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Sodium arsenite (NaAsO,) and sonochemically synthesized copper oxide nanoparticles (CuO-NPs) pose
escalating risks to aquatic animals due to their bio-accumulative potential, persistence, and interaction;
when co-occurring, their combined effects represent a new class of emerging contaminants (ECs) with
heightened ecological relevance. We synthesized CuO-NPs and characterized them using powder X-ray
diffraction, scanning electron microscopy, Fourier transform infrared spectroscopy, energy dispersive X-
ray spectroscopy and UV-visible spectroscopy. Zebrafish (Danio rerio) were exposed to NaAsO,, CuO-
NPs, and their combination for 28 days, and they were subjected to comprehensive histopathological
analysis of muscle tissues and biochemical and genotoxic examinations on the 7th, 14th, 21st, and 28th
days of exposure. The synthesized CuO-NPs exhibited an average crystallite size of 10.56 nm, with
a monoclinic crystalline structure and spherical morphology. Treatment with CuO-NPs and their co-
exposure with NaAsO, induced histomorphological alterations in muscle tissues, significantly elevated
hepatic oxidative stress biomarkers (P = 0.0001), and suppressed total protein (P = 0.05), antioxidant (P
= 0.0001), and acetylcholinesterase (P = 0.0001) enzyme activities. The imbalance of oxidants and
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a strong, significant correlation (P = 0.05) among oxidative stress biomarkers, antioxidant enzyme

activities, and DNA damage. These findings indicate that CuO-NPs exhibit individual and synergistic
toxicity with NaAsO,, highlighting their potential ecological concerns.
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pollutants.>™* Particularly, many of these ECs remain in envi-

1 Introduction

(cc)

Emerging contaminants (ECs) in aquatic systems pose signifi-
cant threats to public and environmental health and have been
recognized worldwide as a major concern.' These contaminants
include personal care products, pharmaceuticals, industrial
chemicals, surfactants, plasticizers, disinfectants, detergents,
alkylphenols, nanomaterials, and persistent organic
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ronmental matrices, and they have the capacity to bi-
oaccumulate across food webs. This contamination can impact
human and animal health." Endocrine disruption, interference
with cellular signaling pathways, and the disruption of physi-
ological, metabolic, and immunological processes can be
induced in aquatic organisms.”*™ The noticeable adverse
effects of such processes include stunted somatic growth and
disturbed neurodevelopment.'®"” There is also potential danger
from their transformation products known as secondary
metabolites, which are often more toxic than the parent
compounds.*®

Rapid industrialization all over the world has greatly
hastened the rate at which heavy metals and metalloids are
discharged into aquatic environments, with significant conse-
quences on human and ecological health.'>*® Aquatic ecosys-
tems are highly vulnerable to heavy metals since these elements
are taken up by the flora and fauna in aquatic environments,
manifesting toxicological consequences.*** In this regard,
arsenic is one of the well-documented environmental pollutants
that can exhibit toxicity, induce adverse effects, and
bioaccumulate.****
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Arsenic, in its trivalent form, is of particular concern due to
its geochemical cycling, anthropogenic inputs, and high
toxicity. Sodium arsenite (NaAsO,) is one of the most common
arsenic compounds used in industrial applications and is
highly bioavailable to aquatic organisms in contaminated water
bodies, where it remains for longer periods and causes signifi-
cant oxidative stress. Even sublethal concentrations of NaAsO,
have been linked to histopathological changes, disturbances in
antioxidant defenses, immunotoxicity, and genotoxic
effects.”?® Although arsenic is present in aquatic environ-
ments, how this EC interacts with other ECs and affects aquatic
organisms is poorly understood and relatively understudied.

Simultaneously, engineered nanomaterials are acting as ECs
in aquatic bodies. CuO-NPs have gained significance due to
their large-scale applications on industrial levels. They are
chemically stable, functionally versatile, and cost-effective.
CuO-NPs have excellent thermal, electronic, and dielectric
characteristics, and find applications in energy storage systems,
electronics, glucose sensors, photocatalysis, and antimicrobial
technologies.’**

Despite their industrial appeal, a critical gap remains in the
toxicological evaluation of sonochemically synthesized CuO-
NPs on aquatic fauna. Additionally, how these nanoparticles
interact with other environmental pollutants, such as NaAsO,,
is not well understood. To the best of our knowledge, to date, all
the existing studies have addressed the physicochemical char-
acteristics and material efficiency of CuO-NPs while overlooking
their interactions with biological systems, particularly in
freshwater fauna. Moreover, no study has evaluated their
combined effects with already persisting chemicals, e.g,
NaAsQ,, in freshwater bodies. We used zebrafish as a model
organism due to their presence in freshwater ecosystems and
their physiological similarity to human beings.

It is well understood that CuO-NPs have the potential to
induce toxicological effects in zebrafish, positioning them as an
emerging aquatic contaminant when they interact with NaAsO,.
Co-exposure to these contaminants amplifies histopathological
anomalies, oxidative stress, and genotoxicity, while simulta-
neously depressing the antioxidant defense system. The CuO-
NPs differ significantly in their physicochemical properties
from NaAsO,; their comparison presents systematic insights
into the relative and combined toxicological effects of nano-
material particulates and dissolved metal ions commonly found
in the aquatic environment. Toxicity from such co-exposure is
expected to be manifested as synergistic toxicological interac-
tions, reflecting real-world contaminant mixtures. This investi-
gation aims to study and compare the toxicological effects of
NaAsO, and CuO-NPs in adult zebrafish. Key objectives include
synthesizing CuO-NPs using sonochemical methods, charac-
terizing them with UV-Vis spectroscopy, PXRD, SEM-EDX, and
FTIR, assessing histopathological changes in skeletal muscle
tissues at different exposure levels, and examining oxidative
stress markers, antioxidant responses, and genotoxic effects
using the comet assay. This study will help to understand the
damage caused by CuO-NPs in freshwater aquatic systems,
develop regulatory frameworks, and contribute to attaining
Sustainable Development Goals 6 and 15.
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“We would like to clarify that the sonochemical synthesis of
CuO-NPs is indeed a well-established technique, and we do not
claim intrinsic novelty in the synthesis procedure itself. The
chemical novelty of the present work lies in employing sono-
chemically synthesized CuO-NPs with distinct surface and
structural features to investigate their comparative and syner-
gistic toxicological interactions with NaAsO,. To the best of our
knowledge, such a combined toxicity assessment, linking
synthesis-dependent physicochemical characteristics of CuO-
NPs to arsenic-mediated toxicity enhancement, has not been
previously reported.”

2 Materials and methods
2.1 Chemicals

NaAsO, (CAS: 7784-46-5; purity 99%) was obtained from Fluka
Chemika; dimethyl sulfoxide (DMSO) from Honeywell Company
(Morristown, NJ, USA); acetylthiocholine iodide (CAS: 2260-50-6;
purity 99.0%) and nitrotetrazolium blue chloride (NBT) (CAS:
298-83-9; purity 98%) from Sigma Aldrich® (Germany); ethyl-
enediamine tetra acetic acid (EDTA) (CAS: 60-00-4; purity 99%)
from Sigma Aldrich, Germany, H,O, (CAS: 7722-84-1); riboflavin
(CAS: 83-88-5; purity 98%), copper nitrate, and copper chloride
from Merck (Darmstadt, Germany). All other chemicals used in
the experimental work were of analytical grade.

