molecules

Article

Copper-Nanoparticle-Induced Neurotoxic Effect and Oxidative
Stress in the Early Developmental Stage of Zebrafish

(Danio rerio)

Na Liu 23, Luyao Tong 2, Kunjie Li , Qiuxia Dong 3 and Jieying Jing 1*

check for
updates

Citation: Liu, N; Tong, L.; Li, K.;
Dong, Q.; Jing, J. Copper-
Nanoparticle-Induced Neurotoxic
Effect and Oxidative Stress in the
Early Developmental Stage of
Zebrafish (Danio rerio). Molecules 2024,
29,2414. https://doi.org/10.3390/
molecules29112414

Academic Editors: Josef Jampilek and
Adrian Keller

Received: 5 April 2024
Revised: 12 May 2024
Accepted: 13 May 2024
Published: 21 May 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

State Key Laboratory of Clean and Efficient Coal Utilization, Taiyuan University of Technology,
Taiyuan 030024, China; naliu@sxu.edu.cn

School of Life Science, Shanxi University, Taiyuan 030006, China

Shanxi Huaxin Tonghui Clean Energy Co., Ltd., Taiyuan 030032, China

Shanxi Huaxin Gas Energy Institute Co., Ltd., Taiyuan 030032, China

*  Correspondence: jingjieying@tyut.edu.cn

I )

Abstract: Copper nanoparticles (CuNPs) are extensively used in electronics, cosmetics, fungicides,
and various other fields due to their distinctive qualities. However, this widespread usage can
contribute to environmental contamination and heightened health risks for living organisms. Despite
their prevalent use, the ecological impacts and biosafety of CuNPs remain inadequately understood.
The present study aims to delve into the potential toxic effects of CuNPs on zebrafish (Danio rerio)
embryos, focusing on multiple indexes such as embryonic development, neurotoxicity, oxidative
stress, and inflammatory response. The results revealed a notable increase in the death rate and
deformity rate, alongside varying degrees of decrease in hatching rate and heart rate following
CuNPs exposure. Particularly, the frequency of spontaneous tail coiling significantly declined under
exposure to CuNPs at concentrations of 500 pg/L. Furthermore, CuNPs exposure induced alterations
in the transcriptional expression of GABA signaling pathway-related genes (gabral, gad, abat, and
gat1), indicating potential impacts on GABA synthesis, release, catabolism, recovery, and receptor
binding. Additionally, CuNPs triggered oxidative stress, evidenced by disruption in superoxide
dismutase (SOD), catalase (CAT), and glutathione peroxidase (GPx) activities, along with elevated
malondialdehyde (MDA) levels. This oxidative stress subsequently led to a proinflammatory cascade,
as demonstrated by the increased transcriptional expression of inflammatory markers (il-18, tnf-a,
il-6, and il-8). Comparative analysis with copper ion (provided as CuCl,) exposure highlighted more
significant changes in most indexes with CuCl,, indicating greater toxicity compared to CulNPs at
equivalent concentrations. In conclusion, these findings provide valuable insights into the toxic
effects of CuNPs on zebrafish embryo development and neurotransmitter conduction. Furthermore,
they present technical methodologies for assessing environmental and health risks associated with
CulNPs, contributing to a better understanding of their biosafety and ecological impact.

Keywords: copper nanoparticles; neurotoxicity; oxidative stress; inflammatory response; zebrafish

1. Introduction

With the rapid development and extensive use of nanoparticles (NPs) in sectors
like the food industry, diagnostic medicine, drug delivery, electronics, cosmetics, and
chemical industry [1], concerns about the potential environmental hazards and health risks
of NPs are dramatically increasing. Copper nanoparticles (CulNPs), an important type
of manufactured NPs, have been broadly used in lubricants, polymers/plastics, metallic
coating, electronics, printers, cosmetics, and fungicides [2-5], owing to their unique optical,
antifungal, and electrical characteristics [6,7]. However, the widespread usage of CuNPs
raises environmental release and human exposure risks, necessitating increased focus on
their ecological and biosafety implications.
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In vitro studies have demonstrated that CuNPs exhibited toxic effects on ovarian
granulosa cells including reduced cell viability, decreased mitochondrial membrane poten-
tial, induced apoptosis rate, and induction of oxidative stress [8]. Similarly, copper oxide
(CuO) NPs exhibit significant cytotoxicity on human placental cells [9] and bone marrow
mesenchymal stem cells [10], with a potential for selective apoptosis induction in cancer
cells [11]. In vivo studies reveal decreased body weight and uterus weight, along with
regulated expression of caspase 3 and apelin receptor (APJ), in mice exposed to CulNPs [12].
Yang et al. also found that CuNPs could induce ovarian injury, apoptosis, follicular atresia,
and mRNA expression alterations in rats [1]. Furthermore, CuNPs have been involved in
neurodegenerative disorder process, such as Parkinson’s and Alzheimer’s diseases [13].

