs 8.8 ± 1.3 4.3 ± 0.8 3.9 ± 0.7* 2.8 ± 0.5* 80.0 ± 12.0*

NiO NPs 7.3 ± 1.6* 3.5 ± 0.5* 4.4 ± 0.7* 1.6 ± 0.6* 76.8 ± 12.5*

Co3O4 NPs 9.1 ± 2.1 3.4 ± 0.8* 2.8 ± 0.7* 3.7 ± 0.8* 91.9 ± 15.8*

Perovskite NPs 5.5 ± 0.8* 1.8 ± 0.6* 3.2 ± 0.5* 2.4 ± 0.5* 85.9 ± 13.9*

p-value 0.03 0.001 0.004  < 0.001 0.003

Size effect (η2) 0.50 0.72 0.65 0.75 0.68

Table 6  The tail suspension test results

p value was calculated using one-way ANOVA test. “*” indicates statistical difference using post hoc Tukey test in comparison with the control group. η2 indicates a 
large effect size

Tail suspension test Mobility average 
times (s)

Immobility average 
time (s)

Average number of 
escapes

Average number of 
rests

Depression-
like behavioral 
index

Control 397 ± 40 204 ± 20 24.2 ± 2.4 7.8 ± 1.2 30.8 ± 4.6

SiO2 NPs 298 ± 52 301 ± 30* 19.7 ± 2.0 12.2 ± 1.9* 50.3 ± 12.5

NiO NPs 135 ± 19* 465 ± 47* 14.5 ± 3.5* 21.9 ± 5.3* 77.5 ± 11.6*

Co3O4 NPs 195 ± 27* 406 ± 41* 12.8 ± 2.3* 16.4 ± 4.5* 67.6 ± 16.1*

Perovskite NPs 169 ± 17* 431 ± 43* 9.8 ± 1.7* 14.3 ± 4.1* 71.8 ± 15.8*

p-value 0.01  < 0.001 0.02 0.009 0.02

Size effect (η2) 0.62 0.85 0.58 0.63 0.60

Table 7  The forced swimming test results

p value was calculated using one-way ANOVA test. “*” indicates statistical difference using post hoc Tukey test in comparison with the control group. η2 indicates a 
large effect size

Forced swimming test Swimming time (s) Immobility time (s) Number of 
swimming

Average time 
spent in arrest

Number of 
climbing 
attempts

Depression index

Control 407 ± 31 193 ± 22 8.6 ± 1.0 5.7 ± 0.8 10.3 ± 1.3 32.2 ± 4.8

SiO2 NPs 332 ± 39 267 ± 41* 7.5 ± 0.9 10.7 ± 2.3* 19.5 ± 2.9* 44.2 ± 5.6*

NiO NPs 181 ± 31* 419 ± 42* 14.5 ± 1.8* 21.5 ± 3.7* 25.3 ± 4.8* 69.8 ± 18.5*

Co3O4 NPs 221 ± 42* 379 ± 61* 8.6 ± 1.0 12.3 ± 2.9* 29.6 ± 6.4* 63.1 ± 12.5*

Perovskite
NPs

171 ± 25* 428 ± 52* 4.7 ± 0.6* 17.1 ± 4.1* 13.6 ± 2.0* 71.3 ± 10.7*

p-value 0.01 0.007 0.04  < 0.001 0.003 0.01

Size effect (η2) 0.61 0.67 0.53 0.80 0.70 0.62
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nanomembranes are the most harmful, followed by 
Co3O4 and NiO. These effects may be attributed to their 
heightened reactivity at the nanoscale, which enables 
their interactions with brain tissues components, trigger-
ing oxidative stress and inflammation, ultimately disrupt-
ing brain structure and function [33].

In the present study, silicon dioxide NPs have been 
associated with prominent gliosis and neuronophagia in 
agreement with Limón-Pacheco et al. [34]. These effects 
are likely mediated through oxidative stress and inflam-
mation, which activate microglia and astrocytes, con-
tributing to gliosis [35, 36]. Neuronophagia, clusters of 

Table 8  The multiradial maze test results

p value was calculated using one-way ANOVA test. “*” indicates statistical difference using post hoc Tukey test in comparison with the control group. η2 indicates a 
large effect size