2.2 Sonochemical synthesis of CuO-NPs

The CuO-NPs were synthesized by the well-known sonochemical
method, with slight modification.** The CuO-NPs were prepared
by dissolving 1 g of copper chloride in 200 mL of aqueous
solution. The solutions were sonicated by a probe sonicator (20
kHz, 750 W, 35% amplitude). When the temperature reached
60 °C, an aqueous solution of sodium hydroxide was added to
adjust the pH to 8. The sonication was conducted for 30 min.
The resultant solution was centrifuged, washed with water, and
dried at 60 °C overnight.

2.3 Characterization of CuO-NPs

2.3.1 Powder X-ray diffraction. The crystalline structure of
the NPs was characterized by PXRD using a 2.2 kW Cu anode
ceramic X-ray tube at a wavelength of 1.54 A. The scans were
performed over a 5-70° range, and the results were compared
with the Joint Committee on Powder Diffraction Standards
(JCPDS) database to confirm the crystalline structure. The
crystallite size was determined using the Debye-Scherrer
equation:*

K
" Bcosb

(1)

In eqn (1), “D” denotes the crystallite size of CuO-NPs, “k” is the
Scherrer constant, “A” is the wavelength of the X-ray source, “G”
represents the full width at half maximum (FWHM) of the
diffraction peak, and “#” is the Bragg angle.

2.3.2 Fourier transform infrared spectroscopy. The func-
tional groups of CuO-NPs were analyzed using FTIR spectros-
copy (FTIR-6600 type A, Jasco). The NPs pellet was prepared

© 2026 The Author(s). Published by the Royal Society of Chemistry
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using KBr (7000PSI), and the FTIR spectrum (4000-400 cm %)
was analyzed using Origin Pro 8.5.

2.3.3 Morphological analysis. The particle size and
morphology of CuO-NPs were determined using SEM (EV018
Carl Zeiss, Germany). A 10 mg L™ suspension of NPs was coated
on a glass slide, sputtered with gold after drying, and subse-
quently examined under a high-magnification SEM prior to
energy dispersive X-ray spectroscopy (EDX) analysis. The EDX
analysis was used to determine the elemental composition of
NPs.

2.3.4 Ultraviolet visible spectroscopy. UV-visible spectros-
copy was performed to confirm the formation of CuO-NPs using
a Thermo Fisher Scientific UV-Vis Spectrophotometer (Type
1510).

2.3.5 Zeta potential and zeta sizer. The zeta potential (ZP)
and hydrodynamic diameter of CuO-NPs in their original
dissolution medium (DMSO) and in combination with NaAsO,
were assessed using a Malvern Zetasizer Nano ZS.

2.4 Experimental design

The current experiment was performed in the Environmental
Toxicology and Chemical Risk Assessment Laboratory, Quaid-i-
Azam University, Islamabad, Pakistan. Wild-type AB strain adult
zebrafish were cultured and maintained in the laboratory. The
fish were acclimatized for 14 days in dechlorinated water prior
to the experiment. The dissolved oxygen levels (7.0 =+
1.0 mg L"), a light-dark cycle (14:10 h), temperature (27.0 4 1.0
°C), and pH (7.4-8.1) were maintained. The fish were fed daily at
5% body weight with Optimum Betta (commercial fish food).
The water in the treatment tanks was changed on alternate days
to ensure quality and contaminant concentrations.

The experiment assessed the effects of sub-lethal toxicity
from individual exposures and co-exposures of NaAsO, and
CuO-NPs on the zebrafish. A total of 480 fish were randomly
assigned to one control and three treatment groups. The control
group did not receive any treatment. Treatment group 1 (T1) was
exposed to NaAsO, (300 pg L"), treatment group 2 (T2) was
administered with 1 mg L™" of CuO-NPs, and treatment group 3
(T3) was simultaneously exposed to NaAsO, and CuO-NPs (300
ngL~"and 1 mg L™, respectively). DMSO (0.001%) served as the
dissolution medium for NPs, as this concentration has been
recommended as safe for chronic exposure,* and this is far
below the reported safe threshold in acute (1%) and sub-chronic
(0.1%) toxicity for 14 days.***® On days 7, 14, 21, and 28 of
exposure, 30 fish from each group were sacrificed via the ice-
induced shock killing method, dissected, and the organs were
collected. Samples were stored in PBS (pH 7.4) at —80 °C, while
muscle tissues were preserved in neutral buffered formalin at
4 °C. The key experimental protocols are shown in Fig. 1.

2.5 Selection criteria and concentration of dosage solutions

The test concentrations of NaAsO, and CuO-NPs were chosen to
reflect both environmentally relevant levels and previously re-
ported sublethal exposure ranges in zebrafish. The World
Health Organization (WHO) guideline for arsenic in drinking
water is 10 ug L™ '; aquatic organisms such as zebrafish are often
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exposed to substantially higher concentrations in contaminated
surface waters. In Pakistan, elevated As levels have been re-
ported, ranging from 360-683 ug L™ " in surface water and 1-525
pg L' in groundwater.?”*® Therefore, to evaluate the sublethal
effects under environmentally relevant conditions, the test
concentration of As (300 pg L™ ') was selected based on a report
by Hallauer et al,* who demonstrated chronic toxicity in
zebrafish across 50-300 pg L™'. The CuO-NPs (1 mg L") were
adopted in accordance with Mani et al.,** who reported suble-
thal toxic effects with commercially synthesized NPs. These
selected concentrations were further supported by environ-
mental levels and toxicity thresholds.*"*

2.6 Skeletal muscle histopathology

Histopathological alterations in ZF skeletal muscle tissues were
examined using the hematoxylin and eosin (H&E) staining
procedure. The histopathological slide was prepared, involving
various steps: fixation, dehydration, embedding, slide prepara-
tion, staining, and microscopy, according to the previously
established standardized protocols of our laboratory.** An
Olympus-CX41 microscope attached to a Tucson camera was
used to observe and capture histopathological changes on
slides at x100 magnification.

2.7 Biochemical analysis

2.7.1 Homogenate preparation. Hepatic tissues were
homogenized in 50 mM potassium PB (pH 7.0) using a Precellys
homogenizer (Bertin Technologies). The homogenates were
centrifuged at 10 000 rpm for 10 min and the supernatant was
collected. All biochemical assays were performed in triplicate,
and the average of replicates was computed and subsequently
used for all statistical analyses.

2.7.2 Quantification of total protein content. The total
protein content in zebrafish liver was quantified using the
Sigma Bradford method with bovine serum albumin (BSA) as
the standard, and a few modifications to the existing protocol.*
Five BSA dilutions (10, 20, 40, 60, 80, and 100 pg mL™ ') were
prepared to draw a standard curve, and the absorbance was
measured at 595 nm on a UV-visible spectrophotometer (Cecil
7500). The concentration of protein was calculated using the
standard curve Y = 0.0053X + 0.0306. The estimation of total
protein was expressed in ug mL ™.

2.7.3 Quantification of total reactive oxygen species (ROS).
The methodology employed for evaluating ROS in the liver
tissue of zebrafish was based on the protocol described by
Hayashi et al.** Briefly, the ROS concentration was quantified
using 0.1 M sodium acetate, N,N-diethyl-p-phenylenediamine
(DEPPD), and FeSO, in a 96-well plate. The standard curve was
generated using H,0, and the final concentration was
expressed in nM per mg protein.