Previous studies have highlighted that the effect of NPs can vary based on factors
like particle size, surface activity, surface coating, chemical composition, and more. For
example, smaller CuO NPs have heightened biological effects against breast cancer and
nosocomial infection bacteria [14]. Jiang et al. discovered that silver nanoparticles (AgNPs)
and gold nanoparticles, when coated with antibodies, can modulate membrane receptor
internalization, where the size of the NPs significantly affects receptor binding, activation,
and subsequent protein expression [15]. However, until now our understanding of CuNPs’
implications for ecosystems and human health remains limited as compared to that of other
metal nanoparticles like AgNPs. Moreover, research on CuNPs with a small particle size
is scarce.

The zebrafish (Danio rerio) is a valuable vertebrate model for toxicological research due
to its genetic and developmental similarities to human [16]. Its increasing use in nanoparti-
cle toxicity is notable [17]. Zebrafish embryos, being robust and external developing, offer
easy observation of complex biological processes and manipulation during development.
Moreover, their rapid development makes them widely applicable in lifespan toxicity
research [18]. Therefore, zebrafish embryos were utilized in the present study to explore the
potential toxic effect of CuNPs with a small particle size (5-10 nm) on early development.
Normally, the toxicity of CulNPs is thought to be a combined result of the intracellular
nanoparticles and the leaching of dissolved copper ions (Cu?*) [4]. Hence, Cu?* (provided
as CuCl,) treatment was included to compare the toxicity difference between Cu?* and
CuNPs exposure.

2. Results and Discussion
2.1. Bioaccumulation of Cu

After exposure for 96 h, the bioaccumulation of Cu in zebrafish larvae under differ-
ent treatment is shown in Figure 1. Exposure to CuNPs and CuCl; led to a substantial
enhancement of Cu bioaccumulation in the zebrafish larvae, which increased significantly
(p < 0.05) as the exposure concentration increased. Specifically, the bioaccumulation of Cu
in zebrafish exposed to 500 pg/L CuNPs and CuCl, increased by 4.87- and 4.83-fold, respec-
tively, versus the control (without copper exposure). Interestingly, there was no significant
difference in Cu concentration between the CuCl, treatments and CuNPs treatments in
zebrafish larvae.

Previous studies have also documented the bioaccumulation of certain NPs in aquatic
animals. For example, rainbow trout (Oncorhynchus mykiss) that were exposed to serial
concentrations (0.06, 0.6, and 6 ug/L) of AgNPs (particle size: 20 nm) and silver nitrate
(AgNO3) for 96 h exhibited a significant increase in hepatic Ag content [19]. Zebrafish
larvae exposed to AgNPs similarly showed a notable increase in Ag concentration after
21 days of exposure [20]. Likewise, exposure to CuNPs and CuSOy caused a remarkable
increase in Cu bioaccumulation in various tissues of red swamp crayfish (Procambarus
clarkii) [21] and barnacle larvae (Balanus amphitrite) [22]. Compared to the control without
Cu exposure, Cu bioaccumulation in barnacle larvae exposed to 200 pg/L CuNPs (particle
size: 20 nm) increased by 5.3-12.6 times [22]. Wang et al. [23] also found an increased
Cu level in juvenile, orange-spotted grouper (Epinephelus coioides) after exposure to both
CuNPs and CuSOy. After ingestion, the NPs were distributed and accumulated in different
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tissues, which caused changes in physiological, behavioral, metabolic, and immunological
functions [24-27].
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Figure 1. Cu concentration (ug/g dry weight) in the zebrafish embryos exposed to CuCl, and CuNPs
for 96 h. The experiment was performed in triplicate with N = 30 for each treatment. Data are
mean =+ SD. * p < 0.05, ** p < 0.01 versus the control.

