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The emergence of MPs as anthropogenic contaminants 
that enter aquatic systems from household and industrial 
effluent has raised concerns about not only the potential 
for MPs to be toxic on their own, which remains highly 
debated, but for microplastics to act as a vector for known 
toxicants (Ma et al. 2020). The physical risks associated 
with plastic pollution such as entanglement, ingestion, and 
blockage or disruption of respiratory or digestive function 
have been well substantiated; however, the toxicity of MPs 
and associated toxicants remains unclear (Foley et al. 2018). 
Microplastics exhibit a large surface area to volume ratio, 
allowing for a relatively large surface area for toxicants to 
sorb to while remaining small enough to be bioavailable to 
many species (Caruso 2019). Microplastic and metal mix-
ture toxicity is an emerging area of research; however, this 
body of work is primarily focussed on ionic forms of metal 
with little work analyzing microplastic and metal nanopar-
ticle interactions (Godoy et al. 2019).

Copper NPs with unique antimicrobial, catalytic, and 
conductivity activities are applied in many fields including 
textiles (Radetić and Marković 2019), biomedical (Akintelu 
et al. 2020), wastewater treatments (Dlamini et al. 2019), 

Introduction

In aquatic ecosystems, organisms are inevitably exposed 
to mixtures of environmental contaminants (Fleeger et al. 
2003). To protect aquatic life, it is important to understand 
if contaminant mixtures can produce additive or non-addi-
tive effects. Investigating the additivity of mixtures of con-
taminants can assist regulatory authorities to evaluate the 
efficacy of environmental quality guidelines. Microplastics 
(MPs) and copper nanoparticles (CuNPs) are two contami-
nants of which the combined effect on aquatic organisms 
has yet to be fully understood.
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Abstract
Copper nanoparticles (CuNPs) and microplastics (MPs) are two emerging contaminants of freshwater systems. Despite 
their co-occurrence in many water bodies, the combined effects of CuNPs and MPs on aquatic organisms are not well-
investigated. In this study, primary cultures of rainbow trout hepatocytes were exposed to dissolved Cu, CuNPs, MPs, 
or a combination of MPs and CuNPs for 48  h, and the transcript abundances of oxidative stress-related genes were 
investigated. Exposure to CuNPs or dissolved Cu resulted in a significant increase in the transcript abundances of two 
antioxidant enzymes, catalase (CAT) and superoxide dismutase (SOD). Exposure to CuNPs also led to an upregulation in 
the expression of Na+/K+ ATPase alpha 1 subunit (ATP1A1). Microplastics alone or in combination with CuNPs did not 
have a significant effect on abundances of the target gene transcripts. Overall, our findings suggested acute exposure to 
CuNPs or dissolved ions may induce oxidative stress in hepatocytes, and the Cu-induced effect on target gene transcripts 
was not associated with MPs.
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and aquaculture (Chari et al. 2017). Large-scale application 
of CuNPs in commercial and industrial processes increases 
the likelihood of their existence in aquatic environments. 
Copper NPs may undergo dissolution and release dissolved 
Cu — the most bioavailable form of Cu that exerts toxic-
ity in living cells — to the surrounding solution. Neverthe-
less, many studies reported dissolved ions and nanocopper 
as both contributing to CuNP-induced toxicity in cells (Al-
Bairuty et al. 2013; Griffitt et al. 2009; Razmara et al. 2021).