2.7.4 Quantification of malondialdehyde (MDA). The MDA
concentration was assessed following the protocols of Iqbal and
Wright, with a few modifications.*>*® The reaction mixture was
comprised of 0.58 mL of PB (0.1 M, pH 7.4), ascorbic acid (0.1
M), 0.02 mL of FeCl; (0.1 M), and 200 pL of tissue homogenate,
and was incubated for 1 h at 37 °C. The reaction was stopped
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Fig.1 Macroscopic representations of key experimental protocols and setups. Aquariums of the (a) control group, (b) NaAsO,-treated group, (c)
CuO-NP-treated group, and (d) NaAsO, + CuO-NP-treated group. (e) Zebrafish moving in the aquarium. (f) Ice-shock killing method. (g)
Collection of zebrafish from the aquarium using a fish net. (h) Preparations for dissection, including a dissection box, Eppendorf tubes for
collecting organs, and Falcon tubes for collecting fish. (i & j) Stereomicroscope in working state. (k) Zebrafish in a dissecting Petri dish. (1) Organ

view from the eyepiece of the microscope.

with 10% W/V trichloroacetic acid, followed by the addition of
a 0.67% W/V solution of thiobarbituric acid, and heated in
boiling water for 30 min. After cooling and centrifugation, the
optical density at 532 nm was recorded, and the concentration
of malondialdehyde (MDA) was expressed as nM per mg of
proteins.

2.7.5 Estimation of superoxide dismutase (SOD) activity.
The SOD activity was measured, following previously estab-
lished protocols with minor modifications.*” Briefly, 50 pL of
tissue homogenate was mixed with 50 mM PB (pH 7.8), 100 pL
of EDTA, 130 pL of methionine, 750 uL of NBT, and 20 uL of
riboflavin and incubated. The enzyme activity was determined
by monitoring the change in absorbance at 560 nm, and is
expressed as U per mg of protein.

2.7.6 Estimation of catalase (CAT) activity. The CAT activity
was quantified according to the previously reported protocols.*®
Briefly, the reaction mixture, comprising 200 pL PB (50 mM, pH
7.6) and 20 pL H,0, (30 mM), was placed in a test tube. Next,
100 uL of homogenate solution was dispensed into the reaction
mixture, and the CAT activity was assessed by measuring the
absorbance at 240 nm using a spectrophotometer (Thermo
Scientific Spectrophotometer UV-3100PC), expressed as U
per mg of protein.

2.7.7 Quantification of acetylcholinesterase (AChE). The
AChE activity in brain homogenate was measured spectropho-
tometrically using a UV spectrophotometer (Model: T80+) at
412 nm. Briefly, 50 pL of tissue homogenate was mixed with

5798 | RSC Adv, 2026, 16, 5795-5813

0.5 M PB (pH 7.8), 1% sodium citrate, 50 puL of 0.5 mM DTNB, 50
pL of 10 mM acetylthiocholine iodide, and distilled water (650

pL) and incubated. The AChE activity was denoted in U min .

2.8 Comet assay

The evaluation of DNA damage in zebrafish liver tissues was
conducted through single-cell gel electrophoresis by employing
the comet assay method. The reagents for the assay, including
low-melting agarose (LMA), standard melting agarose (SMA),
lysing solution, electrophoresis buffer, neutralization buffer,
staining solution, and PBS buffer, were prepared carefully. The
slides were cleaned, disinfected, and coated with SMA and LMA
layers, followed by immersing in the lysing solution and chill-
ing. Electrophoresis was carried out, involving the application
of power, neutralization, staining with ethidium bromide, and
covering with slips. The positive control for this assay was ethyl
methane sulfonate. The slides were visualized using a fluores-
cence microscope (Nikon) at x400, and CASP 1.2.3.b software
facilitated the assessment of DNA damage levels. The analysis
involved examining DNA migration in each cell, and results
were recorded by comparing DNA transfer and the proportion of
cells exhibiting high DNA fragment migration ratios.

2.9 Statistical and mathematical analysis

All the experimental procedures were performed in triplicate for
each treatment group, and the results are presented as means £+

© 2026 The Author(s). Published by the Royal Society of Chemistry
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SD. The statistical analysis was performed using GraphPad
Prism version 9.5.1 and Anaconda Python. One-way analysis of
variance (ANOVA) determined the statistical significance
between the treatments and control groups. The normal
distribution and homogeneity of variances were checked.
Tukey's post hoc test was employed to compare the means
within groups. One-way ANOVA was applied as each fish was
sacrificed at a distinct time, no individual was followed longi-
tudinally, and each time point denoted an independent bio-
logical endpoint. The level of significance was adjusted to p <
0.05. Matplotlib was used for data visualization. The Bliss
independence model was employed to prove the synergy in
biochemical parameters. The exact mathematical equations of
the Bliss independence model to infer synergistic and antago-
nistic interactions using a single concentration and combina-
tion of NaAsO, and CuO-NPs are given in SI (Section 1). The
statistical significance of the predictors was also assessed based
on the p-values in each model.

3 Results
3.1 Characterization of CuO-NPs

3.1.1 Powder X-ray diffraction. The PXRD pattern had
intense peaks at 26 positions of 32.5°, 35.4°, 35.5°, 38.7°, 38.9°,
46.3°, 48.8°, 51.3°, 53.5°, 58.3°, 61.5°, 65.2°, 66.3°, and 68.1°,
corresponding to (110), (002), (—111), (111), (200), (—112),
(=202), (112), (020), (202), (—113), (022), (—311), and (220)
planes, respectively, representing the monoclinic crystal system
of CuO-NPs (JCPDS card no. 00-005-0661). The absence of
impurity peaks indicated the high quality of the CuO-NPs, as
shown in Fig. 2a. The average crystallite size of the NPs was
10.56 nm, which was calculated and presented in Table S1.

3.1.2 Morphological analysis. The surface morphology of
the synthesized CuO-NPs was examined using SEM. The SEM
micrographs showed that the NPs were spherical with uniform
distribution. The average particle size was 41.66 nm. The CuO-
NPs were well dispersed, with no agglomeration, indicating
their high stability. The NPs demonstrated clear boundaries
and well-defined morphology as shown in Fig. 2b.

3.1.3 Fourier transform infrared spectroscopy. The broad
spectral band at 3401 cm ™' corresponds to -OH stretching
vibrations attributed to the adsorbed water molecules on the
surface of nanocrystalline CuO, probably due to their high
surface area. The peak observed around 1620 cm ' was
assigned to the bending vibrations of H-O-H from surface-
adsorbed moisture. The sharp peak at 1112 cm ™" corresponds
to carbonate or bicarbonate stretching, suggesting the possible
CO, encapsulation on the surface of NPs. The intense peaks at
597 and 512 cm ' are characteristic of Cu(u)-O stretching
vibrations, confirming the formation of CuO-NPs as shown in
Fig. 2c.

3.1.4 Energy dispersive X-ray spectroscopy. The EDX spec-
trum confirmed the elemental composition of CuO-NPs. The
EDX spectrum depicted strong signals of Cu (73%), O (21%),
and C (5.7%). The minor carbon peak might be due to the
carbon coating used during sample preparation for SEM anal-
ysis. There were no other elemental peaks present in the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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spectrum, suggesting the high purity of the newly synthesized
NPs, as shown in Fig. 2d.

3.1.5 Ultraviolet visible spectroscopy. The UV-visible spec-
troscopy results indicated that CuO-NPs demonstrated a sharp
and intense absorption peak at 250 nm (Fig. 2f). The observed
surface plasmon resonance band (SPR) corresponds to the charge
transfer transition between 0>~ and Cu** ions, confirming the
successful synthesis of CuO-NPs. The CuO-NPs typically show
absorbance peaks in the 280 nm to 300 nm range. The
pronounced blue shift towards the shorter wavelength may be
due to quantum confinement effects. The absence of additional
absorbance peaks highlights the high purity of CuO-NPs and the
absence of secondary Cu phases such as Cu,O.