2.2. Embryotoxicity Test

Zebrafish embryos undergo external and rapid development, maintaining robustness
and transparency during this phase. These qualities make them easy to manipulate, suitable
for high-throughput applications, and conducive to detailed visual analysis [28,29]. In the
present study, a time- and concentration-dependent assessment was carried out during the
embryonic stage of zebrafish to evaluate the developmental toxicity of CulNPs. Zebrafish
embryos were exposed to CuNPs for 96 h, with daily recordings of death rate, hatching
rate, heart rate, deformity rate, and frequency of spontaneous tail coiling.

As shown in Figure 2, a remarkable enhancement of the death rate was observed in
both CuNPs and CuCl, treatments, correlating with the higher exposure concentration and
longer duration. There were significant differences (p < 0.05) in the death rate between
CuNPs and CuCl, treatments after 24 h exposure, with increased death rate only seen at a
high CuNPs concentration (250 and 500 pg/L). However, after 72 h and 96 h of exposure, the
death rate significantly increased (p < 0.01) in both CuNPs and CuCl, treatments, although
no notable differences were noted between CuNPs and CuCl, treatments at high concen-
tration levels. In a toxicity study of iron oxide nanoparticles CR@Fe304, minimal toxic
effects were found at high-dose treatment (800 ug/mL), leading to increased mortality and
delayed hatching cycles [30]. Conversely, Lee et al. [31] found that exposure to polystyrene
(PS) nanoplastics (0.1 mg/mL) had a negligible impact on zebrafish embryo mortality and
deformation, indicating a lack of toxic effect from PS nanoplastics on the embryos.

Hatching is intricately regulated by various factors, encompassing both internal and
external elements, and is highly sensitive to numerous environmental conditions and
chemical substances. Therefore, changes in hatching patterns after nanomaterial exposure
have been examined to gauge toxic effects on zebrafish previously [32-38]. In this study,
the hatching rate increased at 72 and 96 h compared to 48 h for most concentrations
of both CuCl, and CuNPs. Conversely, a slight decrease in hatching rate was noted in
embryos exposed to CuNPs and CuCl, for 48 h (Figure 3). Significant impacts on the
hatching rate (p < 0.01) were evident in embryos exposed for 72 and 96 h, with notable
disparities observed between CuNPs and CuCl, treatments across all the concentrations
(p < 0.01). Previous research reported a decline in the hatching rate in zebrafish embryos
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exposed to Ag* for 5 days, alongside significantly reduced embryonic survival and delayed
hatching [32]. Similar findings were observed in a toxicity study involving cobalt ferrite
(CoFeyO4) nanoparticles, revealing a dose- and time-dependent developmental toxic effect

characterized by severe cardiac edema, hatching delay, tail/spinal cord flexure, and reduced
metabolism [34].
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Figure 2. Death rate (%) of zebrafish embryos after treatment with different concentrations of CuCl,
and CuNPs for 96 h. Data are mean =+ SD, N = 180. * Denotes significant difference versus the control
(* p <0.05, ** p < 0.01). # Denotes significant difference between CuCl, and CuNPs groups (# p < 0.05,
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Figure 3. Hatching rate (%) of zebrafish embryos after treatment with different concentrations of
CuCl; and CuNPs for 96 h. Data are mean £ SD, N = 180. * Denotes significant difference versus the