Many studies have demonstrated that fishes are highly 
susceptible to ingesting MPs. Microplastics can translocate 
from tissues such as intestine to hepatic tissue in a few fresh-
water fish species and accumulate (Collard et al. 2017; Lu 
et al. 2016). Some studies reported that accumulated MPs 
in fish liver can induce toxicity. For instance, long-term 
(35 days) exposure of zebrafish to 10 and 100  µg/L MPs 
resulted in a significant induction of oxidative stress and 
disruption of histological architecture in the liver (Umama-
heswari et al. 2021). In rainbow trout hepatocytes, however, 
the toxicity of MPs was attributed to the adsorbed organic 
contaminants (Pannetier et al. 2019a). Our previous study 
suggested CuNPs can also translocate into fish liver (Lindh 
et al. 2019). Results indicated Cu was significantly accu-
mulated in the liver of CuNP-injected and gavaged rainbow 
trout (Lindh et al. 2019). Exposure to CuNPs resulted in his-
topathological damage in fish liver (Al-Bairuty et al. 2013). 
A 30-day exposure of juvenile Takifugu fasciatus to 20 
and 100 µg/L of CuNPs induced oxidative stress, immune 
responses, and apoptosis in liver (Wang et al. 2021). These 
findings underscored the liver’s significance as one of the 
primary organs for the accumulation of Cu, leading to toxic-
ity. Nonetheless, the combined effects of MPs and CuNPs on 
fish liver remains elusive. In the current study, our goal was 
to investigate the mRNA abundances of genes involved in 
the antioxidant response pathway in primary rainbow trout 
(Oncorhynchus mykiss) hepatocytes following acute expo-
sure to MPs, CuNPs, and their mixture. In this study, we 
utilized a primary culture of rainbow trout to mitigate vari-
ability introduced by individual animals among treatments 
and to minimize the number of fish used in our experiments.

Materials and Methods

Animal Housing and Hepatocyte Culture 
Preparation

Rainbow trout (n = 4, weight = 296 ± 7.4 (mean ± SD)) 
were obtained from Sam Livingstone Fish Hatchery (Cal-
gary, Alberta, Canada). Fish were transferred to the Aquatic 
Research Facility (ARF) of University of Lethbridge and 
were acclimated to the ARF water for two weeks (fish 

holding tank capacity: 4  g/L; 16  h light: 8  h dark photo-
period; 12  °C). The ARF water quality was measured as 
follows (mean ± SD; n = 3): temperature, 12.3 ± 0.4 °C; dis-
solved oxygen, 8.9 ± 0.8  mg/L; conductivity, 331.1 ± 0.3 
µS/cm; hardness, 155 ± 2.2  mg/L as CaCO3; alkalinity, 
130.1 ± 1.7  mg/L as CaCO3; median pH, 8.2 (range 8.0-
8.4); and dissolved organic carbon, 2.5 ± 0.6  mg/L. All 
experimental procedures were reviewed and approved by 
the University of Lethbridge Animal Welfare Committee 
(protocol # 1612). Fish were not fed 24 h prior to isolation 
of hepatocytes.

Hepatocytes were isolated according to a two-step col-
lagenase perfusion protocol described elsewhere (Jamwal 
et al. 2016). In short, fish were euthanized by overdose of 
buffered tricaine methanesulfonate (AquaLife, Canada). 
Fish was cut open ventrally (from anus to pectoral girdle), 
the hepatic portal vein was cannulated with PE-50 (from the 
area of 8 cm away from the liver), and the liver was perfused 
with Hank’s media (5.4 mM KCl, 137 mM NaCl, 0.81 mM 
MgSO4.7H2O, 0.44 mM KH2PO4, 0.33 mM Na2HPO4, 5.0 
mM NaHCO3, 5 mM Na-HEPES, 5 mM HEPES, pH was 
adjusted to 7.63). When the liver was entirely blanched, the 
perfusion solution was switched to Hank’s medium contain-
ing 0.2 mg/L of collagenase (type IV, Roche LiveScience, 
USA). Once the liver was sufficiently degraded, it was 
removed from the body cavity and placed into a petri dish 
containing 2 ml of Hank’s media and collagenase. To dis-
sociate hepatocytes, the liver was chopped into small pieces 
with a razorblade and filtered through 260 and then 73 μm 
stainless steel mesh. To collect hepatocytes, the filtrate was 
centrifuged at 100 × g for 5 min at 4 °C. The hepatocyte pel-
let was then washed with a solution containing 2% bovine 
serum albumin and 1.5 mM CaCl2 (adjusted pH of 7.63). 
The washed pellet was then resuspended in 25 ml of L-15 
media (Fisher Scientific, Canada) containing antibiotic and 
antimycotic (ThermoFisher Scientific, Canada) and incu-
bated for 30 min on an ice bath. After the incubation period, 
the supernatant was discarded, 25 ml of L-15 media (pH 
7.63) was added to the cells, and cell viability was measured 
using a CytoSMART cell counter (Fisher Scientific, USA) 
using trypan blue exclusion assay (Jamwal et al. 2016). 
Hepatocytes with viability of > 85% were plated in a 6-well 
Nulcon delta plates (Fisher Scientific, Canada) at a density 
of 1.1–1.4 × 106 cells per well. To acquire a monolayer of 
hepatocytes, plates were incubated at 15.5  °C for 24 h in 
the dark.

