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nano-Se mitigates Cu-induced
ROS by upregulating antioxidant genes in zebrafish
larvae†

Suganiya Umapathy and Ieshita Pan *

This study compares the therapeutic efficiency of bovine serum albumin-stabilized selenium nanoparticles

in reducing oxidative stress and improving cellular health. The nanoparticles were synthesized using

mussel-extracted selenium with two reducing agents: D-glucose and orange. Inductively coupled

plasma-optical emission spectroscopy and X-ray diffraction analyses confirmed the presence of

selenium. The reducing agent and duration influenced the nanoparticle size. Reduction with D-glucose

for 1 hour revealed that the particles exhibited an average size of 10 nm. Copper sulfate-induced

malformations such as yolk sac and pericardial edema were observed with 25 mg ml−1 of orange-

reduced nanoparticles, while D-glucose-reduced nanoparticles mitigated these malformations at 25 mg

ml−1. Treatment with stabilized Se-NPs reduced with D-glucose for 30 minutes showed 33% dose-

dependent radical scavenging activities, upregulated approximately 2-fold of superoxide dismutase,

catalase, glutathione reductase, and glutathione peroxidase encoding genes and restored homeostasis

by decreasing lipid peroxidation (27.32 nmol mg−1 ml−1) and nitric oxide levels (6.71 mM). They also had

the potential to restore cognitive properties such as larval movement (93.40 m) without altering larval

behaviour. Live cell imaging indicated a significant decrease in cellular reactive oxygen species and lipid

peroxidation levels in the gut and liver. These findings suggest that Se-NPs reduced for 30 minutes with

D-glucose are promising candidates for oxidative stress-induced neurodegeneration.
Introduction

Mitochondria are dynamic, membrane-bound organelles that
play a pivotal role in orchestrating cellular energy production in
almost all eukaryotic cells. They are central to sustaining life by
generating the ATP required for various cellular functions and
regulating several metabolic processes, including redox homeo-
stasis, calcium signaling, and cellular apoptosis.1,2 Mitochondria
are one of the most crucial organelles involved in the structure
and function of neuronal networks in the brain. Disruption of
mitochondrial homeostasis can directly progress oxidative
damage, leading to neurodegeneration.3 Major contributors to
mitochondrial dysfunction aremitochondrial ssion, fusion, and
mitophagy, leading to neurodegenerative diseases including
Alzheimer's Disease (AD), Parkinson's Disease (PD), Amyotrophic
Lateral Sclerosis (ALS), prion diseases etc.4,5 Excessive fusion
leads to the formation of elongated mitochondrial tubules, while
increased ssion initiates the fragmentation of mitochondria.6
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These events trigger oxidative stress, halt the production of
energy, and cause abnormal signaling in cellular pathways.7

Reactive oxygen species (ROS) can be both benecial for and
detrimental to human health. Generally, ROS contributes to
several redox-regulating processes within cells to maintain
cellular homeostasis. However, overproduction and accumula-
tion of ROS lead to oxidative stress, damaging cell structures and
causing various diseases.8,9 In both healthy and pathological
situations, mitochondria are the primary source of ROS. Super-
oxide and hydroxyl radicals are the primary oxygen-free radicals.10

Cellular metabolisms like lipoxygenases (LOX) and cyclo-
oxygenases (COX), produces superoxide anion radicals.11 The
pathophysiology of chronic illnesses such as cancer, diabetes,
neurodegenerative diseases, and cardiovascular diseases is
heavily inuenced by oxidative stress. Oxidative stress increases
the levels of pro-oxidant factors, leading to structural alterations
in mitochondrial DNA and functional alterations by aberrant
gene expression.12

Nanotechnology has received signicant attention due to the
well-established fact that its combination with biotechnology
creates a platform with enormous potential and signicance in
terms of its variety of applications.13 Different kinds of nano-
particles (NPs) can be formulated to maximize their functions;
these include semiconductor, metal, metal oxide, organic, and
inorganic NPs. Semiconductor nanoparticles, such as quantum
© 2025 The Author(s). Published by the Royal Society of Chemistry
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dots, are used in controlled drug release due to their responsive
optical and electronic properties.14 Treatment with metal oxide
NPs i.e., CeO2-NPs decreased post-injury neuronal death and
damage while improving CAT, SOD activity levels, and gluta-
thione : glutathione-disulde ratios notably.15 Silver NPs effi-
ciently inhibited lipid peroxidation (LPO) by scavenging ROS,
showing their antioxidant effectiveness.16 Organic NPs, such as
liposomes, enhance drug bioavailability by encapsulating
hydrophobic drugs,17 while inorganic NPs offer stability and
targeted delivery.18 Diverse approaches can be implemented in
the production of NPs, including green synthesis and conven-
tional chemical synthesis.19 Selenium (Se) is an essential micro-
nutrient that is involved in the proper functioning of all
organisms. It is a cofactor of many enzymes including gluta-
thione peroxidase and thioredoxin reductase. Selenoproteins,
such as selenocysteine and selenomethionine, are crucial forms
naturally present in prokaryotes and eukaryotes. Se is an effective
radical scavenging agent against oxidative stress.20 Deciency of
Se can lead to chronic diseases such as diabetes, cardiovascular
disease, obesity, respiratory diseases, neurodegenerative
diseases, and cancer.21 To overcome this, inorganic forms of Se
(selenite and selenate) are being used as dietary supplementa-
tion.20 Selenium nanoparticles (Se-NPs) are known to have high
bioavailability and a low toxicity prole.22–24 They can reduce the
accumulation of free radicals and prevent oxidative stress.25 One
of themajor contributors to free radicals is an increase in NO and
malondialdehyde (MDA) levels, which triggers LPO.26,27 Copper
NPs trigger oxidative stress by elevating LPO while disrupting
antioxidant enzymes.28 Se-NPs signicantly reduce MDA levels
and restore antioxidant enzyme activity.29,30 Se-NPs potentially
eliminated oxidative stress induced by streptozotocin by
decreasing the LPO and NO levels in the pancreas.31 Therefore,
nano-Se plays a crucial role as an antioxidant defence system.32

Moreover, Se-NPs can cross the blood–brain barrier showing
their potential in modulating inammation and brain-related
diseases.33,34 Some of the emerging in vitro and in vivo studies
using PC12 cell lines and rat models highlighted the therapeutic
efficacy of Se-NPs in mitigating oxidative stress and neurode-
generative diseases such as AD and PD.35–38 Though Se-NPs have
many therapeutic benets, most were chemically synthesized
using sodium selenite which may induce mild toxic effects.39–42

This study hypothesizes that Se-NPs could mitigate copper-
induced neurotoxicity through multiple mechanisms,
including reducing oxidative stress, restoring mitochondrial
function, and reactivating antioxidant enzyme systems. Copper-
induced toxicity is known to generate excessive ROS, leading to
LPO, mitochondrial dysfunction, and inhibition of key enzymes
such as SOD, CAT, GSH, GPx, and AChE. By counteracting these
effects, using Se-NPs holds promise as a therapeutic strategy for
addressing oxidative stress-related neurodegenerative condi-
tions. In this study, we synthesized Se-NPs using selenium ob-
tained frommussels. Mussels are known for their unique ability
to bioaccumulate selenium, a micronutrient with potential
antioxidant and health benets. We employed various reducing
agents, namely D-glucose and orange with BSA as a stabilizer.
These reducing agents were applied at two different time
intervals to assess their efficiency in reducing the size and
© 2025 The Author(s). Published by the Royal Society of Chemistry
preventing aggregation of the nanoparticles. The synthesized
Se-NPs were characterized and subsequently tested for their
antioxidant and neuroprotective properties against copper
sulfate (CuSO4)-induced stress in vivo in zebrash larvae. The
study aims to evaluate the potential of Se-NPs in restoring
enzymatic activity and neurotransmitter function disrupted by
copper toxicity while highlighting their broader applications in
mitigating oxidative stress-induced damage.
Results and discussion
Synthesis and characterization of mussel extracted Se