control (* p < 0.05, ** p < 0.01). ## Denotes significant difference between CuCl, and CuNPs groups
(p <0.01).
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The heart of a zebrafish is a structurally similar model to the human heart and is easily
accessible for optical analyses owing to the transparency in the larval stage, making it a
prevalent choice for cardiac research. The heart rate serves an important parameter in
both embryonic development and cardiac function assessment, as deviations in rhythm
can be indicative of a developmental disorder or underlying cardiac pathologies [39].
In the present study, the heartbeats were calculated for samples treated with varying
concentrations of CuNPs or CuCl, at 48, 72, and 96 h (Figure 4). At 48 and 72 h, both
CuNPs and CuCl, treatments resulted in a decreased heart rate, except for a slight increase
observed at 50 pg/L CuNPs, which was thought to be a stress response. However, by
96 h, no significant difference in the heartbeat count was recorded between CuNPs and
CuCl, treatments, except for the 50 and 100 pg/L CuNPs groups. This is in line with the
findings indicating decreased heart rates in the zebrafish embryos exposed to CuO NPs
over 96 h [40]. Similarly, Kalishwaralal et al. [41] found a significant decrease in heart
rate in zebrafish embryos exposed to higher doses of selenium-based NPs (SeNPs, 20 and

25 pug/mL).
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Figure 4. Heart rate (%) of zebrafish embryos after treatment with different concentrations of CuCl,
and CuNPs for 96 h. Data are mean + SD, N = 60. * Denotes significant difference versus the control
(* p <0.05, ** p < 0.01). ## Denotes significant difference between CuCl, and CuNPs groups (p < 0.01).

In general, organ dysfunction often correlates with structural damage. In this study, a
pericardial cyst, indicative of heat malformations, in the zebrafish embryos was observed in
both CuNPs and CuCl, treatments (Figure 5). This finding is consistent with the heart rate
results shown in Figure 5. In addition, various abnormalities in the developing embryos,
including bent spines (BSs), bent tail (BTs), and vitelline cysts (VCs), were also recorded.
The deformity rate increased with higher exposure concentration, with significant differ-
ences observed between CuNPs and CuCl, treatments at concentrations of 50, 100, and
500 ug/L (p < 0.05). Numerous studies have reported deformities in zebrafish induced by
nanomaterials [41-43]. For example, zebrafish embryos treated with CuO NPs exhibited
sacculi or otolith, head malformation, heart malformation, yolk deformity, end tail malfor-
mation, spinal cord malformation, rachischisis, scoliosis, and tail malformation, with more
intense deformities noted at higher concentration of CuO NPs [41]. Li et al. [42] found
shorter spinal column, body length, and tail curvature in embryos treated with the Ag
nanoplates or Ag nanospheres at the 24 hpf (hours post fertilization) stage, along with
increased pericardial sac edema in both treatments at the 48 hpf stage.
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Figure 5. Deformity rate of zebrafish embryos exposed to CuCl, and CuNPs for 96 h. (A) Dose-related
variations in zebrafish embryo malformations at 72 h. (B) Dose-related variations in zebrafish embryo
malformations at 96 h (except for 100 pg/L CuNPs group). (C-F) Representative optical images of
deformed zebrafish. Data are mean + SD, N = 60. ** Denotes significant difference versus the control
(p < 0.01). # Denotes significant difference between CuCl, and CuNPs groups (# p < 0.05, ## p < 0.01).
The typical malformations including bent tail (BT), bent spine (BS), pericardial cyst (PC), and vitelline
cyst (VC).

2.3. Neurotoxicity Test

Spontaneous tail coiling is the first motor behavior that could be observed in zebrafish
embryos, characterized by lateral contractions of the trunk. This behavior starts around
17 hpf, peaks around 19 hpf, and subsequently decreases gradually by 26 hpf, transitioning
into different motor activities [44,45]. In the present study, observation of spontaneous
tail coiling in zebrafish embryos at 24 hpf revealed a slight increase in coiling frequency
in the 50 and 100 pg/L CuCl, treatments (p < 0.05) (Figure 6). Conversely, a significant
reduction in coiling frequency was noted in the 500 ng/L CuNPs and CuCl, treatments
(p < 0.05), indicating potential nervous system damage from the nanomaterials. Similarly, a
study on the toxicity of copper hydroxide (Cu(OH);) nanopesticide observed an ~2-fold
decrease in spontaneous tail coiling in embryos exposed to both Cu(OH); nanopesticide
and Cu?* at 100 pg/L. Their subsequent study revealed alterations in neurotransmitter-
related pathways (dopaminergic, serotoninergic, GABAergic, glutamatergic) following
Cu(OH); nanopesticide exposure. These changes in neurotransmitter-related pathways are
suggested to underlie the observed behavioral shifts in zebrafish [46].
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Figure 6. Spontaneous tail coiling of zebrafish embryos after treatment with different concentrations
of CuCl, and CuNPs for 24 h. Data are mean =+ SD, N = 60. * Denotes significant difference versus the
control (* p < 0.05, ** p < 0.01). ## Denotes significant difference between CuCl, and CuNPs groups
(p <0.01).