Experimental Design and Hepatocyte Exposure

The median lethal concentration (48  h LC50) of CuNPs 
in rainbow trout was reported as 990 ± 150 µg/L (Song et 
al. 2015). In this study ~ 1/3 of the 48  h LC50 of CuNPs 
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(323 µg/L) was selected as the exposure concentration. Our 
previous study suggested 323 µg/L of CuNPs were bioavail-
able for olfactory, gill, and intestinal epithelial cells and 
resulted in a significant Cu accumulation in these tissues 
(Lindh et al. 2019; Razmara et al. 2021). For the CuNPs 
exposure, a fresh stock suspension of CuNPs at the nomi-
nal concentration of 250 mg/L was prepared by suspending 
nanocopper powder (35 nm; 99.8% purity; Nanostructured 
& Amorphous Materials Inc, USA) in L-15 followed by a 
15 min dispersion in water bath sonicator UD (150SH6LQ; 
150  W; Eumax; USA). As the CuNP-induced toxicity is 
partly associated with released Cu2+, the effect of CuNPs 
was compared to Cu2+. A stock solution of CuSO4.5H2O 
(> 98% purity; BHD, USA) was prepared at a concentra-
tion of 100 mg/L CuSO4 in Milli-Q (EMD Millipore) and 
acidified to 0.4% HNO3 (70%; TraceSelect grade, Sigma 
Aldrich, Canada). In the next step, a fresh solution of 1 mg/L 
CuSO4 was prepared in L-15 and used as a source of Cu2+. 
The nominal concentration of Cu2+ was 8  µg/L which is 
equal to the average amount of dissolved Cu released from 
320 µg/L CuNPs over a 24 h period (Razmara et al. 2019). 
The hepatocytes were exposed to contaminants for 48 h (2 
wells per biological replicates), and 90% of the exposure 
media was renewed at 24 h. The treatments were as follows: 
control (L-15 media only), CuNPs, dissolved Cu (Cu2+), 
MP-620VF (MP1), MP-635XF (MP2), CuNPs + MP1, and 
CuNPs + MP2 (n = 4).

The MP-620VF is reported by the manufacturer to be high 
density polyethylene with a mean particle size of 5–7 μm, a 
melting point of 114–116 °C, density of 0.96 g/cc at 25 °C, 
and an NPIRI grind of 2.0–3.0 (MicroPowders Inc., USA). 
The MP-635XF characteristics are as follows: mean particle 
size: 4–6 μm, melting point: 123–125 °C, density: 0.97 g/
cc at 25  °C, and NPIRI Grind: 1.0–2.5 (MicroPowders 
Inc., USA). The MP-635XF has a greater fineness of grind, 
meaning that it has a greater surface area to volume ratio 
than MP-620VF. MPs were rinsed twice with 2  N HNO3 
(70%; TraceSelect grade, Sigma Aldrich, Canada), and 
subsequently rinsed three times with Milli-Q water before 
being dried in an oven at 60 °C to constant weight and resus-
pended in L-15 at a concentration of 2 mg/L.