Different extraction methods such as 0.8% saline and Tris–HCl
buffer (pH-7.4) extraction methods were utilized to determine
the most suitable method for extracting Se from mussels. The
results from ICP-OES showed a sharp peak at 196.03 nm with
a concentration of 0.93 mg L−1 for the saline extraction method
and 0.51 mg L−1 for the buffer extraction method (Fig. 1a and
b). Similarly, a study conducted by Tyburska et al. also reported
a peak at 196.03 for selenium.43 For Se extracted using the saline
method, the XRD data revealed peaks at 26.51°, 31.58°, 45.33°,
56.31°, 66.13°, and 75.16° angles corresponding to the planes
(100), (110), (111), (112), (210), and (113), respectively. The
nature was observed to be 85% crystalline and 15% amorphous.
Conversely, Se extracted using the buffer method showed peaks
at 22.16° and 26.77°, corresponding to the planes (100) and
(110), respectively (Fig. 1c and d). The nature was observed to be
70% crystalline and 30% amorphous. A study conducted in
2019, by Hassanien et al., focused on dye degradation and also
observed XRD peaks aligning with the corresponding planes for
Se-NPs conrming the presence of Se.44
Synthesis and characterization of mussel extracted Se-NPs

Se was reduced using D-glucose and orange peel extract to
synthesize Se-NPs. The reduction process was carried out at two
different time periods (30 minutes and 1 hour) to determine the
efficiency of reducing agents and they were stabilized using BSA
to prevent aggregation. A study by El Badawy et al. reported that
stabilization kinetics impact the aggregation pattern of nano-
particles.45 SEM imaging at 5 × 10−3 magnication was done to
determine the morphology of Se-NPs. The SEM results showed
that the nanoparticles revealed a near-spherical shape for both
non-stabilized and stabilized Se-NPs. Compared to non-
stabilized Se-NPs, stabilized nanoparticles exhibited less
aggregation. The mean area and length of the nanoparticles
were calculated using ImageJ soware, which was found to be
20 ± 3 and 10 ± 3 nm for stabilized Se-NPs reduced with D-
glucose for 30 minutes and 1 hour (Fig. 1e and f). In contrast,
the size of non-stabilized Se-NPs reduced with orange for 30
minutes and 1 hour was observed to be 33 ± 6 and 29 ± 7 nm
(ESI Fig. 1a and b†). In 2016, a study by Nie et al. on the
synthesis of highly uniform Se-NPs using glucose as a reductant
reported that the nanoparticles were spherical and were about
240 nm in size.46 Glucose-reduced Se-NPs were spherical with
a size ranging from 280–295 nm.46 Se-NPs reduced with orange
were reported to be spherical with a size range of 16–95 nm.47
Nanoscale Adv., 2025, 7, 2502–2517 | 2503
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Fig. 1 Synthesis and characterization of Se extracted from mussel and Se-NPs: ICP-OES of (a) saline extracted Se; (b) buffer extracted Se; XRD
analysis of (c) saline extracted Se; (d) buffer extracted Se; SEM of (e and f) stabilized Se-NPs reduced for 30 minutes and 1 hour with D-glucose; (g
and h) stabilized Se-NPs reduced for 30 minutes and 1 hour with orange; TEM and SAED images of (i and j) stabilized Se-NPs reduced for 30
minutes with D-glucose; (k and l) stabilized Se-NPs reduced for 30 minutes with orange. (m) Percentage of Se yield. FTIR spectra of (n) stabilized
Se-NPs reduced for 30 minutes and 1 hour with D-glucose; (o) stabilized Se-NPs reduced for 30 minutes and 1 hour with orange peel extract.
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Similarly, the size of stabilized Se-NPs reduced with orange peel
extract for 30 minutes and 1 hour was observed to be 19± 4 and
18 ± 7 nm (Fig. 1g and h), respectively, while the sizes of non-
stabilized Se-NPs reduced with orange peel extract for 30
minutes and 1 hour were found to be 29 ± 8 and 26 ± 9 nm (ESI
Fig. 1c and d†), respectively. A study on the green synthesis of
Se-NPs using orange peel by Salem et al. reported that the
nanoparticles were spherical and the size ranged between 16
and 95 nm.47 Se-NPs synthesized from mussel-extracted Se were
found to be similar in shape and were reduced better with D-
glucose. Based on the size reduction and aggregate formation it
was assumed that the stabilized reduction process produced
better nanoparticles which can be an advantage to pass through
the blood–brain barrier. TEM imaging conrms the near-
spherical shape. The mean area of Se-NPs reduced with D-
glucose was 23.95 ± 6.18 nm (Fig. 1i) and Se-NPs reduced with
orange was 53.50 ± 21.96 nm (Fig. 1k). A study by Van der Horst
et al. on electrochemical sensor applications using bismuth-
2504 | Nanoscale Adv., 2025, 7, 2502–2517
silver nanoparticles showed that the TEM size of silver nano-
particles ranged between 10 and 20 nm with spherical shapes,
accompanied by some aggregates.48 The SAED pattern showed
concentric diffraction rings interspersed with discrete spots,
which are characteristic of a polycrystalline material with
localized crystalline domains. This indicates that the sample
contains multiple crystallites with varying orientations,
contributing to ring formation (Fig. 1j and l). Particle size
analysis showed that Se-NPs reduced with D-glucose and orange
were monodispersed with a size of 310.1 ± 73.2 nm and 378 ±

102.1 nm at refractive index 1.59 (ESI Fig. 1e†). Zeta potential
was measured at −1.2 mV and 0.4 mV, indicating that the
particles have a very low surface charge or are nearly neutral and
tend to aggregate. The sharp peak implies a uniform distribu-
tion of zeta potential values (ESI Fig. 1f and g†). Similar patterns
were observed in a study by Bhattacharyya et al. on the one-pot
fabrication of silver nanoparticles.49
© 2025 The Author(s). Published by the Royal Society of Chemistry
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The total yield of Se was observed to be approximately 10%
higher in the 0.8% saline extraction method, compared to the
buffer extraction method (Fig. 1m). This percentage was calcu-
lated based on the dry weight of the extracted selenium in
milligrams. The chemical attributes of the stabilized Se-NPs
were determined using FTIR. The smooth and sharp peaks
observed were at 3276.55–3278.35 cm−1 (medium, sharp C–H
stretching alkene), 2920.69–2850.78 cm−1 (medium, sharp C–H
stretching alkane), 1626.11–1626.07 cm−1 (medium, C]C
stretching di-substituted alkene), 1531.68–1530.69 cm−1

(strong, N–O stretching nitro-compound), 1404.61–
1402.19 cm−1 (strong, S]O stretching sulfonyl chloride),
1228.67–1228.37 cm−1 (strong, C–O stretching alkyl aryl ether),
1038–1035.12 cm−1 (strong, S]O stretching sulfoxide), and
518.39–404.31 cm−1 (strong, metal–ligand stretching) for
stabilized Se-NPs reduced for 30 minutes and 1 hour with D-
glucose (Fig. 1n). Stabilized Se-NPs reduced for 30 minutes and
1 hour with orange showed peaks at 3278.91–3273.23 cm−1

(medium, sharp C–H stretching alkene), 2924.34–2851.30 cm−1

(medium, sharp C–H stretching alkane), 1627.70–1627.66 cm−1

(medium, C]C stretching di-substituted alkene), 1532.01–
1515.51 cm−1 (strong, N–O stretching nitro-compound),
1404.68–1392.67 cm−1 (strong, S]O stretching sulfonyl
Fig. 2 In vivo developmental toxicity analysis of zebrafish embryos and
stress) and stabilized Se-NP (5–25 mg ml−1) treatment group. (a and b) Sta
(c and d) stabilized Se-NPs reducedwith orange peel extract for 30minut
D-glucose for 30minutes and 1 hour and (c1 and d1) stabilized Se-NPs red
considered significant (p < 0.05) and marked with the symbol “*”.