Y-Aminobutyric acid (GABA) is one of most important inhibitory neurotransmitters
within the central nervous system [47]. Upon release from the presynaptic membrane,
GABA engages GABAA and/or GABAB receptors, consequently inhibiting neurotransmit-
ter release and neuronal activity [48,49]. In the present study, the transcriptional expression
of key genes involved in the GABA signaling pathway were investigated in zebrafish em-
bryos exposed to CuNPs and CuCl,. As shown in Figure 7, the transcriptional expression
of GABAA receptor alpha 1 (gabral) was upregulated by low concentrations of CuNPs
(50 and 100 pg/L) and CuCl, (50 ug/L), while it was notably downregulated (p < 0.05)
by high doses of CulNPs (250 and 500 pg/L) and CuCl; (100 and 250 ug/L). It is well
known that GABA typically exerts its inhibitory effects by binding to postsynaptic GABA
receptors [48], and the alteration in gabral mRNA expression may indicate a disruption
in GABA-receptor receptors. Furthermore, CuNPs or CuCl, exposure also regulated the
transcriptional expression of genes related to GABA biosynthesis, catabolism, and trans-
port (Figure 7). GABA is synthesized through glutamic acid decarboxylation catalyzed by
glutamate decarboxylase (GAD). After CuNPs or CuCl, exposure, the mRNA expression
of gad varied, generally increasing except for a decrease observed with 500 ug/L CuNPs.
It was speculated that the enhancement in gad mRNA expression might lead to the in-
creased GABA accumulation. In addition, GABA can be secreted from neurons or glial
cells through GABA transporter (GAT) reversal [50]. Consequently, the increase in gat1
mRNA expression following a low-concentration CuNPs or CuCl, exposure might elevate
the GABA level. However, gatl mRNA expression significantly decreased at 500 ng/L
CuNPs and CuCl, (Figure 7). GABA transporters, such as GAT-1 in neurons and GAT-3 in
glia, regulate synaptic GABA release, thereby modulating its inhibitory effects. GABA can
be recycled by vesicular uptake into a presynaptic membrane or reuptake into a gliocyte.
Then, it is catabolized to succinic semialdehyde and glutamate via GABA-transaminase
(GABA-T) [51]. In the present study, the mRNA expression of abat, encoding GABA-T, was
significantly reduced (p < 0.05) by CuNPs exposure, except at 50 pg/L CuNPs (Figure 7). It
was implied that the catabolism of GABA was inhibited. Consequently, disrupted GABA
release, receptor interaction, and neurotransmitter conduction could contribute to altered
neurobehavior, such as the observed decline in spontaneous tail coiling frequency (Figure 6).
In the exposure experiment involving Cu(OH), nanopesticide, glutamate decarboxylase 1b
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(gad1b) mRNA expression in the zebrafish was reduced, alongside differential expression of
GABA receptors (gabra2a, gabrab, gabrr1) and other genes (grin2b, gabra2a, gabrb2a) following
nanopesticide and copper ion exposures [46].
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Figure 7. mRNA expression of GABA signaling pathway-related genes in zebrafish embryos after
treatment with different concentrations of CuCl, and CuNPs for 96 h. The experiment was performed
in sextuplicate with N = 30 for each treatment. Data are mean + SD. * D significant difference versus
the control (* p < 0.05, ** p < 0.01). # Denotes significant difference between CuCl, and CuNPs groups
(#p < 0.05, ## p < 0.01).