3.1.6 Zeta potential and zeta sizer. ZP provides information
about the electrical state of charged interfaces. A higher nega-
tive or positive ZP value is an indicator of strong electrostatic
repulsion between the particles. The CuO-NPs in their dissolu-
tion medium (DMSO) exhibited a ZP of —17.9 mV. The CuO-
NPs, following treatment with NaAsO,, exhibited a slight
reduction in the ZP value, i.e., —16.0 mV. The magnitude of this
reduction is small; however, it indicates partial neutralization of
the surface and a decrease in the electrostatic repulsion
between the NPs. The observed reduction may be due to the
electrostatic screening effect triggered by possible surface
interactions of NaAsO, with the functional groups on the CuO-
NPs surface.

The zeta sizer results also demonstrated that the CuO-NPs in
DMSO had an average hydrodynamic diameter of 183.5 nm and
polydispersity index (PDI) of 0.12, indicating the monodisperse
nature of CuO-NPs. The average size and PDI of NPs increased
from 183.5 d.nm to 301.5 d.nm and 0.12 to 0.374, respectively,
after the addition of NaAsO,. This change might be associated
with an increase in the ionic strength of the solution, which
compressed the electrical double layer surrounding the NP
surface, thereby weakening the electrostatic repulsion force and
favoring interparticle attraction. Consequently, enhanced
agglomeration and hetero-association of CuO-NPs occurred,
leading to a large hydrodynamic diameter as detected by the
zeta sizer. The results are shown in Fig. 3a-d.

3.2 Water quality parameters

In the present study, water quality parameters including
temperature, electrical conductivity (EC), total dissolved solids
(TDS), dissolved oxygen (DO), and pH were systematically
monitored at 12 h intervals over the 28-day exposure period. The
consolidated data are summarized in Table 1. All measured
values consistently remained within the optimal range for
zebrafish husbandry under controlled laboratory conditions,
thereby ensuring that the water quality did not disturb experi-
mental outcomes.

3.3 Mortality observation

No mortality was recorded in either the control or treatment
groups during the 28-day exposure period. Additionally, there
were no physiological, morphological, or feeding behavior
anomalies detected in any group.
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Fig. 2 Characterization of CuO-NPs: (a) PXRD pattern of CuO-NPs, (b) SEM micrographs, (c) FTIR spectrum, (d) EDX spectrum highlighting the
highest content of Cu metal in CuO-NPs, (e) histogram showing particle size distribution, and (f) UV-Vis spectrum of CuO-NPs.

3.4 Histopathological analysis

A distinet pattern of muscular anomalies was observed across
all the treatment groups when compared with the control.
Typical well-organized cross-sections having intact myofibers,
minimum interstitial space, and peripherally located nuclei
were observed in the control group. NaAsO, induced necrosis,
interstitial edema, myofiber swelling, and muscular atrophy.
Structural deformities, particularly widespread myolysis,

5800 | RSC Adv, 2026, 16, 5795-5813

necrosis, and fragmentation of muscle fibers, were evident in
the CuO-NP-treated group. However, co-exposure exacerbated
the intensity of the damage, featuring necrosis, bi-
oaccumulation, and fibrotic breakage. These anomalies inten-
sified in a time-dependent manner, signifying synergistic
toxicity in co-exposure groups. The extent of muscular damage
is shown in Table 2 and Fig. 4.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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200000;:+++++cevesreeossenesnnnnsseennssseran LIRS

150000..................,; ................. ................... .,

100000} -+ +vereremnenens .................. ................... ...................

e IS SRS 14 S————

o s : 2 :
-200 -100 0 100 200
Apparent Zeta Potential (mV)

(d) Size Distribution by Intensity

Intensity (Percent)

1000 10000

0.1 1 10 100

Size (d.nm)

. Zeta potential and hydrodynamic diameter distribution of CuO-NPs in DMSO and NaAsO,-exposed conditions, respectively. (a) Zeta

potential of CuO-NPs in DMSO, (b) zeta potential of CuO-NPs in NaAsO,, (c) hydrodynamic diameter of CuO-NPs in DMSO, and (d) hydro-

dynamic diameter of CuO-NPs in NaAsO,.

Table 1 Physicochemical parameters of water for the four treatments during the whole experimental period”

Treatments Temperature (°C) EC (us ecm ™) TDS (mg L") DO (mg L) pH

Control 25.10 £ 2.54 377.50 £+ 14.84 266.50 + 13.43 6.60 + 0.56 7.38 £ 0.16
T1 25.05 £+ 2.47 373.50 £+ 21.92 263.00 + 14.14 6.75 £ 0.77 7.37 £ 0.32
T2 25.45 £ 2.89 373.50 £ 12.02 264.50 + 10.60 6.65 = 0.77 7.45 £ 0.35
T3 25.00 £+ 2.54 370.00 + 16.97 263.50 + 12.02 6.55 + 0.77 7.45 + 0.35

¢ All values of parameters are expressed as mean =+ SD.

3.5 Biochemical studies

3.5.1 Total protein estimation. The total proteins were
assessed over 28 days following different treatments compared
to the control group. The control group consistently exhibited
higher protein concentrations relative to all treated groups, with
T3 showing the more pronounced reduction over the 28-day
period. Although T3 consistently exhibited the lowest protein
levels, no statistically significant difference was detected among
the T1, T2, and T3 groups. By days 21-28, total protein levels
remained suppressed in all treated groups compared to the
control. These results indicated a time-dependent decline in
total protein levels, particularly in the T3 group, suggesting
a strong inhibitory effect on hepatic protein synthesis. The
changes in the protein levels are shown in Fig. 5a.

3.5.2 Reactive oxygen species. ROS levels significantly and
time-dependently increased from day 7 to day 28 for all treat-
ment groups (P =< 0.05 to P < 0.0001). On day 7, ROS production
was significantly higher in groups T1, T2, and T3 compared to
the control, a pattern which continued through days 14 and 21.
Notably, group T3 consistently produced the highest ROS levels
at all time points measured. These findings indicated a treat-
ment-dependent induction of oxidative stress, characterized
by a progressive and sustained increase in ROS generation, with

© 2026 The Author(s). Published by the Royal Society of Chemistry

co-exposure (T3) eliciting the most pronounced response, as
shown in Fig. 5b.

3.5.3 Malondialdehyde content. MDA is a biomarker of
lipid peroxidation and it exhibited a similar pattern to that of
ROS dynamics in response to treatments, confirming elevated
MDA levels in tissue homogenates. The MDA levels significantly
increased in all treatment groups in comparison to the control
group (P = 0.001 for T1 and T2, P =< 0.0001 for T3). The highest
lipid peroxidation was observed in the T3 group from day 7 to
day 28. In all treatment groups, there was also an increase in the
MDA content with the duration of exposure, as shown in Fig. 5c.

3.5.4 Superoxide dismutase activity. The SOD activity
demonstrated treatment and time-dependent modulations as
shown in Fig. 5d. On the 7th day, T1 exhibited significantly
modulated SOD activity (P = 0.05), inducing a compensatory
effect. As T2 and T3 groups faced the highest oxidative stress,
the SOD levels remained significantly reduced, indicating
a compromised antioxidant defense mechanism. There was
downregulation in SOD activity across all treatment groups on
days 14, 21 and 28. Among all treatment groups, the lowest
enzymatic activity was observed in the T3 group, reaching its
minimal levels on the 28th day of exposure.