© 2025 The Author(s). Published by the Royal Society of Chemistry
chloride), 1236.15–1228.28 cm−1 (strong, C–O stretching alkyl
aryl ether), 1033.83–1031.98 cm−1 (strong, S]O stretching
sulfoxide), and 472.40–410.13 cm−1 (strong, metal–ligand
stretching) (Fig. 1o). The obtained peaks indicated the presence
of the metal, stabilizer, and the reducing agents used (ESI Table
1†). The time of reduction and variation in the reducing agent
did not signicantly affect the position of functional groups in
the nano-Se. Similar peaks were observed in the study reported
by Alagesan & Venugopal for green-synthesized Se-NPs.50
Developmental toxicity assessment

The developmental toxicity assessment of Se-NPs (5–25 mg ml−1)
was conducted using zebrash embryos. The concentration was
selected based on a previously reported study that obtained
a similar model and showed regulated biological effects without
exacerbating the system.51 In the control group, no abnormal
morphological changes were observed. Groups treated with
stabilized Se-NPs reduced with D-glucose for 30 minutes and 1
hour (5–25 mg ml−1) for 0–72 hpf showed no malformation,
compared to the stress-exposed group which showed malfor-
mations such as pericardial edema (PSE) and yolk sac edema
(YSE) (Fig. 2a and b). On the other hand, groups treated with
stabilized Se-NPs (5–20 mg ml−1) reduced with orange for 30
larvae representing the control group, stress group (CuSO4-induced
bilized Se-NPs reduced with D-glucose for 30 minutes and 1 hour, and
es and 1 hour. Survival rate of (a1 and b1) stabilized Se-NPs reduced with
ucedwith orange peel extract for 30minutes and 1 hour. The data were

Nanoscale Adv., 2025, 7, 2502–2517 | 2505
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minutes and 1 hour showed no malformations, while 25 mg
ml−1 showed malformations such as bent spine (BS) and YSE
(Fig. 2c and d). Compared to stabilized Se-NPs reduced with
orange for 30 minutes and 1 hour, stabilized nano-Se reduced
with D-glucose for 30 minutes and 1 hour showed a higher
survival rate at 96 hpf, reducing CuSO4-induced stress (Fig. 2a1–
d1). Bulk selenium showed a lower survival rate compared to
nano-selenium (ESI Fig. 2†). A previous study on green synthe-
sized Se-NPs and their toxicity prole by Kalishwaralal et al.
reported that at 15–25 mg ml−1, malformations such as tail
malformation and PSE were observed.51 Exposure to hydrogen
peroxide (5 mM) until 120 hours post-fertilization induced
stress, signicantly reducing the survival rate of zebrash
embryos and larvae.52 Furthermore, zebrash embryos and
larvae treated with BSA-synthesized Se-NPs at concentrations of
20–25 mg ml−1 showed mortality.51 Therefore, mussel-extracted
Se-NPs reduced with glucose can be a potential alternative
source with lower toxicities.
In vitro antioxidant analysis of stabilized Se-NPs

DPPH scavenging assay. The DPPH scavenging assay was
conducted to evaluate the ROS scavenging activity. As a positive
control, ascorbic acid (AsA) exhibited 50% scavenging activity.
Stabilized Se-NPs reduced with D-glucose for 30 minutes and 1
hour showed concentration-dependent DPPH scavenging
activity. The highest scavenging activity was observed at
a concentration of 25 mg ml−1 with 33.20% and 29.29% inhi-
bition (Fig. 3a and b). Stabilized Se-NPs reduced with orange
peel extract for 30 minutes and 1 hour exhibited radical scav-
enging activity at all concentrations, but the highest activity was
seen at a concentration of 15 mg ml−1 with 18.62% inhibition.
Additionally, the stabilized nano-Se reduced with orange peel
extract for 1 hour showed 17.79% radical scavenging activity (p <
0.05) (Fig. 3c and d). The IC50 value was observed to be 20.59 mg
ml−1. Therefore, stabilized Se-NPs were found to be efficient
DPPH scavengers. In a 2017 study reported by Vyas & Rana, it
was shown that aloe extract combined with Se-NPs had higher
Fig. 3 In vitro antioxidant activity: DPPH assay of (a and b) stabilized Se
stabilized Se-NPs reduced with orange peel extract for 30 minutes and 1
for 30minutes and 1 hour and (g and h) stabilized Se-NPs reduced with or
significant (p < 0.05) and marked with the symbol “*”.

2506 | Nanoscale Adv., 2025, 7, 2502–2517
DPPH scavenging activity than aloe extract alone,53 indicating
the signicant potential of Se-NPs as an antioxidant.
Conversely, a study by Zhai et al. reported that chitosan-reduced
Se-NPs exhibited ∼60% higher scavenging activity in the ABTS
assay compared to the DPPH assay.54

ABTS scavenging assay. The ABTS scavenging assay was
conducted to determine the ROS scavenging activity. Ascorbic
acid (AsA) exhibited 55% scavenging activity, serving as a posi-
tive control. All stabilized Se-NPs reduced with D-glucose dis-
played concentration-dependent scavenging activity. However,
the maximum activity was observed at 30 minutes and 1 hour,
with percentages of 32.59% and 30.01% respectively, at
a concentration of 25 mg ml−1 (Fig. 3e and f). In another group,
stabilized Se-NPs reduced with orange peel extract for 30
minutes and 1 hour showed radical scavenging activity across
all concentrations. The maximum inhibition was observed at
a concentration of 15 mg ml−1 (p < 0.05), for both 30 minutes
(21.25%) and 1 hour (19.84%) (Fig. 3g and h). The IC50 value
corresponds to 16.86 mg ml−1, respectively. Vyas & Rana also
noted that aloe extract combined with Se-NPs exhibited higher
ABTS scavenging activity compared to aloe extract alone,53

suggesting their potential antioxidant properties.
In vivo enzymatic assay of stabilized Se-NPs

SOD assay. SOD levels were determined using a homoge-
nized sample of zebrash larvae exposed to CuSO4 followed by
treatment with stabilized Se-NPs. In the CuSO4 exposed group,
SOD levels drastically decreased to 7.33 U mg−1 of protein (a
57% reduction), compared to the control (16.90 U mg−1 of
protein). Stabilized Se-NPs, reduced with D-glucose for 30
minutes and 1 hour, restored the enzyme levels by more than
83%, producing SOD levels of 14.74 Umg−1 of protein and 14.11
U mg−1 of protein respectively at a concentration of 25 mg ml−1,
showing a concentration-dependent enhancement in enzyme
activity (Fig. 4a and b). Alternatively, at a 15 mg ml−1 concen-
tration, stabilized Se-NPs reduced with orange for 30 minutes
and 1 hour showed total SOD levels of 12.15 U mg−1 of protein
-NPs reduced with D-glucose for 30 minutes and 1 hour and (c and d)
hour. ABTS assay of (e and f) stabilized Se-NPs reduced with D-glucose
ange peel extract for 30minutes and 1 hour. The data were considered