Group Average # of visited 
arms

Average # of entries into the 
arm with food

Average # of re-entries to 
arms with no food

Reference memory 
index

Working 
memory 
index

Control 11.3 ± 0.9 9.7 ± 1.2 3.6 ± 0.6 0.88 ± 0.07 3.6 ± 0.5

SiO2 NPs 7.4 ± 1.2* 2.5 ± 0.4* 1.9 ± 0.7* 0.34 ± 0.08* 1.9 ± 0.5*

NiO NPs 8.2 ± 1.3* 3.1 ± 0.6* 2.1 ± 0.7* 0.39 ± 0.06* 2.1 ± 0.6*

Co3O4 NPs 6.8 ± 0.7* 2.4 ± 0.4* 1.7 ± 0.8* 0.35 ± 0.05* 1.7 ± 0.4*

Perovskite NPs 5.6 ± 0.8* 1.9 ± 0.8* 1.3 ± 0.4* 0.34 ± 0.05* 1.3 ± 0.3*

p-value 0.007  < 0.001 0.03 0.001 0.01

Size effect (η2) 0.65 0.82 0.50 0.75 0.63

Table 9  Morris water‐maze test results

p value was calculated using one-way ANOVA test. “*” indicates statistical difference using post hoc Tukey test in comparison with the control group. η2 indicates a 
large effect size

Morris water-maze test Average escape latency (s) 
(time to find the platform)

Average time spent 
in swimming (s)

Average time spent 
in immobility (s)

Average # 
of climbing 
attempts

Memory error index

Control 109 ± 11 92 ± 7 17 ± 2 14.8 ± 1.7 0.34 ± 0.05

SiO2 NPs 156 ± 24* 122 ± 14 31 ± 4* 10.6 ± 1.5* 0.63 ± 0.08*

NiO NPs 127 ± 23 88 ± 5* 39 ± 5* 8.2 ± 1.2* 0.75 ± 0.09*

Co3O4 NPs 112 ± 19 69 ± 6* 41 ± 5* 5.2 ± 0.8* 0.96 ± 0.11*

Perovskite NPs 142 ± 21* 89 ± 4* 63 ± 7* 5.3 ± 1.2* 1.15 ± 0.13*

p-value 0.003 0.04  < 0.001 0.03  < 0.001

Size effect (η2) 0.68 0.51 0.88 0.52 0.85

Table 10  Marble-burying test results in two rounds (T = 15, 30 min)

p value was calculated using one-way ANOVA test. “*” indicates statistical difference using post hoc Tukey test in comparison with the control group. η2 indicates a 
large effect size

Marble-burying test (number of 
marbles = 20)

Average number of marbles buried 
after 15 min

Average number of marbles buried 
after 30 min

Compulsive–
Obsessive Index 
(COI)

Control 6.45 ± 0.8 11.72 ± 1.5 1.10 ± 0.05

SiO2 NPs 4.16 ± 0.8* 7.83 ± 1.1* 1.40 ± 0.11*

NiO NPs 3.28 ± 0.5* 4.67 ± 0.7* 1.60 ± 0.13*

Co3O4 NPs 1.8 ± 0.4* 2.57 ± 0.7* 1.78 ± 0.12*

Perovskite
NPs

4.5 ± 0.6* 8.1 ± 1.9 1.37 ± 0.11

p-value 0.02 0.03 0.01

Size effect (η2) 0.58 0.55 0.62
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glial cells surrounding degenerating neurons, is a known 
response to primary neuronal injury [37]. The presence 
of shrunken, pyknotic neurons further suggests necrotic 
or apoptotic cell death, possibly driven by mitochon-
drial dysfunction [38]. Additionally, vascular congestion 
observed following NiO NPs exposure may indicate ROS-
induced BBB compromise with resultant increased per-
meability and cerebral blood flow dysregulation, which 
may lead to ischemia, memory loss, and behavioral dys-
functions [39–41]. It has been reported that ROS-medi-
ated apoptosis contributes to the neurodevelopmental 
and neurobehavioral effects associated with ambient NiO 
NPs [42]. The observations of the present study agree 
with Boukholda et  al. [43], who demonstrated that sub-
acute exposure to Co3O4 NPs leads to neuronal shrink-
age and vacuolation in the cerebral cortex and striatum, 
along with cognitive deficits, anxiety, and depressive-
like behaviors. These effects were attributed to oxida-
tive stress and neuroinflammation. Perivascular edema 
likely results from BBB breakdown or vascular injury, 
while disrupted neuropil suggests extracellular matrix 
disorganization around neurons [44, 45]. Reactive glio-
sis and neuroinflammation were evident after exposure 
to perovskite nanomembrane, as indicated by glial pro-
liferation. This response may reflect attempts to repair 
neuronal injury and contain ongoing damage [46, 47]. 
Neurotoxicity induced by these nanomaterials could be 
due to ROS generation associated with chronic exposure 
[48]. Neural spongiosis, indicated by neuronal swelling, 
suggests cytotoxic effects that disrupt brain homeostasis 
[49, 50]. Neuropil vacuolation may stem from synaptic 
degeneration linked to fluid accumulation from BBB dis-
ruption [51].