3.5.5 Catalase activity. The CAT activity followed a similar
pattern to that of SOD, exhibiting progressive suppression

RSC Adv, 2026, 16, 5795-5813 | 5801
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Table 2 Time-dependent progression of histopathological alterations in skeletal muscles in zebrafish following exposure to NaAsO, and CuO-
NPs and their co-exposure®

Treatment  Necrosis (N) Myolysis (M) Edema (E) Swelling (Sw) Delocalized nuclei (DLN) Satellite cells (S)  Bio-accumulation (A)
Day 7

Control - - - - - + -
T1 + — + — — + —
T2 + + - + — + —
T3 ++ — + ++ ++ + +
Day 14

Control — - - — — + -
T1 ++ ++ + ++ + + -
T2 ++ ++ + +H+ + + —
T3 +H ++ + ++ +H + -
Day 21

Control - - - - - + -
T1 +H+ ++ + +H+ + + -
T2 4+ ++ + ++ ++ + —
T3 +HH+ ++ + ++ +H+ + -
Day 28

Control - - - - - + -
T1 +HH+ +H+ + +HH+ +HH+ + -
T2 -+ ++ + ++ ++ + —
T3 HHHH +HH ++ - - ++ +
“ Absence of any histopathological change is denoted as “—”, “+” indicates mild changes, “++” moderate alteration, “+++” severe damage, “++++”

and “+++++” represent very severe and extensive damage, respectively. For each treatment group, twenty random sections were examined. The
scoring was marked in a double-blinded manner without knowledge of the treatment group or slide number. Five fish per group were examined
(10 different randomly selected sections per fish) at each sampling time point. Each section was scored independently by two observers, and the

values presented in this table represent the average of their scores.

across all treatment groups. There was an overall decrease in
CAT activity observed over the 28 days of exposure. On the 7th
day, a significant reduction in CAT activity was observed in the
T3 group (P = 0.0001), as shown in Fig. 5e. A significant
decrease in T1 (P < 0.01), T2 (P = 0.0001), and T3 (P =< 0.0001)
was also evident on day 14 and this declining trend persisted
through days 21 and 28, with T3 demonstrating the highest
inhibition. These results indicated that prolonged exposure
suppressed CAT activity and weakened the cell's capacity to
detoxify H,O,.

3.5.6 Acetylcholinesterase activity. Temporal changes in
acetylcholinesterase activity with treatments demonstrated
potential neurotoxicity. The enzyme activity was significantly
decreased in all treated groups compared with the controls by
day 7; T3 showed the highest inhibition, at P = 0.0001. There
were similar significant reductions in T1 and T2, showing early
signs of disruption of cholinergic function. These developed
further and persisted on days 14, 21, and 28. The T3 group
consistently had the lowest AChE activities on all days of
sampling. This progressive decline in AChE activity indicated
time-dependent and treatment-dependent neurotoxicity induc-
tion, likely mediated by accumulating oxidative stress. In
conclusion, these results suggest that NaAsO, and CuO-NPs
synergistically inhibited AChE activity and impaired cholin-
ergic neurotransmission. The changes in AChE activity are
shown in Fig. 5f.

5802 | RSC Adv, 2026, 16, 5795-5813

3.6 DNA damage

DNA damage was assessed in zebrafish liver tissues using the
comet assay across four time periods (days 7, 14, 21, and 28). In
the control group, the comet parameters remained relatively
stable, having minimum tail lengths and tail moments.
Contrarily, all treatment groups presented progressive and
treatment-dependent increases in DNA damage. By day 28, the
T3 group exhibited the most pronounced effects, with signifi-
cantly extended tail lengths (17.50 + 2.03 pm), reduction in
head lengths (23.20 + 2.81 pm), elevated DNA percentage in the
tail (42.10 £ 3.17%), and the highest tail moment (0.98 + 0.12
um), which are indicators of severe DNA strand breakage. The
T1 and T2 groups presented less severe DNA damage in
comparison to the T3 group. All the genotoxic changes in
different groups at different periods are presented in Table 3
and Fig. 6.

3.7 Time and treatment-dependent effects of oxidative stress
and antioxidant enzyme response

The severity of damage was assessed in the context of time; the
impacts of treatment with NaAsO,, CuO-NPs, and their co-
exposure on oxidative stress biomarkers and the antioxidant
defense mechanism in the zebrafish hepatic system were eval-
uated using linear regression over 28 days. A marked increase in
ROS levels was observed, with effect size ranging from 12.5 to 18

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Representative photomicrographs depicting time-dependent
histopathological changes in skeletal muscle of adult zebrafish induced by
NaAsO,, CuO-NPs and their co-administration. At each time point (7, 14,
21, and 28 days), panels (a—d) correspond to the following treatments (a)
control, (b) NaAsO,, (c) CuO-NPs, and (d) combined NaAsO, + CuO-NPs
treated groups. Scale bar = 100 um. Abbreviations: A = accumulation of
CuO-NPs, B = breakage of muscular fiber, E = edema, M = myolysis, N =
necrosis, S = satellite cells, Sw = swelling, and DLN = delocalized nuclei.
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by day 28 (R*> = 0.72), indicating a strong time-dependent
oxidative response (Fig. 7a). Similarly, MDA levels exhibited
a progressive rise, with effect size peaking on day 28 (R* = 0.65),
suggesting sustained membrane oxidative damage (Fig. 7b).

In contrast, antioxidant enzyme activities exhibited signifi-
cant suppression across all treatment groups. Superoxide di-
smutase (SOD) manifested an initial compensatory response to
oxidative stress in the NaAsO,- and CuO-NP-treated cohorts,
which was followed by a marked decline over time. The level of
inhibition increased notably by day 21 (effect size < —12, R* =
0.64) and by day 28 (effect size < —15, R> = 0.54), indicating
a lowered ability to neutralize superoxide radicals (Fig. 7c).
Catalase (CAT) also showed progressive decline, and effect sizes
had reached —15 and R*> = 0.66 by day 28, which underscores
mitochondrial susceptibility to continued oxidative stress
(Fig. 7d). Altogether, the results indicated that oxidative stress
mounted over time, while the antioxidant defense system
progressively collapsed under the respective and combined
toxicant exposures.

The oxidative damage was further quantified according to
the treatment modality, suggesting that the T3 group elicited
the most intensive biochemical responses. As shown in the
percent change graphs in Fig. 7e-h, T3 exposure caused an 85—
110% increase in ROS and MDA levels by day 28. Meanwhile, the
activities of SOD and CAT were reduced by 55% and 48%,
respectively. These results collectively imply that oxidative
stress in the zebrafish liver increased with prolonged duration
and was significantly enhanced under co-exposure conditions,
emphasizing possible synergistic toxicity between NaAsO, and
CuO-NP.

3.8 Pearson correlation analysis between the oxidative stress
biomarkers, antioxidant enzymes and DNA damage

The correlation analysis exhibited significant associations
among oxidative stress biomarkers (ROS and MDA), antioxidant
enzymes (SOD and CAT) and DNA damage (TM) across different
treatment groups Fig. 8. There was a strong positive correlation
between ROS and MDA in all treatments: T1 (r = 0.72), T2 (r =
0.74), and T3 (r = 0.71), indicating that lipid peroxidation
increased in tandem with elevated ROS. Similarly, ROS levels
were positively correlated with TM in T1 (r = 0.61), T2 (r = 0.62)
and T3 (r = 0.80), suggesting that increased oxidative stress was
closely linked to DNA fragmentation. A comparable trend was
seen between MDA and TM with r = 0.59, 0.75, and 0.92 in T1,
T2, and T3, respectively, highlighting the genotoxic conse-
quences of lipid peroxidation. In contrast, significant negative
correlations were observed between ROS and antioxidants. The
ROS was negatively correlated with SOD in T1 (r = —0.86); T2 (r
= —0.71); and T3 (r = —0.87), with CAT in T1 (r = —0.65); T2 (r =
—0.81); and T3 (r = —0.80), indicating the suppression of
enzymatic defenses in response to oxidative burden. MDA also
exhibited strong negative correlations with SOD in T1 (r =
—0.66); T2 (r = —0.71); T3 (r = —0.64), with CAT in T1 (r =
—0.73); T2 (r = —0.84); and T3 (r = —0.72).