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 In vivo antioxidant activity of stabilized Se-NPs: SOD assay, (a and b) reduced with D-glucose for 30 minutes and 1 hour. CAT assay, (c and
d) reduced with D-glucose for 30 minutes and 1 hour. LPO assay, (e and f) reduced with D-glucose for 30 minutes and 1 hour. NO assay, (g and h)
reduced with D-glucose for 30 minutes and 1 hour. GSH assay, (i and j) reduced with D-glucose for 30 minutes and 1 hour. GST assay, (k and l)
reduced with D-glucose for 30 minutes and 1 hour. RT-PCR, (m) reduced with D-glucose for 30 minutes (25 mg ml−1). The data were considered
significant (p < 0.05) and marked with the symbol “*”. (e) Estimation of GSH activity.
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and 11.84 U mg−1 of protein, approximately 72% and 70%
restoration compared to the control. However, at a concentra-
tion of 25 mg ml−1, the pattern was reversed with a decrease in
SOD activity to 10.24 U mg−1 of protein and 9.90 U mg−1 of
protein (ESI Fig. 3a and b†), respectively. In 2023, a study by Naz
et al. showed that CuSO4 decreased SOD levels.55 However, Khan
et al. in 2022 reported that SOD enzyme levels can be elevated
upon Se-NPs application.56

CAT assay. CAT levels were assessed using a standardized
sample of zebrash larvae exposed to CuSO4 followed by treat-
ment with stabilized Se-NPs. In the group exposed to CuSO4,
there was a signicant decrease in CAT levels specically 2.49
mmol mg−1 of protein, compared to the control group (8.72 mmol
mg−1 of protein). Zebrash larvae exposed to CuSO4 and treated
with stabilized Se-NPs combined with D-glucose for 30 minutes
and 1 hour exhibited a dose-dependent increase in total CAT
levels of 7.33 mmol mg−1 and 7.16 mmol mg−1 of protein at
a concentration of 25 mg ml−1 (Fig. 4c and d), while for those
treated with 15 mgml−1 stabilized Se-NPs reduced with orange for
30 minutes and 1 hour, the total CAT concentration only
increased to 5.64 mmol mg−1 and 5.67 mmol mg−1 respectively.
However, at a concentration of 25 mgml−1, CAT activity decreased
to 4.59 mmolmg−1 and 4.55 mmolmg−1 of protein (ESI Fig. 3c and
d†), respectively. In 2023, Sariñana-Navarrete et al. stated that Se-
NPs are effective antioxidants and maintain redox signaling by
increasing the levels of the CAT enzyme.57
© 2025 The Author(s). Published by the Royal Society of Chemistry
Lipid peroxidation assays. In the CuSO4 exposed stress
group, signicantly higher levels of MDA at 81.69 nmol mg−1

ml−1 were observed compared to the control group (17.09 nmol
mg−1 ml−1). When treating zebrash larvae exposed to CuSO4,
stabilized Se-NPs reduced with D-glucose for 30 minutes and 1
hour at a concentration of 25 mg ml−1 signicantly decreased
the MDA levels by 27.32 and 33.84 nmol mg−1 ml−1 respectively
(Fig. 4e and f). Conversely, treatment with 15 mg ml−1 of stabi-
lized Se-NPs reduced with orange peel extract for 30 minutes
and 1 hour also reduced MDA levels by approximately 38% and
33% compared to the CuSO4 exposed stress group (ESI Fig. 3e
and f†). Liu et al. emphasized that copper nanoparticles induce
oxidative stress by increasing LPO while disrupting SOD, CAT,
and GPx enzyme activity.28 A study by Lesnichaya et al. on
carbon tetrachloride-induced toxicity in the liver reported that
nano-Se neutralized the LPO levels.58

Estimation of NO levels. NO levels were determined using
the Griess reagent assay. CuSO4-exposed zebrash larvae
showed a 1.98 times enhancement of NO levels (12.9 mM)
compared to the control group (6.49 mM). Treatment with 25 mg
ml−1 stabilized Se-NPs reduced with D-glucose for 30 minutes
and 1 hour resulted in a dose-dependent decrease in NO levels
with approximately 6.71 mM and 7.02 mM measured for the 30-
minute and 1-hour treated groups, respectively (Fig. 4g and h).
Conversely, for CuSO4 exposed-zebrash larvae treated with 15
mg ml−1 of stabilized Se-NPs reduced with orange peel extract
Nanoscale Adv., 2025, 7, 2502–2517 | 2507
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for 30 minutes and 1 hour, the measured NO levels were 8.87
mM and 9.68 mM (ESI Fig. 3g and h†), respectively. Though both
nanoparticles were effective in restoring NO levels upon treat-
ment, stabilized Se-NPs reduced with D-glucose were found to be
more efficient compared to orange-reduced nano-Se. A study by
Anuse et al. reported that Se-NPs signicantly reduced NO
levels.59

The group exposed to CuSO4 showed a signicant reduction
in GSH activity (4.67 nmol mg−1 protein) compared to the
control group (7.89 nmol mg−1 protein). However, treatment
with 25 mg ml−1 of stabilized nano-Se reduced with D-glucose for
30 minutes and 1 hour signicantly increased GSH activity in
CuSO4-exposed zebrash larvae. The GSH levels increased to
7.02 and 6.49 nmol mg−1 of protein, respectively (Fig. 4i and j).
A similar effect was observed when using stabilized Se-NPs
reduced with orange peel extract at a concentration of 15 mg
ml−1 for 30 minutes and 1 hour. However, the GSH activity only
increased to 6.17 and 5.72 nmol mg−1 of protein (ESI Fig. 3i and
j†). Therefore, stabilized nano-Se has potential antioxidant
properties, which can reduce oxidative stress and protect
cellular homeostasis. El-Borady et al. reported that Se-NPs
increased GSH levels by decreasing ROS levels.60

Estimation of GST activity. The CuSO4 exposed group
showed a signicant reduction in GST activity (4.04 U mg−1

protein) compared to the control group (8.59 U mg−1 protein).
Treatment with 25 mg ml−1 of stabilized Se-NPs reduced with D-
glucose for 30 minutes and 1 hour signicantly increased GST
activity to approximately 8.23 and 8.06 U mg−1 of protein
Fig. 5 Live cell imaging in vivo in the zebrafish larval model at 96 HPF: D
minutes &MFI; (b & b1) stabilized Se-NPs reducedwith D-glucose for 1 ho
30minutes & MFI; (d & d1) stabilized Se-NPs reduced with orange peel ex
with D-glucose for 30 minutes & MFI; (f & f1) stabilized Se-NPs reduced w
orange peel extract for 30minutes & MFI; (h & h1) stabilized Se-NPs reduc
significant (p < 0.05) and marked with the symbol “*”.

2508 | Nanoscale Adv., 2025, 7, 2502–2517
respectively (Fig. 4k and l). However, treatment with a concen-
tration of 15 mg ml−1 of stabilized Se-NPs reduced with orange
peel extract for 30 minutes and 1 hour only restored GST activity
up to 7.59 and 7.55 U mg−1 of protein (ESI Fig. 3k and l†). This
indicates the potential of stabilized Se-NPs to reduce oxidative
stress. Horky et al. study on the antioxidant activity of Se showed
an improvement in GST activity by 25.3%.61
Expression of antioxidant genes

Deciency of selenium, a key component of antioxidant
enzymes, modulates selenoproteins in turn triggering ROS
production, leading to disruption of cellular homeostasis.62,63

An antioxidant gene expression study was conducted in zebra-
sh larvae exposed to CuSO4 and treated with stabilized Se-NPs
reduced for 30 minutes and 1 hour with D-glucose and orange
peel extract. Compared to the control group, the CuSO4-induced
stress group showed signicant downregulation of SOD (0.2-
fold), CAT (0.1-fold), glutathione-disulde reductase (GSR) (0.1-
fold), and glutathione peroxidase (GPX) (0.4-fold) expression. In
contrast, treatment with stabilized Se-NPs reduced for 30
minutes and 1 hour with D-glucose and stabilized Se-NPs
reduced for 30 minutes and 1 hour with orange peel extract
signicantly (p < 0.05) upregulated the SOD (2.2-fold), CAT (1.7-
fold), GSR (2.1-fold), and GPX (2.5-fold) expression, conrming
its potential in inuencing the expression of antioxidant genes
by mitigating ROS (Fig. 4m). This protective effect may likely be
mediated through the nuclear factor erythroid 2-related factor 2
CFDA staining (a & a1) stabilized Se-NPs reduced with D-glucose for 30
ur &MFI; (c & c1) stabilized Se-NPs reducedwith orange peel extract for
tract for 1 hour & MFI. DPPP staining (e & e1) stabilized Se-NPs reduced
ith D-glucose for 1 hour & MFI. (g & g1) Stabilized Se-NPs reduced with
ed with orange peel extract for 1 hour & MFI. The data were considered