2.4. Oxidative Stress and Inflammatory Response

Most studies have indicated that the generation of reactive oxygen species (ROS)
and subsequent oxidative stress are commonly observed in the NP-induced toxicity [52].
NP-mediated ROS responses are thought to be linked to a range of pathological outcomes
such as inflammation, genotoxicity, carcinogenesis, and fibrosis [53]. In the present study,
the activity of antioxidative enzymes and the levels of malondialdehyde (MDA) were tested
to evaluate the oxidative stress induced by CuNPs or CuCl,. Our results showed that
superoxide dismutase (SOD) activity was induced at doses of 50 and 100 pg/L of CuNPs
or CuCl, but inhibited at doses of 250 and 500 pug/L of CuNPs and CuCl, (Figure 8). Addi-
tionally, the activities of glutathione peroxidase (GPx) and catalase (CAT) were generally
decreased, except at 500 pug/L CuCl,. Moreover, the MDA content increased significantly
in most treatments (p < 0.01). It was inferred that exposure to high concentrations of
CuNPs or CuCl; could lead to reduced antioxidative enzyme activity, resulting in ROS
accumulation and subsequent lipid peroxidation. The decline in antioxidative enzyme
activity at high concentrations may be due to impaired synthesis or structure changes in
enzyme proteins induced by exposure to CuNPs or CuCl,, which resulted in the enzymes’
inactivation. Similarly, oxidative stress in the liver, gills, and head of the zebrafish induced
by zinc oxide nanoparticles (Nano-ZnO) and perfluorooctanesulfonic acid potassium salt
(PFOS) were investigated [54]. The results showed that both Nano-ZnO and PFOS, whether
in co-exposure or single exposure, triggered oxidative stress. In co-exposure solutions,
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the CAT activity was significantly lower, but the MDA content was remarkably higher
compared to single exposure.
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Figure 8. Activity of antioxidative enzymes in zebrafish embryos after treatment with different
concentrations of CuCl, and CuNPs for 96 h. The experiment was performed in triplicate with
N = 60 for each treatment. Data are mean + SD. * Denotes significant difference versus the control
(* p <0.05, ** p < 0.01). # Denotes significant difference between CuCl, and CuNPs groups (# p < 0.05,
##p <0.01).

Studies have revealed the interdependent relationship between ROS and inflamma-
tion upon exposure to NPs. Inflammatory cells like neutrophils and macrophages cause
abundant ROS release to eliminate the NPs [55]. However, NP-exposure-induced oxidative
stress activates MAPK, RTK, NF-«B, and Akt, leading to a proinflammatory cascade [56].
The results indicated that the mRNA expression of inflammatory factors was regulated
by CuNPs and CuCl, exposure (Figure 9). Proinflammatory cytokines like IL-13, IL-6,
and TNF-« are commonly assessed to estimate the immunotoxicity of nanomaterials [57].
Changes in the mRNA expression of these cytokines in the present study provided evi-
dence of immunotoxicity associated with CuNPs and CuCl, exposure. It is speculated
that CuNPs- or CuCly-induced oxidative stress triggered the proinflammatory cascade,
as evidenced by the enhanced transcriptional expression of il-18, tnf-a, il-6, and il-8 to
varying degrees. Similar findings have been reported in in vitro studies. Transcriptome
data showed the inflammatory gene expression in astrocytes repeatedly exposed to micro-
and nanoplastics (MNPLs) for 168 h. The transcriptional expression of il-1p, tnf, and il-6
was upregulated by MNPLs of different sizes (50 nm and 500 nm) [58]. Wang et al. [59]
explored the proinflammatory effect and cytotoxicity of PS nanoplastics (PS-NPs) and PS
microplastics (PS-MPs) on mouse macrophage RAW264.7 cells. They observed that the
release of inflammatory cytokines (TNF-«, 11-6, and 11-10) was increased by 1, 0.01, and
0.01 pg/mL PS-NPs, and the contents of TNF-«, I1-6, and I1-10 were also enhanced by 1 and
0.01 ug/mL PS-MPs.
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Figure 9. mRNA expression of inflammatory factors in zebrafish embryos after treatment with
different concentrations of CuCl, and CulNPs for 96 h. The experiment was performed in sextuplicate
with N = 30 for each treatment. Data are mean + SD. * Denotes significant difference versus the
control (* p < 0.05, ** p < 0.01). # Denotes significant difference between CuCl, and CuNPs groups
(p <0.05).