Collectively, these results have shown a highly interrelated
oxidative stress response to the experimental treatments;
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Fig.5 Temporal modulation of hepatic and neural biochemical indices following exposure to NaAsO, and CuO-NPs and their co-exposure in
adult zebrafish. (a) Alterations in hepatic total protein levels. (b) and (c) Oxidative stress biomarker concentrations. (d) and (e) Antioxidant activity.
(f) Acetylcholinesterase activity. The values are expressed as mean =+ SD. Significance levels are shown using “"*" and they are indicated as *P <
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Table 3 DNA damage assessment via comet assay in different treatment groups over the experimental period of 28 days

Treatment groups  Comet length (um) Head length (um)

Tail length (um)

% DNA in head % DNA in tail ~ Tail moment (um)

Day 7
Cofltrol 40.20 + 3.03 35.30 £+ 2.20 5.90 + 0.79 85.67 £ 4.22 14.32 £ 3.10 0.11 £ 0.03
T1 40.52 £ 2.27 34.80 £+ 3.0 6.10 £ 0.70 85.33 £ 3.94 14.81 £ 2.17 0.15 £+ 0.04
T2 40.97 & 2.86 34.81 £+ 3.12 6.77 £ 0.73 85.08 £+ 3.74 14.55 £ 2.27 0.13 £ 0.05
T3 41.81 £+ 3.22 33.10 £ 2.80 6.73 £ 1.03 83.16 £ 3.77 16.84 £ 1.70 0.17 £ 0.02
Day 14
Control 39.97 &+ 2.77 34.83 £ 2.89 5.50 & 0.77 85.07 £ 3.32 13.92 £ 1.30 0.10 £ 0.02
T1 39.17 £+ 2.82 35.32 £ 2.51 6.80 £ 1.30 83.84 £ 2.96 16.15 £ 4.10 0.17 £ 0.05
T2 39.10 & 2.99 33.75 +£ 3.25 5.40 £1.20 86.18 £+ 3.16 13.81 £ 1.80 0.13 £ 0.03
T3 42.70 £ 3.23 31.81 + 2.33 8.90 £ 1.10 78.13 + 3.77 21.86 £ 2.10 0.21 £ 0.07
Day 21
Control 40.30 & 3.33 34.20 £ 2.70 5.86 £ 1.33 84.86 £ 3.23 14.13 £ 2.10 0.11 £ 0.04
T1 41.27 + 3.37 29.71 =+ 3.07 11.51 £ 1.21 72.08 £ 3.21 27.91 £ 2.90 0.24 + 0.15
T2 41.21 &£ 2.71 30.71 +£ 2.91 8.52 £ 1.77 78.31 + 3.13 21.68 £+ 2.80 0.15 + 0.03
T3 43.22 £ 2.82 27.92 +3.19 14.31 & 1.63 66.11 & 3.90 33.88 £ 2.70 0.39 = 0.06
Day 28
Control 39.89 & 3.02 34.50 £+ 2.90 5.47 £1.81 84.95 + 3.98 14.79 £ 1.76 0.12 + 0.05
T1 42.19 £ 3.79 27.30 £ 3.37 14.80 + 1.56 64.22 + 3.15 35.77 £ 3.23 0.48 + 0.22
T2 41.37 £ 3.11 30.20 £ 3.18 10.10 £ 1.52 74.93 £ 3.19 25.05 = 1.84 0.17 £ 0.09
T3 44.71 £ 2.72 23.20 £ 2.81 17.50 =+ 2.03 57.09 + 4.21 42.10 + 3.17 0.98 £ 0.12
Day 7 Day 14 Day 21 Day 28 stress and DNA damage interactions in response to environ-
mental toxicants.
Control
- . - 3.9 Synergistic toxicity
The synergism and antagonism of NaAsO, and CuO-NPs were
identified using the Bliss independence model with a 95%
T confidence interval. We defined synergism, antagonism, and
independent relation in terms of the Bliss synergy index (BSI);
BSI > 0 indicates synergism, BSI < 0 represents antagonism, and
BSI = 0 when two toxicants are independent of each other, as
reported in the literature.” The Bliss model was applied to
12 oxidative stress biomarkers, antioxidant enzyme activities and
genotoxicity endpoints. The total ROS production, MDA and TM
established synergism while antioxidant enzymes and AChE
exhibited antagonism.
T3 The BSI value for total ROS exceeded 1.2 on the 28th day of
co-exposure, indicating a pronounced increase in ROS levels

Fig. 6 Representative fluorescence micrographs of DNA damage in
zebrafish hepatic cells assessed via comet assay following exposure to
NaAsO, and CuO-NPs and their co-exposure captured at 40x.

increases in ROS and MDA were highly associated with antiox-
idant depletions and genotoxic effects. The strongest correla-
tions were consistently obtained in the T3 group, suggesting
potential treatment-dependent or synergistic effects. In
contrast, weaker correlations were observed in the control
group, implying that the observed interdependencies among
biomarkers were specifically enhanced by toxicant exposure.
These results underscore the systematic nature of oxidative

© 2026 The Author(s). Published by the Royal Society of Chemistry

when the two toxicants were combined. In the initial days, the
interaction between NaAsO, and CuO-NPs was additive in
nature; however, the synergy became evident with longer
exposure periods. The BSI > 1.44 and BSI > 6.0 values for MDA
and TM, respectively, indicated synergistic toxicity under co-
exposure on the 28th day, as shown in Fig. 9. However, BSI <
0, as evident in the case of SOD, CAT, and AChE activities,
indicated antagonistic interactions. This does not mean
reduced toxicity. The antagonism in the case of antioxidant
enzymes and AChE means that the observed combined enzyme
activity is less than the expected enzyme activity under inde-
pendent actions. It means that co-exposure prevented the ex-
pected upregulation of the compensatory defense mechanism.
This impaired adaptive response is in alignment with the

RSC Adv, 2026, 16, 5795-5813 | 5805
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Fig. 7 Linear regression analysis of time and treatment-dependent effects of NaAsO,, CuO-NPs, and their co-exposure on oxidative stress and
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Fig. 8 Correlation heatmap between oxidative stress biomarkers, antioxidant enzyme activities and genotoxicity across various treatment
groups in the liver tissue homogenate of adult zebrafish. The red and blue colors indicate positive and negative correlations, respectively, and the

color intensity indicates the magnitude of the correlation.

observed experimental stress, neurotoxicity, and progressive
damage. Overall, these findings indicated that prolonged co-
exposure elicited synergistic oxidative stress and genotoxic
effects exceeding additive predictions, accompanied by
a weaker antioxidant defense system.