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(NRF-2) pathway.64,65 NRF-2 is a transcription factor that plays
a pivotal role in cellular defense against oxidative stress. Under
oxidative stress conditions, NRF-2 dissociates from Keap1 and
binds to antioxidant response elements.66 Real-time PCR
studies reported by Handa et al. showed that upon utilization of
selenium, anti-oxidative enzymes encoding gene expression
were elevated.67
Localization of cellular ROS

To evaluate the intracellular ROS level, DCFDA uorescent
staining was performed on zebrash larvae (96 hours post
fertilization; 96 hpf). The control group showed a mean uo-
rescence intensity (MFI) of 8.9. Zebrash larvae exposed to
CuSO4 had ROS levels of 61.75 MFI. While overall cellular ROS
was detected in the larvae, maximum localization was found in
the gut and liver regions. Treatment with stabilized Se-NPs
signicantly (p < 0.05) reduced cellular ROS levels in CuSO4-
induced zebrash larvae, compared to the untreated stress
group (Fig. 5a–d). The 25 mg ml−1 stabilized Se-NPs treated with
Fig. 6 AChE assay and locomotory analysis in vivo in zebrafish larvae trea
D-glucose for 30 minutes and 1 hour and (c and d) reduced with orange p
Se-NPs reduced with D-glucose for 30 minutes, (e) 5 mg ml−1, (f) 10 mg m
reduced with D-glucose for 1 hour, (j) 5 mg ml−1, (k) 10 mg ml−1, (l) 15 mg m
orange peel extract for 30 minutes, (o) 5 mg ml−1, (p) 10 mg ml−1, (q) 15 mg
orange peel extract for 1 hour, (t) 5 mg ml−1, (u) 10 mg ml−1, (v) 15 mg ml−1,
mM. The data were considered significant (p < 0.05) and marked with th

© 2025 The Author(s). Published by the Royal Society of Chemistry
D-glucose for 30 minutes and 1 hour showed lower ROS levels at
concentrations of 10.1 and 12.2 MFI (Fig. 5a1 and b1). In
contrast, stabilized Se-NPs reduced with orange for 30 minutes
and 1 hour showed lower ROS levels at concentrations of 15 mg
ml−1 with 17.67 and 18.27 MFI (Fig. 5c1 and d1). Therefore,
stabilized Se-NPs treated with D-glucose for 30 minutes could be
a potential antioxidant therapeutic for ROS-mediated neuro-
degeneration. Raju et al. conducted a similar protocol to assess
the ROS levels in zebrash larvae exposed to H2O2 stress,
showing higher intensity in the stress group, compared to the
treatment groups.68
Determination of live cell lipid peroxidation

To determine the LPO levels in zebrash larvae (96 hpf), DPPP
uorescent staining was conducted. The control group exhibi-
ted lower LPO levels at 10.67 MFI. Zebrash larvae exposed to
CuSO4 showed increased LPO levels of 24.68 MFI. Treatment
with stabilized Se-NPs signicantly (p < 0.05) reduced LPO levels
in CuSO4-induced stress groups compared to the untreated
ted with stabilized Se-NPs. AChE assay of Se-NPs (a and b) reducedwith
eel extract for 30 minutes and 1 hour. Locomotor analysis of stabilized
l−1, (g) 15 mg ml−1, (h) 20 mg ml−1, and (i) 25 mg ml−1; stabilized Se-NPs
l−1, (m) 20 mg ml−1, and (n) 25 mg ml−1; stabilized Se-NPs reduced with
ml−1, (r) 20 mg ml−1, and (s) 25 mg ml−1; stabilized Se-NPs reduced with
(w) 20 mg ml−1, (x) 25 mg ml−1; control, (y) untreated; CuSO4 and (z) 20
e symbol “*”.

Nanoscale Adv., 2025, 7, 2502–2517 | 2509
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stress group (Fig. 5e–h). However, treatment with stabilized Se-
NPs reduced with D-glucose for 30 minutes and 1 hour showed
signicantly lower intensity at a concentration of 25 mg ml−1

with 11.35 and 13.17 MFI (Fig. 5e1 and f1). In contrast, stabi-
lized Se-NPs reduced with orange for 30 minutes and 1 hour
showed lower intensity at a concentration of 15 mg ml−1 with
15.78 and 16.37 MFI (Fig. 5g1 and hl). Raju et al. performed
a similar protocol to assess the LPO levels in zebrash larvae
exposed to H2O2 stress, showing similar upregulation in
intensity in the stress group, compared to the treatment
groups.68

Estimation of AChE activity

Compared to the control group, zebrash larvae exposed to
CuSO4 showed a signicant decrease in AChE levels dropping
from 1.14 mmol ml−1 to 0.76 mmol ml−1. Treatment with 25 mg
ml−1 stabilized Se-NPs reduced with D-glucose for 30 minutes
and 1 hour, in CuSO4-exposed zebrash larvae, resulted in
a dose-dependent increase in AChE levels, reaching 1.04 and
0.97 mmol ml−1 (Fig. 6a and b), respectively. Conversely, treat-
ment with stabilized Se-NPs reduced with orange peel extract
for 30minutes and 1 hour only restored the AChE concentration
up to 0.95 and 0.90 mmol ml−1 respectively (Fig. 6c and d). This
suggests that stabilized Se-NPs reduced with D-glucose for 30
minutes signicantly restored the AChE concentration. A study
focusing on pentylenetetrazole-induced oxidative stress
demonstrated that pentylenetetrazole-exposed mice treated
with Se-NPs showed improved AChE levels compared to
untreated mice.69 Therefore, stabilized Se-NPs regulated CuSO4-
induced neuron damage and protected the central nervous
system (CNS).

Estimation of locomotor activity

To measure the locomotor activity of zebrash larvae and
determine cognitive alterations in the CNS, neurobehavior will
be assessed based on the distance travelled by the zebrash
larvae (in meters). Treatment with 25 mg ml−1 of stabilized Se-
NPs, reduced with glucose for 30 minutes and 1 hour,
improved cognitive behaviour by restoring the covered distance
to 93.40 m and 78.79 m in the CuSO4 exposed zebrash larva
group (Fig. 6e–n). Conversely, treatment with stabilized Se-NPs
reduced with orange for 30 minutes and 1 hour at a concentra-
tion of 15 mg ml−1 only improved cognitive behaviour by 46.48
m and 44.16 m (Fig. 6o–x). The control group exhibited normal
cognitive behaviour with an estimated travelled distance of
102.60 m (Fig. 6y). Following CuSO4 exposure, the zebrash
larvae could only travel 16.2 m due to stress effects (Fig. 6z),
which was restored by approximately 91% with D-glucose
reduced nano-Se. It is already established that zinc oxide
nanoparticles increase oxidative stress and impair cognitive
function by decreasing the expression of cyclic adenosine
monophosphate response element binding protein (CREB),
phosphorylated CREB, and synapsin I age-dependently.70 At the
neuromuscular junction, acetylcholine is primarily released by
the motor neuron, acting as a neurotransmitter and regulating
fast synaptic currents essential for precise locomotion control.71
2510 | Nanoscale Adv., 2025, 7, 2502–2517
Li et al. reported that alterations in the central nervous system
can be determined by the behavioral changes in animals,72

indicating that stabilized Se-NPs did not affect the central
nervous system. D-glucose reduced nano-Se restores the AChE
concentration which is directly associated with the formation
and release of acetylcholine through synaptic vesicles and
controls cognitive properties without altering behavior.