3. Materials and Methods
3.1. Zebrafish Breeding

The parental zebrafish (AB wild-type strain) were obtained from the China Zebrafish
Resource Center (CZRC) and cultured in a circulating filtration system under controlled
conditions (28 & 1 °C, 14 h light/10 h dark photoperiod). To acclimate the fish to laboratory
conditions, males and females were fed with brine shrimp twice daily for one month. In the
evening, two males and two females were randomly selected and transferred into breeding
tanks. The next morning, the embryos were collected, washed three times with RO (reverse
osmosis) water, and then placed in 100 mm glass Petri dish with 60 embryos per dish for
exposure. This research received approval from the Committee of Scientific Research in
Shanxi University (CSRSX, approval No. SXULL2024009), and all the zebrafish protocols
were performed according to guidelines from the CSRSX.

3.2. Exposure Protocols

Copper chloride (CuCl,, analytically pure) was purchased from Tianjin Bondi Chemi-
cal Co., Ltd. (Tianjin, China). The CuNPs colloid was purchased from XFNano Technology
Co., Ltd. (Cat.No.: 100420, Nanjing, China), dispersed in ultrapure water through serial
dilutions, and sonicated (SB-5200DTDN, Scientz Biotechnology Co., Ningbo, China) for
30 min prior to introduction to the exposure groups. Transmission electron microscopy
(TEM) images were taken with a JEM-1011 Transmission Electron Microscope (JEOL, Tokyo,
Japan), revealing that CuNPs used in this research were spherical particles of approximately
5-10 nm, consistent with the manufacturer’s description.

The exposure concentrations were chosen according to the aquatic environmental
concentration of copper [60,61] and the reported lethal dose of 50% (LCsp) of CuNPs in
aquatic animals [22]. Stock solutions of CuNPs and copper ions were individually prepared
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and diluted by RO water to achieve copper concentrations of 50, 100, 250, and 500 nug/L. RO
water served as the control. The exposure duration was 96 h, and fresh exposure solutions
were prepared and replaced daily. Dead embryos were removed from the exposure solution
each day. The mortality rates were recorded every 24 h. Spontaneous tail coiling of zebrafish
embryos at 24 hpf was analyzed. The hatching rate and heart rate were recorded at 48, 72,
and 96 hpf. The deformity rate was observed with a stereomicroscope (SZX16, OLYMPUS,
Tokyo, Japan) and calculated at 72 and 96 hpf.

3.3. Measurement of Copper Bioaccumulation

Thirty larvae exposed for 96 h were collected from each treatment and rinsed with
deionized water to remove the CuCl, /CuNPs adhering to the surface. Subsequently, the
samples were dried at 80 °C until reaching a constant weight. The Cu concentration within
the larvae was measured using inductively coupled plasma mass spectrometry (ICP-MS,
NexION 350, PerkinElmer, Hopkinton, MA, USA) following acid digestion with HNOj3,
employing the microwave digestion technique.

3.4. Physiological Parameter Analysis

The zebrafish embryos were observed at intervals of 24 h until 96 hpf. The mortality
rate, hatching rate, heart rate, deformity rate, and frequency of spontaneous tail coiling
were recorded at each 24 h interval [62]. The hatching rate and heart rate of each individual
were observed at 48, 72, and 96 hpf. The heart rate was recorded by counting the number of
beats that occurred over a 20 sec interval. Then, it was extrapolated to 1 min to indicate the
average beats per minute [63]. Morphological abnormalities such as the presence of bent tail,
bent spine, pericardial edema, and yolk sac edema were observed by a stereomicroscope at
4 x magnification (52X16, OLYMPUS, Tokyo, Japan). The frequency of spontaneous tail
coiling (times/min) was investigated in zebrafish embryos at 24 hpf.

3.5. Enzymes Activity Analysis

Sixty larvae were collected from each treatment and homogenized with an ultrasonic
cell crusher (JY98-1IIN, SCIENTZ, Ningbo, China) under ice-cold conditions, with the
addition of Tris-HCl buffer (w/v, 1:9, pH 7.4, 0.01 mol/L, containing 0.01 mol/L of su-
crose, 0.0001 mol/L of EDTA-2Na, and 0.8% of NaCl) [21]. The homogenates were then
centrifuged, and the resulting supernatant was collected to measure the oxidative stress
parameters. The activities of SOD, CAT, and GPx, as well as the content of MDA, were mea-
sured using the commercial reagent kits from Nanjing Jiancheng Bioengineering Institute
(Nanjing, China), according to the manufacturer’s instructions. The absorbance reading was
taken using a spectrophotometer (SpectraMax M5, Molecular Devices, San Jose, CA, USA).