4 Discussion

Environmental toxicants have achieved high importance due to
their implications for human health and their omnipresence in
aquatic and terrestrial ecosystems. To the best of our knowl-
edge, this study is the first to examine the toxicological effects of
sonochemically synthesized CuO-NPs individually and in
combination with NaAsO,. This study advances the present
knowledge by moving beyond organ-specific toxicity in response
to a single toxicant. Previous studies have exclusively focused on
the gill, liver and kidney histopathologies, while we identified
skeletal muscles to be highly sensitive and progressively
susceptible to the combined exposure of toxicants. The appli-
cation of the Bliss mathematical model to antioxidant defense
and neuroprotective enzymes represents a conceptual innova-
tion, integrating mathematical models into toxicological
compensation. Additionally, the present study also outlines the
impact of environmental toxicants on freshwater fauna indi-
vidually and in combination with co-occurring contaminants,
underscoring their biological importance and supporting
several sustainable development goals: SDG-3 (good health and
well-being), SDG-6 (clean water and sanitation), and SDG-14
(life below water). Engineered nanomaterials, which in the
case of CuO-NPs are produced only by sonochemical methods,
have raised concerns over synergistic toxicity through interac-
tion with legacy pollutants in natural aquatic ecosystems. The
present study systematically investigates how CuO-NPs interact

© 2026 The Author(s). Published by the Royal Society of Chemistry

with NaAsO, to affect the skeletal muscle architecture,
biochemical profiles, and DNA integrity in adult zebrafish, thus
providing critical insights into the health and environmental
risks associated with mixed exposure. The relative examination
of solid particles and dissolved toxicants is comparable with
previously reported zebrafish-based toxicological frameworks,
where Osborne et al. showed that As(m) and nanoscale III-V
particles co-exist in aquatic environments and induce oxidative
stress-mediated tissue damage. This highlights that solid NPs
and metal ion species can produce adverse effects via over-
lapping toxicity pathways.®® The present study signifies the
relevance of simultaneously assessing solid CuO-NPs and di-
ssolved metal ions for realistic freshwater contamination.

The CuO-NPs were synthesized via a sonochemical method.
The PXRD pattern confirmed monoclinic crystalline forms and
is in concordance with the previous literature.”** No impurity
peaks were observed in the diffraction data. The Cu-O vibra-
tions were evident in FTIR spectra at peak positions of 512 cm ™"
and 597 cm ™" and are in alignment with the previously reported
literature. The broad peak at 3401 cm ' represented —-OH
stretching due to water molecules.® Moreover, the peaks at
1627 cm™ ' and 1112 cm ™" may be due to H-O-H bending* and
the carbonate or bicarbonate stretching of C-O due to CO,
encapsulation on the CuO-NPs surface from the environment.>*
There were strong signals of Cu and O in the EDX pattern, which
confirmed the elemental composition and purity of NPs.
However, the C signal may be attributed to the carbon coating
used during sample preparation for SEM. The SRP band at
300 nm is consistent with the previous literature, validating the
nanoscale properties of newly synthesized NPs.>

There is a size discrepancy between PXRD and SEM analysis;
PXRD measures the crystallite size, while SEM quantifies the
particle size. Multiple crystalline units arrange themselves in
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Fig. 9 Quantification of the synergistic toxicity of NaAsO, and CuO-NPs via Bliss synergy analysis in adult zebrafish: effects on (a) ROS
production, (b) MDA production, (C) SOD activity, (d) CAT activity, (e) AChE activity, and (f) TM. The Bliss independence model was applied to
evaluate interactive effects across exposure durations. Synergistic interactions (BSI > 1.0) were evident for ROS, MDA, and TM, particularly on day
28. However, SOD, CAT, and AChE exhibited antagonistic interactions (BSI < 0), suggesting a preserved antioxidant defense mechanism.

different orientations to form a particle, so the particle size is
always larger than the crystallite size and these results are in
accordance with the previous literature.’”*® Additionally, the
Debye Scherer equation considers that all the particles are
comprised of monocrystalline, spherical crystallites, and does
not consider polycrystalline or irregularly shaped crystals, thus
contributing to the size variations.*

The musculature of zebrafish is of great significance as it
plays a role in swimming. It contains a high density of mito-
chondria as it is an active metabolic site for oxidative phos-
phorylation. It is highly vulnerable to mitochondrial

5808 | RSC Adv, 2026, 16, 5795-5813

dysfunction, oxidative stress, and metabolic disruption, as has
been discussed in the previous studies.®®®* The evaluation of
damage in skeletal muscles presents sensitive readouts of
metabolic and oxidative stress together, which may not be fully
understood in classical visceral and respiratory organs. Addi-
tionally, the integrity of skeletal muscles is directly correlated
with swimming performance, predator avoidance, locomotion,
and feeding efficiency.®” The toxicity examination in skeletal
muscles describes organismal fitness levels and survival
instincts. Muscle fibers also contain neuromuscular junctions
rich in ACHE, supporting the development of a correlation

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Probable mechanistic insights into DNA damage due to elevated oxidative stress.

between histopathological changes and neurochemical
endpoints, highlighting structural functional relationships.
Thus, skeletal muscle histopathology offers a functionally
relevant model for assessing systemic toxicity beyond tradi-
tional organs.

The muscular histopathology revealed that NaAsO, and CuO-
NPs individually and in combined form induced damage;
however, the extent and nature of damage varied in each
treatment. These damages may be attributed to multiple factors
such as mitochondrial dysfunction, oxidative stress, and gene
expression dysregulation. The impaired mitochondria may be
a central focus of histopathological damage in all treatments
since necrosis is evident in all of them. The disruption of the
respiratory chain due to toxicants may lead to reduced adeno-
sine tri-phosphate (ATP) generation, thereby disturbing cellular
homeostasis and energy failure leading to necrosis of myo-
fibers.** Recently, Zhang et al. reported that chemically
synthesized CuO-NPs disrupt mitochondrial membrane poten-
tial and energy production in zebrafish, thus disrupting the
overall fiber structural and functional integrity.®* The CuO-NPs
may influence the gene expression of apoptotic signaling
pathways and inflammatory cytokines, as has been reported in
the literature.” In contrast, Ro et al. reported that As might
disrupt mitochondrial function, glucose metabolism, and the
NF-kB signaling pathway in muscular tissues.*®

NaAsO, also disrupts the expression of myogenic regulatory
factors, thereby interfering with muscle regeneration and
compromising physiological functions.®” The combined expo-
sure in the T3 group exhibited the highest degree of damage,
reflecting the anomalies of both T1 and T2 groups. The severity

© 2026 The Author(s). Published by the Royal Society of Chemistry

of this damage may be attributed to the presence of two toxi-
cants at the same time and exposure duration, thus resulting in
compromised muscular health.

Another mechanism that can directly contribute to the
muscular damage is high oxidative stress and a compromised
antioxidant defense system. The rise in oxidative stress
biomarkers leads to the generation of free radicals and these
free radicals directly or indirectly damage muscular tissues. The
CuO-NPS may exacerbate oxidative damage in animal bodies, as
copper has the potential to undergo the Haber-Weiss and
Fenton reactions. The CuO-NPs have the potential to disrupt
biological membranes via lipid peroxidation and protein
aggregation.* Similarly, NaAsO, elevates ROS and MDA levels,
consistent with the previous studies,*®* contributing to oxida-
tive damage and subsequent myofiber degeneration.

The combined exposure to NaAsO, and CuO-NPs elicited
profound oxidative and enzymatic disturbances in zebrafish
hepatic tissues, pointing to a synergistic toxicological interaction.
NaAsO, is a notorious oxidative stress inducer, while sono-
chemically synthesized CuO-NPs have also responded in the
same way. Both chemicals elevated the ROS and MDA levels.
These oxidative insults were accompanied by a marked
suppression of antioxidant enzymes, including SOD and CAT.
Reductions in AChE activity further highlighted the neurotoxic
effects, indicating compromised neuromuscular functions.
These findings align with previous reports that arsenic and metal
oxide NPs individually disrupt redox balance and antioxidant
defenses.”®”* However, their co-exposure in this study has high-
lighted amplified oxidative damage, suggesting synergetic
toxicity. This disruption of enzymatic and neurotransmitter

RSC Adv, 2026, 16, 5795-5813 | 5809
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regulation under oxidative stress highlights the broader physio-
logical consequences of ECs, underscoring the need for regula-
tory scrutiny and further mechanistic investigation.