Conclusion

In the ETC, mitochondria are a signicant source of ROS.
Increased ROS production can occur due to impaired mito-
chondrial function disrupting cellular homeostasis by reducing
antioxidant defences and increasing lipid peroxidation. This
can lead to various illnesses, including neurodegeneration.
Enzymes such as SOD, CAT, and GSH act as defense mecha-
nisms to neutralize ROS. One of the essential proteins involved
in the production of glutathione is selenoproteins. Deciency of
these selenoproteins also plays a role in decreasing antioxidant
enzymes. However, there are several commercial drugs avail-
able, such as coenzyme Q10, N-acetylcysteine, edaravone, non-
steroidal anti-inammatory drugs, corticosteroids, mem-
antine, riluzole, selegiline, levodopa, carbidopa, donepezil, etc.,
that can regulate oxidative stress and enhance neuroprotection.
Many researchers have used nanoparticles as carriers to deliver
drugs to the target site. These nanoparticles can be considered
therapeutic due to their high precision, less toxic prole, and
ability to cross the blood–brain barrier. Se-NPs have attracted
signicant interest as carriers for various applications, espe-
cially in medicine. Generally, they are biocompatible and do not
exhibit toxicity compared to other forms of Se. The strong
antioxidant properties of Se-NPs make them effective ROS
scavengers that protect cells from oxidative damage.

In our study, mussel-extracted Se was used as a rich source of
Se for the synthesis of Se-NPs. Saline extraction yielded a higher
amount compared to the buffer extraction method. FTIR peaks
indicated the presence of the metal, stabilizer, and reducing
agents used. The size of the nanoparticles depended on the
reducing agent. D-Glucose efficiently produced nearly spherical
nano-Se of 20 nm size with potential therapeutic approaches. A
comparison between reducing agents showed that a 30-minute
reduction with D-glucose produced potent nano-Se in reducing
oxidative stress and improving survival rates in CuSO4 stress-
induced zebrash larvae. In the stress group, in vivo treatment
with 5–25 mg ml−1 of stabilized Se-NPs reduced with D-glucose
showed no toxic effects and survival rates were improved in
a concentration-dependent manner. On the other hand, orange-
reduced stabilized Se-NPs were found to be non-toxic only up to
15 mg ml−1. Moreover, YSE was found to be developed above
those concentrations in stress-induced zebrash larvae in vivo.
All stabilized Se-NPs showed concentration-dependent DPPH
scavenging activity and concentration-independent ABTS scav-
enging activity. However, the highest scavenging capacity was
recorded with nano-Se reduced with D-glucose for 30minutes. In
vivo enzymatic analysis of stabilized Se-NPs reduced with D-
glucose for 30 minutes showed a remarkable improvement in
antioxidant enzyme levels while decreasing LPO and NO levels
© 2025 The Author(s). Published by the Royal Society of Chemistry
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in zebrash larvae. They restored the enzyme levels by
producing SOD, CAT, GSH, and GST, which may be an NRF2-
dependent mechanism, and signicantly reduced the MDA and
NO levels in a concentration-dependent manner. The qPCR
conrmed that nearly a 2-fold enhancement of antioxidant
genes was mitigating cellular ROS. Live cell imaging also sup-
ported the therapeutic properties of D-glucose-reduced nano-Se.
Additionally, D-glucose reduced nano-Se enhanced AChE levels
in a dose-dependent manner. Locomotor analysis conrmed
that D-glucose reduced, and stabilized Se-NPs did not disrupt
CNS function and improved cognitive functions in stress-
induced zebrash larvae. Thus, treatment with 25 mg ml−1 of
D-glucose reduced nano-Se, upregulated the antioxidant gene
expression, and downregulated LPO and NO levels with an
enhancement of AChE production which directly inuences the
release of acetylcholine from synaptic vesicles and regulates
cognitive function without altering the behavior of the larvae.
Therefore, D-glucose-reduced Se-NPs could be a potential ther-
apeutic option to reduce oxidative stress and improve cognitive
function in oxidative stress-related diseases and disorders. This
characteristic makes them safer for therapeutic applications.

Future advancements in combined therapy could involve the
integration of Se-NPs with other therapeutic agents to enhance
their efficacy. Combining Se-NPs with traditional antioxidants,
anti-inammatory drugs, or targeted delivery systems may
synergize their effects and provide a more effective approach to
regulate oxidative stress and stress-related diseases. Further
research is necessary on Se-NPs to make signicant advance-
ments in the management and treatment of various debilitating
conditions, as they have the ability to enhance endogenous
antioxidant enzymes and cross the blood–brain barrier.

Materials and methods
Chemicals used

Sodium chloride (NaCl) was purchased from Merck (CAS no:
7647-14-5). Tris(hydroxymethyl) aminomethane was purchased
from Thermo Fisher Scientic (CAS no: 77-86-1). L-Ascorbic acid
(CAS No: 50-81-7). Hydrogen peroxide (H2O2; CAS: 7722-84-1)
and hydrochloric acid (CAS no: 7647-01-0) were purchased from
Sigma-Aldrich. Magnesium chloride (CAS no: 7786-30-3).
Calcium chloride (CAS no: 10043-52-4), sodium phosphate
dibasic (CAS no: 7558-79-4), potassium phosphate monobasic
(CAS no: 7778-77-0), potassium chloride (CAS no: 7447-40-7),
nitroblue tetrazolium salt (NBT; CAS no: 298-83-9), L-methio-
nine (CAS no: 63-68-3), riboavin (CAS no: 83-88-5), thio-
barbituric acid (TBA; CAS no: 504-17-6), trichloroacetic acid
(TCA; Cc: 76-03-9), Griess reagent (EC: 215-981-2), 5,50-dithiobis-
(2-nitrobenzoic acid) (DTNB; CAS no: 69-78-3), potassium
phosphate dibasic (CAS no: 7758-11-4), and 1-chloro 2,4- dini-
trobenzene (CAS no: 97-00-7) were purchased from Sigma-
Aldrich. BSA was purchased from Sisco Research Laboratories
(SRL; CAS no: 9048-46-8). 2,2-Diphenyl-1-picrylhydrazyl (DPPH;
CAS no: 1898-66-4), 2,20-azino-bis (3-ethylbenzothiazoline-6-
sulfonic acid) (ABTS salt; CAS No: 30931-67-0), dichloro-
uorescein diacetate (DCFHDA; CAS no: 2044-85-1), 2,2-
diphenyl-1-picrylhydrazyl (DPPH; CAS no: 1898-66-4),
© 2025 The Author(s). Published by the Royal Society of Chemistry
potassium persulfate (CAS no: 7727-21-1), and ethyl-
enediaminetetraacetic acid (EDTA; CAS no: 60-00-4) were
purchased from Sisco Research Laboratories (SRL). RDP Trio™
Reagent was collected from HiMedia (SKU: MB566) and AURA
2x One-Step RT-PCR Master Mix was collected from AURA
Biotechnologies Pvt Ltd (ABT-18S). Glassware was purchased
from Borosil® and 96-well ELISA plates were purchased from
Thermo Fisher Scientic®.

Extraction of selenium from mussels

Collection and preparation of mussels. Mussels (Domain:
Eukaryota; Kingdom: Animalia; Phylum: Mollusca; Class:
Bivalvia; Order: Mytilida; Family: Mytilidae; Genus: Perna;
Species: viridis) were freshly collected whole from Kasimedu
Fishing Harbour, Tondiarpet (N 13° 70 22.429200, E 80° 170

36.427200), Chennai. The mussels were thoroughly cleaned to
remove sand and debris. The shells were then opened, and the
tissue was carefully scraped and rinsed with distilled water.
Aer removing excess water, the collected tissue was dried
overnight. The dried mussel tissue was subsequently stored at
4 °C for use in further experiments.