In this study, NPs-induced histopathological changes 
were accompanied by nitrosative and oxidative stress, 
evidenced by increased iNOS protein expression in NPs-
treated groups. These findings highlight redox imbalance 
as a central mechanism of NPs neurotoxicity. Compa-
rable effects have been reported for Co3O4 NPs, which 
elevate lipid peroxidation, protein oxidation, and nitrite 
levels while depleting antioxidant defenses, leading to 
cognitive deficits [43]. NiO NPs similarly induce ROS, 
upregulate iNOS, and increase lipid peroxidation, con-
firming their systemic and neural toxicity [52].

The iNOS induction promotes excess NO, which 
reacts with superoxide to form peroxynitrite, a potent 
oxidant that damages lipids, DNA, and proteins, driv-
ing cellular dysfunction [53]. The high oxidative/nitro-
sative burden and mitochondrial disruption observed 
with NiO, Co3O4, and perovskite NPs likely underpin 
the neurodegeneration noted in this study [54]. Progres-
sive immunohistochemical changes were paralleled by 
behavioral alterations: Perovskite and NiO NPs groups 

showed pronounced anxiety and depression-like pheno-
types in the raised plus-maze, forced swim, and tail sus-
pension tests, while perovskite- and Co3O4-exposed mice 
displayed the most severe cognitive impairments in the 
multiradial and Morris water mazes. Co3O4 NPs further 
produced the strongest compulsive–obsessive tenden-
cies, as reflected by the marble-burying test.

Co3O4 NPs in aged rats reinforce this pattern, increas-
ing MDA, protein oxidation, and nitrite levels while 
reducing antioxidant defenses. These changes corre-
late with cognitive decline, anxiety and depression-like 
behaviors, and neuronal degeneration in the striatum and 
cerebral cortex [43]. NiO NPs exposure produces similar 
outcomes, with oxidative/nitrosative stress linked to his-
topathological alterations and liver toxicity [55].

Although in  vivo data on perovskite nanomembranes 
in neural contexts are scarce, their strong effects in this 
study (highest histopathological scores, anxiety and 
depression indices, and memory errors) suggest high 
reactivity, ROS/RNS generation, brain penetration, and 
poor clearance may drive their toxicity. Supporting evi-
dence shows lead bromide, a component of perovskite 
NPs, induces calcium overload, mitochondrial dysfunc-
tion, and apoptosis, impairing hippocampal learning 
and memory [56]. Lead halide perovskite quantum dots 
likewise reduce locomotor activity and elevate oxida-
tive stress, underscoring their neurotoxic potential [57]. 
The findings of the present work may indicate that iNOS 
induction may be related to cellular stress and may 
explain stressful effect of the NPs exposure under study.

The variation in anxiety indices observed in the ele-
vated plus-maze test may be due to oxidative stress 
and/or metal ion release from NPs, disrupting neu-
rotransmitter homeostasis [58–61]. Changes in time 
spent in the closed arms reflect the anxiogenic poten-
tial of these NPs [62, 63]. Cognitive and exploratory 
deficits observed in the light–dark box test further sup-
port their neurotoxic impact [64]. Among all groups, 
cobalt oxide NPs-treated mice showed the highest anxi-
ety index, likely due to neurotransmitter disruption and 
severe neurotoxicity [65]. Perovskite-treated mice also 
demonstrated elevated anxiety, potentially due to oxi-
dative and functional neuronal damage [66].

Thigmotaxis, wall-hugging behavior was reduced in 
NPs-treated mice during the hole-board test, indicating 
altered anxiety or stress levels [67, 68]. Head-dipping, 
an exploratory behavior, was significantly diminished 
across NPs-treated groups, suggesting cognitive deficits 
and anxiety [69]. Perovskite-treated mice had the low-
est head-dipping frequency, indicating severe neurotox-
icity. Rearing behavior, indicative of vertical exploration 
and motor activity, was also reduced, reflecting lethargy 
or motor dysfunction [70]. These behavioral alterations 
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are consistent with glial and neuronal pathologies that 
impair cognition and increase anxiety [71].

Behavioral alterations seen in tail suspension test 
concerning mobility may be attributed to neurotoxicity 
as previously reported by Mishra [72]. Neurobehavioral 
disturbances may be associated with disrupt in mito-
chondrial function and neurotransmitter imbalance, as 
noted in earlier studies [73, 74]. Furthermore, perovs-
kite nanomaterials, which contain lead, may interfere 
with neurochemical pathways and potentially cause 
behavioral deficits, as reported by Mukherjee et  al. 
[75]. In addition, alterations in swimming and immo-
bility times as seen in the forced swimming test may 
result from neurotoxicity induced by chronic exposure 
to NPs. This finding is consistent with prior studies 
reporting that NPs can trigger impacts on the central 
nervous system pointing to pronounced depressive-
like behaviors and motor dysfunction [75]. Notably, 
NiO NPs and Co3O4 NPs have been linked to neuro-
toxicity through mechanisms such as oxidative stress, 
apoptosis, and disruptions in dopaminergic or adr-
energic signaling pathways [76]. However, perovskite 
nanomembrane caused significant behavioral impair-
ments, potentially due to neurotoxicity associated with 
mitochondrial dysfunction, and disruption of neuronal 
signaling pathways [77]. However, all NPs-treated mice 
under study demonstrated an elevation in the depres-
sion index compared to control ones, with perovskite-
treated mice showed the most pronounced effect. These 
findings align with the previous studies highlighting 
the potential of NPs to induce neurobehavioral deficits 
caused by neurochemical imbalances [78].