DNA damage was quantified using the comet assay, a widely
recognized, rapid, affordable, versatile and sensitive method for
measuring DNA damage in eukaryotic cells. NaAsO, and sono-
chemically synthesized CuO-NPs increased ROS and MDA
levels, and have the potential to directly attack various loci on
DNA strands and the ability to damage their integrity. The
disruption of oxidant-antioxidant homeostasis compromises
the intrinsic cellular defense mechanisms, resulting in DNA
damage. The depletion of antioxidants is an oxidative insult to
DNA and in response, the cell activates a network of DNA
damage response pathways targeted at repair. However, chronic
and sustained oxidative exposure, as observed under co-
exposure conditions, leads to the accumulation of DNA
damage that predisposes cells to apoptosis, mutagenesis, or
senescence.”>®" The underlying mechanism for DNA damage is
shown in Fig. 10.

The small size of CuO-NPs may be another major contrib-
uting factor to the overall toxicity. Previous studies have re-
ported that nanomaterial-induced toxicity is strongly size
dependent. Karlsson et al. reported that CuO-NPs with an
average size of 42 nm demonstrated greater toxicity than
microparticles, exhibiting reduced cell viability, pronounced
DNA damage, and mitochondrial dysfunction.®> Another study
showed that CuO-NPs caused DNA damage via lipid perox-
idation and oxidative stress, leading to the activation of
apoptosis in pulmonary epithelial cells.*® Miao et al. further
described in detail that smaller-sized nanoparticles had large
surface areas that enhanced their overall interaction with the
biological system. Nanomaterials below 20 nm in size can easily
cross biological membranes, contributing to intense in vivo
toxicity. They disrupt the integrity of tight junctions present
between cells and modulate inflammatory responses.** In
support of this size-dependent toxicity, Jimeno-Romero et al.
added that smaller sized silver nanoparticles (20 nm) were more
toxic for muscle fibers in comparison to 100 nm particles in
Mytilus galloprovincialis.** Collectively, these studies indicate
that reduced CuO-NP size promotes cellular penetration and
biological reactivity, thereby amplifying size-mediated toxicity.

Moreover, in zebrafish, the toxicity of NaAsO, is
concentration-dependent. The chronic exposure of NaAsO, (50-
500 pg L' for 30 days) induced alterations to brain nuclei,
synapses, and organelles, with higher damage reported in
higher As concentrations.*® Piyushbhai et al. reported that the
extent of damage for embryogenesis, teratogenicity, develop-
mental retardation, enzyme activities, inflammatory cytokines,
and behavioral anomalies was progressively altered in zebrafish
embryos with increasing NaAsO, concentrations.*” Li et al.
described that the viability of zebrafish embryos was reduced
significantly at higher concentrations of NaAsO,.*® Thus, these
findings elucidate that NaAsO, toxicity in zebrafish is
concentration-dependent, and future research should aim to
explore its concentration-dependent interactive effects with
CuO-NPs, with exclusive focus on bioavailability, molecular
pathways, and NP behavior.
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The findings of the present study are in alignment with
previous studies where it has been reported that CuO-NPs
caused histopathological anomalies in the intestines, gills,
liver, and muscle, and neurotoxicity in Cyprinus carpio and
Danio rerio."™® Moreover, the oxidative stress response due to
CuO-NPs is similar to that in the study by Ganesan et al., on
zebrafish embryos.”” However, Sun et al. demonstrated that
NaAsO, induced oxidative stress and histopathological anom-
alies in gills.*> Ma et al. also reported that NaAsO, had the
potential to induce histopathological changes in the brain, but
our study exposed it in muscular tissues.*® All the earlier studies
exclusively focused on individual toxicant effects; however, this
study has adopted a more comprehensive approach by evalu-
ating ECs in a new approach of evaluating solid nanoparticles
and dissolved toxicants. Overall, these findings present strong
evidence that treatment with the sonochemically fabricated
CuO-NPs, both individually and in co-exposure with NaAsO,,
exerts significant toxic effects on zebrafish. All the results,
exclusively histopathological anomalies, oxidative stress,
disturbance in antioxidant enzymes activities and genotoxicity,
underscore the potential for environmental concern regarding
CuO-NPs. These NPs, when interacting with NaAsO, in natural
waterbodies, can synergistically exacerbate the severity of the
toxicological damage. These findings highlight a new toxicant
that may place aquatic fauna at risk, and emphasize the need
for regulatory mechanisms for their safer application. In
summary, this study provides critical insights into the envi-
ronmental risks posed by CuO-NPs in combination with
NaAsO,. It underscores their significance for advancing the
SDGs and regulatory policies to protect freshwater biodiversity.

4.1 Limitations of the study

This study was designed to investigate the toxic effects of CuO-
NPs alone and in combination with NaAsO, on zebrafish adults.
Limitations include the use of only one non-lethal concentra-
tion of NaAsO, and CuO-NPs, limiting the ability to conduct
dose and threshold analyses. In this study, we did not monitor
the changing conditions of the CuO-NPs during the treatment
period (e.g., aggregation or partial solutions of the particles) or
how they changed over time (i.e., dynamic transformation of
NPs size, etc.). Furthermore, as we utilized an adult zebrafish
model with specified controlled conditions, such an experi-
mental design may not adequately reflect the relative sensitivity
among lifecycle stages or complex interactions present in
natural aquatic/terrestrial environments. As a consequence of
our use of DMSO as a solvent carrier (to disperse NPs) at a very
low concentration (0.001%) that has been reported to be non-
toxic, some of the solvent-mediated effects could not neces-
sarily be ruled out. Despite these limitations, the original design
of the experiments was focused specifically on establishing
separate comparisons of the toxicities produced by NaAsO, and
CuO-NPs versus their combined toxicity. Future experiments
employing multiple dosing regimens, comparisons across
developmental stages, and analyses of the dynamic trans-
formation of nanoparticles into the exposure solutions will
provide greater mechanistic insights.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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5 Conclusion

This study has focused on systematically examining the effects
of individual exposure and co-exposure to NaAsO, and sono-
chemically synthesized CuO-NPs on adult zebrafish as a model
organism. The average crystallite size of the newly synthesized
NPs was 10.56 nm, with a monoclinic crystalline structure. The
average particle size of the NPs was 41.66 nm, with a clear, sharp
surface plasmon resonance band at 250 nm.

The CuO-NPs induced significant histopathological alterations
in muscular tissues individually and in combination with NaAsO,
in an exposure duration-dependent manner. The key histo-
morphological changes observed were necrosis, edema, swelling,
and delocalized nuclei, with the greatest skeletal muscle damage
occurring on the 28th day of exposure. The co-exposed group on
the 28th day of exposure demonstrated the most pronounced
oxidative stress, impairment of the antioxidant defense mecha-
nism, and DNA damage. The CuO-NPs also induced oxidative
stress and significantly suppressed the antioxidant defense
system in hepatic tissues, resulting in extensive DNA strand
breakage (TM = 0.98 £ 0.12 on the 28th day in the T3 group).
There were strong, significant correlations (P = 0.05) between
oxidative stress biomarkers, antioxidant enzyme activities, and
tail moments. The Bliss synergy model revealed the pattern of
synergism and antagonism between different variables. Collec-
tively, these findings provide mechanistic insights into how
combined toxicant exposures disrupt biological defenses and
promote tissue damage at different exposure durations.
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