Extraction of Se
Extraction with 0.8% saline. A 0.8% saline solution was freshly

prepared by dissolving 8 g of sodium chloride (NaCl) in 1000 ml
of distilled water. Next, 8.5 g of mussel tissue was weighed and
ground with 100 ml of the 0.8% saline solution using a mortar
and pestle. The resulting mixture was centrifuged at 5000 rpm
for 30 minutes at room temperature (37 °C). This centrifugation
step was repeated until no pellet was observed. The collected
pellet was dried at 60 °C in a hot air oven. Once completely dry,
the pellet was ground into a ne powder using a mortar and
pestle.73

Extraction with 50 mM Tris–HCl buffer pH 7.4. A Tris–HCl
buffer (pH 7.4) was freshly prepared by dissolving 2.65 g of Tris
base and 4.44 g of HCl in 1000 ml of distilled water. Next, 8.5 g
of mussel tissue was weighed and ground with 100 ml of the
Tris–HCl buffer using a mortar and pestle. Following the
method previously described for selenium purication, ne Se
powder was obtained.73

Synthesis of Se-NPs

A green synthesis approach was used to produce Se-NPs by
reducing mussel-derived Se with D-glucose and crude orange
peel extract (schematically represented in Chart 1). Fresh
oranges were purchased from local markets and washed, and
their peels were collected. The collected orange peels were
blended with 100 g in 500 ml of water using a mixer, ltered,
and stored at 4 °C as needed. 0.2 g of mussel-derived selenium
was dissolved in 50 ml of distilled water using a sonicator. In
a round bottom ask, 50 ml of the dissolved mussel-derived Se
was combined with 15ml of 0.25M D-glucose and 15ml of crude
orange peel extract separately. Both reduction processes were
carried out at two different intervals, 30 minutes and 1 hour,
with and without a stabilizer (5% BSA), using a heating mantle.
The resulting mixture was centrifuged at 5000 rpm for 30
minutes at 37 °C (room temperature). The collected pellets were
Nanoscale Adv., 2025, 7, 2502–2517 | 2511
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Chart 1 Extraction method flowchart.
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then dried at 60 °C in a hot air oven. Once completely dried, the
pellets were ground into a ne powder using a mortar and
pestle.47,74 These synthesized Se-NPs were used for further
experimental investigations.
2512 | Nanoscale Adv., 2025, 7, 2502–2517
Characterization of mussel extracted Se and Se-NPs

The Se-NPs underwent a comprehensive analysis utilizing various
analytical techniques. Inductively Coupled Plasma Optical
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Emission Spectroscopy (ICP-OES) was conducted using a Perki-
nElmer OPTIMA 5300 DV ICP-OES to determine trace element
concentrations.75 X-ray diffraction (XRD) and crystallography
studies were carried out using a BRUKERD8 ADVANCE POWDER
XRD. The measurements were conducted over a 2q range span-
ning from 10 to 80°.76 Fourier-transform infrared (FTIR) spec-
troscopy was used to examine the presence of functional groups.
This analysis was performed using a Nicolet Summit FTIR
instrument (Thermo Fisher Scientic) operating in diffuse
reectancemode. The detectors used were DTGS and KBr, and 16
scans were recorded over a wavenumber range from 400 to
4000 cm−1.76 The resulting spectra were plotted with the wave-
number (cm−1) on the X-axis and transmittance (%) on the Y-axis
using OriginPro 8.5 soware. Scanning Electron Microscope
(SEM) analysis was conducted using a Hitachi Model: S-3400N to
elucidate the surface morphology of the Se-NPs. The SEM was
operated at 15 kV in high vacuum (HV)mode with semiconductor
secondary electron (SE) detection. The acquired images were
further analyzed for size distribution using ImageJ soware.76

TEM and SAED (FEI Tecnai G2 20 S-TWIN TEM) were performed
at 200 kV. Particle size analysis and zeta potential measurement
were done using a nanoPartica SZ-100V2 (Horiba).76

In vitro antioxidant studies

To evaluate the in vitro antioxidant potential of stabilized Se-NPs,
DPPH and ABTS assays were conducted following methods out-
lined in previous studies.77,78 Stock solutions containing 50 mM
ascorbic acid and 1mgml−1 of Se-NPs were prepared fromwhich
working solutions of 5, 10, 15, 20 and 25 mg ml−1 were derived.
These concentrations were xed based on previously reported
studies79 and were consistently utilized throughout the study.
Three individual experiments were performed.

DPPH assay. In this method, a DPPH solution of 300 mMwas
mixed with 50 mM ascorbic acid and various concentrations of
stabilized Se-NPs (5, 10, 15, 20, and 25 mg ml−1) in a 96-well
ELISA plate. The plates were then incubated in darkness for 30
minutes. Aer the incubation period, the absorbance of the
samples was measured at 517 nm using a Thermo Fisher
Scientic® microplate reader.

ABTS assay. The reaction mixture of 7 mM ABTS salt
prepared with 2.45 mM potassium persulfate (1 : 1) was incu-
bated for 24 hours in the dark at room temperature. To achieve
an absorbance of 0.7 ± 2 at 734 nm, 20× PBS was used to dilute
the ABTS solution. 50 mM ascorbic acid was used as a positive
control along with stabilized Se-NPs (5, 10, 15, 20 and 25 mg
ml−1). These were added to a 96-well ELISA plate along with the
ABTS solution. The plate was then incubated at room temper-
ature in the dark for an hour. The samples were measured at
734 nm using a Thermo Fisher Scientic® microplate reader.

In vivo developmental toxicity studies

Zebrash maintenance and embryo collection. Adult male
and female zebrash were obtained from Tarun Fish Farm in
Manimangalam (latitude N 12° 550 100 and longitude E 80° 20

2900), Chennai. Based on Institutional Ethical Committee
Guidelines (SU/CLAR/RD/001/2023), adult zebrash were
© 2025 The Author(s). Published by the Royal Society of Chemistry
maintained in a 19 L glass tank at 28.5 °C with a 14/10 hour
light/dark cycle. The sh were fed live Artemia salina (brine
shrimp) three times a day. Breeding was initiated aer 20 days
of acclimatization under lab conditions. Two separate breeding
groups were placed in a spawning tank with a ratio of 1 : 1
(male : female). To prevent the female sh from swallowing the
eggs, a mesh was placed at the bottom of the spawning tank.
Embryos were collected from the breeding unit 30 minutes aer
the onset of light. The embryos were rinsed with freshly
prepared E3 medium80 and kept at 26 ± 1 °C (OECD, 2013) until
the experiments were conducted.

In Vivo developmental toxicity test. Zebrash embryos (4
hours post fertilization; hpf) were transferred to a 12-well plate
(n = 10 embryos per well). The control group embryos were le
untreated. The embryos were exposed to CuSO4 (20 mM; stress
group) and the CuSO4 exposed group was treated with 5
different concentrations of stabilized Se-NPs (5–25 mg ml−1)
every 24 hours until 96 hours. These concentrations were xed
based on previously reported studies51,81,82 and were consistently
utilized throughout the study. The experiment was conducted
in triplicate. The development of the zebrash embryos was
observed under a microscope at 4× magnication.83,84
In vivo antioxidant studies

For enzymatic assays, the CuSO4-exposed larvae treated with
stabilized Se-NPs (5–25 mg ml−1) were homogenized (n = 20, all
experiments were conducted in triplicate) in a solution con-
taining 100 mM Tris–HCl buffer (pH 7.8 at 4 °C) with 150 mM
potassium chloride and 1 mM EDTA, at 96 hpf. The homoge-
nized sample was centrifuged at 10000 rpm for 15 minutes and
the supernatant was used for further enzymatic analysis.85 The
Bradford method was used for protein estimation.86

Superoxide dismutase (SOD) assay. A reaction mixture con-
sisting of 50 mM phosphate buffer (pH 7.8), 100 mM EDTA, 750
mM NBT, 130 mM methionine, and 20 mM riboavin was
prepared and added to the 50 ml larval homogenate. The
mixture was incubated under light for 20 minutes and absor-
bance was measured at 560 nm.84

Catalase (CAT) assay. The catalase assay was done based on
a previously reported study.87 To determine catalase activity, 100
ml of buffered H2O2 was added to 50 ml of the sample. The
absorbance was noted at 240 nm for 2 minutes with an interval
of 15 seconds using spectrophotometry.