3.6. mRNA Expression Analysis

Zebrafish at 96 hpf from the control group, CulNPs treatment, and CuCl, treatment
were collected. Thirty larvae were pooled in a centrifugal tube as one sample, and six
replicates were prepared for each group. The total RNA of each sample was isolated with
RNAiso Plus from Takara (Tokyo, Japan), according to the manufacturer’s instructions
and quantified using a microspectrophotometer (Eppendorf, Hamburg, Germany). One
microgram of purified total RNA from each sample was reverse-transcribed into cDNA by
PrimeScript RT Master Mix (Takara, Tokyo, Japan).

The PCR amplification was performed on 7500 Real-Time PCR Systems (Applied
Biosystems, Wakefield, RI, USA) with TB Green Premix Ex TaqlI (Takara, Tokyo, Japan). Six
replicates were run in triplicate for each treatment. The results of real-time fluorescence
quantitative PCR were normalized using rpl7 as the housekeeping gene, and the Ct value
was converted into relative expression (fold change) using the 2~44¢t method. The primer
sets are listed in Table 1.
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Table 1. Primers used for real-time PCR analysis.
Gene Primer (5'-3') Genbank No. Product Length (bp)
rpl7 F CAGAGGTATCAATGGTGTCAGCCC NM_213213644.2 119
R TTCGGAGCATGTTGATGGAGGC
i-1p F TGATGAATGGGTGTTCGGCA NM_012799.1 248
R TACCGATGCGTGCTACTTCC
tnfa F CTCCATAAGACCCAGGGCAA NM_212859.2 162
R CTGGTCCTGGTCATCTCTCC
. F GCAAGAACGAAAACTGCAGC NM_001079833.1 182
i-6 R CGATTCAGTCTGACCGGAGA
. F TGTGTTATTGTTTTCCTGGCATTTC XM_009306855.1 81
i-8 R GCGACAGCGTGGATCTACAG
abral F TCAGGCAGAGCTGGAAGGAT NM_001077326 117
8 R TGCCGTTGTGGAAGAACGT
F GCGTTCAGGCAAAGCTCT NM_201498 204
abat R GCAGGACGGAAACGGAT
ad F AACTCAGGCGATTGTTGCAT NM_194419 109
8 R TGAGGACATTTCCAGCCTTC
qatl F GTGCGAGGACAAGTGCAAAG NM_001007362 193
R ATGTTTGGAGGTTTGGGGCA

3.7. Statistical Analysis

Graph-Pad Prism (version 8.0) was used for statistics and data visualization. The data
were shown as mean =+ SD (standard deviation). One-way analysis of variance (ANOVA)
followed by the Tukey test was applied for multiple comparisons. A significance level of
p < 0.05 was considered statistically significant.

4. Conclusions

In summary, the findings of this study suggest that exposure to CuNPs can lead to
an increase in the death and deformity rates, as well as a decline in heart rate and the
frequency of spontaneous tail coiling in zebrafish embryos. These results indicate the
toxic effects of CuNPs on the development of zebrafish embryos. In addition, the changes
in the transcriptional expression of key genes in the GABA signaling pathway suggest
that CuNPs may interfere with the synthesis, release, catabolism, and recovery of GABA,
potentially leading to disruptions in neurotransmitter conduction and neurobehavioral
disorder. Furthermore, the inhibition of antioxidative enzyme activities and the increase in
MDA content demonstrate the oxidative stress caused by CuNPs exposure. This oxidative
stress, in turn, triggers a proinflammatory cascade. Comparatively, CuCl, exhibited more
severe toxic effects on zebrafish embryos across most of the tested parameters in this study
than CulNPs did. However, further research is required to explore the long-term toxic
effects of CuNPs and the associated mechanisms of toxicity.
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