The multiradial maze test demonstrated marked reduc-
tions in reference and working memory indices in NPs-
treated groups, especially in perovskite-treated mice. 
These results suggest significant cognitive impairment 
due to long-term NPs exposure. The hippocampus, par-
ticularly the dentate gyrus and CA subfields, is crucial for 
spatial navigation and memory consolidation. Damage to 
these areas can lead to disorientation, memory loss, and 
cognitive deficits [79–82].

The findings of Morris maze test were consistent with 
and corroborated the results of the above-mentioned 
neurobehavioral findings. Exposure to NPs understudy 
indicates neurotoxicity as reflected by increased escape 
latency and reduced spatial learning performance [83]. 
These behavioral deficits might be resulted from reduced 
motivation, neuromuscular impairment, or cognitive 
dysfunction [84, 85]. Overall, these results suggest that 
exposure to NPs compromises spatial learning and mem-
ory, with effects likely modulated by particle size, chemi-
cal composition, and bioavailability [86, 87]. Perovskites, 

due to their lead content, may cause more severe oxida-
tive and neurotoxic damage [14].

In the marble-burying test, the Compulsive–Obses-
sive Index (COI) was significantly altered across all NPs-
treated groups when compared to controls, indicating 
varying degrees of neurobehavioral disruption. Mice 
treated with SiO2 NPs and perovskite nanomembranes 
demonstrated moderately elevated COI values suggest-
ing the presence of anxiety- or compulsive-like behavior, 
potentially mediated by oxidative stress and its influence 
on underlying neurochemical pathways [88]. In contrast, 
mice subjected to Co3O4 and NiO NPs exhibited high 
COI indicating significant neurobehavioral toxicity, pos-
sibly due to profound neurotransmitter dysregulation 
or oxidative damage indicating disruption in dopamine 
signaling [89, 90].

5 � Conclusions
The present study demonstrates that chronic exposure to 
the tested NPs leads to significant histological and behav-
ioral neurotoxicity. Brain regions such as the cerebral 
cortex, hippocampal subfields, particularly the dentate 
gyrus and cerebellar cortex exhibited signs of pyknotic 
neurons, vascular congestion, gliosis, and perivascular 
edema, indicative of oxidative stress, inflammation, and 
irreversible neuronal damage. Neurobehavioral assess-
ments revealed heightened anxiety, depression, and stress 
responses, along with impaired memory, reduced motor 
activity, and compulsive behaviors, with both reference 
and working memory significantly affected. Among the 
tested NPs, perovskite nanomembranes induced the most 
severe effects, followed by Co3O4, NiO, and SiO2 NPs. 
These findings underscore the neurotoxic potential of 
various NPs and emphasize the urgent need for thorough 
safety evaluations prior to their use in medical, environ-
mental, or industrial applications. Future research should 
prioritize long-term studies aimed at uncovering the pre-
cise molecular mechanisms behind these toxic effects 
and their broader physiological implications.

5.1 � Limitations
Although intraperitoneal administration ensures con-
sistent systemic exposure, it does not replicate com-
mon human exposure routes such as oral, inhalation, or 
dermal pathways. This limits the translational relevance 
of the findings. Future studies should incorporate more 
environmentally and physiologically relevant exposure 
methods to better reflect human risk and to comple-
ment the mechanistic insights provided by the current IP 
model.

In addition, the present work was conducted exclu-
sively in male BALB/c mice. Given the well-documented 
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sex differences in neurobehavioral responses, the exclu-
sion of female cohorts restricts the generalizability of 
the results. Future research should include both sexes to 
determine whether the observed effects are consistent 
across genders.

Furthermore, while a comprehensive battery of neu-
robehavioral tests was employed, the potential for 
stress-related carry-over effects between tasks cannot be 
entirely ruled out. Randomization and counterbalanc-
ing of the test sequence were implemented to mitigate 
this risk, and these measures were considered appropri-
ate given the sample size (n = 10). Nevertheless, residual 
carry-over effects remain a possible limitation. Future 
studies could address this by increasing group sizes, opti-
mizing the sequencing of behavioral tasks, or incorporat-
ing longer recovery intervals between tests.
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