Lipid peroxidation (LPO) assay.MDA levels were determined
using the thiobarbituric acid method.87 To a 100 ml sample,
0.1 ml of 5% trichloroacetic acid was added and incubated for
15 minutes on ice. Then, 0.2 ml of 0.67% thiobarbituric acid
was added and incubated for 30 minutes at 100 °C in a water
bath. The sample was cooled immediately on ice for 20 minutes
and then centrifuged at 2000 rpm for 10 minutes at 4 °C. The
absorbance was recorded at 535 nm.88

Nitric oxide (NO) assay. The Griess method was employed to
determine NO levels, with slight modications.89 100 ml Griess
reagent was added to the 100 ml homogenized larval sample.
The samples were incubated for 25 minutes at room tempera-
ture. The absorbance was noted at 540 nm.
Nanoscale Adv., 2025, 7, 2502–2517 | 2513
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Table 1 Primer sequences used in RT-PCR

Gene Forward primer (50 to 30) Reverse primer (50 to 30) Reference

SOD GGTCCGCACTTCAACCCTCA TACCCAGGTCTCCGACGTGT NCBI: NM_131294.1
CAT AACTGTGGAAGGAGGGTCGC CGCTCTCGGTCAAAATGGGC NCBI: XM_021470442.1
GSR GATGGGCACCATAGCTAACCC CATGAGCAGGAAGCAACACCC NCBI: XM_005169592.4
GPx AACTACACTCAGCTTGCGGC TCCGCTTCACTTCCAGGCTC NCBI: NM_001030070.2
b-actin AAGCTGTGACCCACCTCACG GGCTTTGCACATACCGGAGC NCBI: NM_131031.2
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Reduced glutathione (GSH) and glutathione S-transferase
(GST) assay. GSH and GST assays were performed as
described by Issac et al.,84 with minor modications. To esti-
mate GSH levels, a 100 ml larval sample was mixed with 50 ml of
20 mM DTNB and 150 ml of 100 mM potassium phosphate
buffer with a pH of 7.4. The absorbance was measured at
412 nm. To determine GST levels, a 100 ml reaction mixture
containing 10 mM GSH and 60 mM 1-chloro 2,4-dinitrobenzene
was prepared and added to 50 ml of the larval sample, and the
absorbance was recorded at 340 nm.

Antioxidant gene expression by real-time polymerase chain
reaction (RT-PCR)

RNA was extracted from the experimentally homogenized
zebrash larvae using RDP Trio™ Reagent. The primers for
antioxidant enzymes and housekeeping genes were designed
using NCBI's Primer-BLAST (Table 1). Expression of the genes
was analyzed using AURA 2x One-Step RT-PCR Master Mix. The
reverse transcription process starts with a single cycle at
a temperature ranging between 44 and 50 °C lasting for 15
minutes, followed by enzyme activation, at 95 °C for 3 minutes.
The denaturation step (repeated for 40 cycles) was at 95 °C for
10 seconds. Annealing was done at 60 °C for 45 seconds, and the
extension process was performed at 72 °C for 15 seconds. The
fold change was calculated using the 2−DDct method.77

Estimation of acetylcholinesterase (AChE)

The larvae were analyzed for cognitive impairments aer
exposure to CuSO4 and treatment with stabilized Se-NPs. The
homogenized larvae were centrifuged at 5000 rpm for 15
minutes. The supernatant was mixed with an action mixture
containing 3.3 mM DTNB and incubated for 20 minutes. The
absorbance was recorded at 412 nm in 1-minute intervals
following the acetylcholine iodide addition.72,77

Cognitive behavior analysis

The locomotor abnormalities of the zebrash larvae were eval-
uated by analyzing the swimming behavior pattern.90 At the end
of the exposure period (7 dpf) each exposure group (n= 3 larvae/
well; experiments were conducted in triplicate) was placed in
a white chambered ice tray (2.5 × 3.5 cm) containing 2 ml of E3
medium prepared without methylene blue, for 10 minutes of
acclimatization. The locomotion of larvae was recorded at the
beginning of the light cycle under noise-free conditions using
a commercial smartphone camera aer acclimatization. The
video was recorded for 60 seconds at 60 frames per second and
locomotion was plotted using UMA Tracker soware.91
2514 | Nanoscale Adv., 2025, 7, 2502–2517
Estimation of ROS levels in zebrash larvae

All groups including the control, stress group and stabilised Se-
NP treated group larvae were anaesthetized (n = 6 per group)
using tricaine. The larvae were stained with DCFDA (20 mg ml−1)
dye and incubated for 1 hour in the dark at room temperature.
Aer incubation, the stained larvae were observed picto-
graphically under a uorescence microscope (CKX53 Micro-
scope, Japan) and analyzed using ImageJ soware.92

Estimation of LPO levels in zebrash larvae

All groups including the control, stress group and stabilised Se-
NP treated group larvae were anaesthetized (n = 6 per group)
using tricaine. The larvae were stained with DPPP (25 mg ml−1)
dye and incubated for 30 minutes at room temperature. Aer
incubation, the stained larvae were observed pictographically
under a uorescence microscope (CKX53 Microscope, Japan)
and analyzed using ImageJ soware.92

Statistical analysis

All experiments in this study were conducted in triplicate and
are presented as mean± standard deviation (SD). The data were
analyzed using one-way analysis of variance (ANOVA) and
Dunnett's multiple comparison test using GraphPad Prism 5.0
(GraphPad Soware, Inc., San Diego, CA).93 Signicant results
were denoted by the symbol “*” and were considered signicant
with p < 0.05.

Ethical statement

All experiments were conducted in accordance with the ethical
guidelines for the care and utilization of animals, as approved
by the Institutional Ethical Committee under protocol number
SU/CLAR/RD/001/2023. All experiments were performed in
compliance with OECD guidelines. All animal procedures were
performed in accordance with the guidelines for care and use of
laboratory animals of the Saveetha Institute of Medical and
Technical Sciences, Saveetha University, and approved by the
Institutional Animal Ethics Committee of Saveetha Medical
College. No human subjects were used throughout the study.

Data availability

All data generated or analyzed during this study are included in
this published article. Data for this article, including qPCR
primers, are available at NCBI (NCBI: NM_131294.1; NCBI:
XM_021470442.1; NCBI: XM_005169592.4; NCBI:
NM_001030070.2; NCBI: NM_131031.2) at https://
© 2025 The Author(s). Published by the Royal Society of Chemistry
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www.ncbi.nlm.nih.gov/; SOD: https://www.ncbi.nlm.nih.gov/
nuccore/NM_131294.1; CAT: https://www.ncbi.nlm.nih.gov/
nuccore/XM_021470442.1; GSR: https://www.ncbi.nlm.nih.gov/
nuccore/XM_005169592.4; GPx: https://www.ncbi.nlm.nih.gov/
nuccore/NM_001030070.2; Beta actin: https://
www.ncbi.nlm.nih.gov/nuccore/NM_131031.2.
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