Copper Analysis and CuNPs Characterizations

Total Cu concentrations in media were determined using 
graphite furnace atomic absorption spectrometry (GFAAS, 
Agilent Technologies) following the protocol described in 
Razmara et al. (2019). A certified reference material (CRM), 
SLRS-6 (National Research Council of Canada) was run 
every ten samples to evaluate accuracy, which was main-
tained above 90%. All samples and CRM were run in dupli-
cate. The detection limit for Cu was previously estimated 

utilizing this technique and found to be approximately 
2 µg/L Cu.

Nanocopper physicochemical properties were previously 
characterized (Razmara et al. 2019), and we used the same 
source of characterized CuNPs in this study. The average 
diameter of CuNPs was 32 ± 1  nm (mean ± standard error 
of mean (SEM). Polydispersity index (PDI), hydrodynamic 
diameter (HDD), and zeta potential, which are indicators of 
nanoparticles aggregation, showed the stability of CuNPs 
was reduced during the 24 h. The significant increase in the 
PDI and HDD along with the reduced zeta potential after 
16 h revealed that CuNPs were less bioavailable over the 
last few hours of exposure (Razmara et al. 2019). The phys-
iochemical parameters of CuNPs were initially assessed 
in fish tank water (Razmara et al. 2019). The L-15 media 
is a water-soluble solution with some properties akin to 
water. Nonetheless, it is possible that certain physicochemi-
cal attributes of CuNPs exhibit slight variations when sus-
pended in L-15 rather than water.

Dissolution of CuNPs was measured through separating 
particulate Cu from the dissolved fraction using Amicon 
Ultra-4 centrifugal filter units (3  K regenerated cellulose 
membrane, Merck Millipore Ltd., USA). Total Cu concen-
tration in the dissolved fraction was measured over a 24 h 
period using GFAAS (Razmara et al. 2019). The concentra-
tion of dissolved Cu was gradually increased over time and 
the averaged concentration of released Cu was 8 µg Cu/L 
(Razmara et al. 2019).

Reverse Transcriptase Quantitative Polymerase 
Chain Reaction (qPCR) Analysis

Transcript abundance of oxidative stress regulating genes, 
including catalase (CAT), superoxide dismutase (SOD), 
glutathione peroxidase (GPX), glutathione-s-transferase 
(GST), and Na+/K+ ATPase alpha 1 subunit (ATP1A1) were 
determined following a protocol described in Razmara et 
al. (2021). Following exposures, hepatocytes (from 4 bio-
logical replicates) were collected from each well, flash-
frozen in liquid nitrogen, and stored at -80 °C until further 
analysis. Total RNA was isolated using RNeasy Mini Kit 
(catalogue # 74,106; Qiagen). Purity and quantity of RNA 
samples were measured using a NanoDrop One spectropho-
tometer (Thermo Scientific), and all samples had high purity 
(> 1.8 and > 2 for 260/230 and 260/280 ratios). We used 
1 µg of isolated RNA to synthesize cDNA using QuantiTec 
Reverse Transcription Kit, which contains a DNA elimina-
tion step (catalogue # 205,311, Qiagen). Characteristics of 
primers are described in Table S1 (Supplemental material 
1). Reactions were performed in duplicate, and efficiency 
of reactions was determined using a serial dilution (5×) of 
a cDNA pool (made from pooling equal volumes from all 
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abundance of ATP1A1, which encodes a subunit of Na+/K+ 
ATPase pump, was also elevated in response to CuNP expo-
sures, but not Cu2+ (Fig. 1F). Transcript abundances of GPX 
and GST did not significantly change among treatments 
(p = 0.775; Fig. 1C&D). Our findings indicated that expo-
sure to MPs alone did not have significant effects on the 
transcript abundances of target genes. Moreover, there were 
no significant differences in the gene transcript abundances 
in hepatocytes exposed to CuNPs or CuNPs + MPs.

Discussion

The potential interaction of nanoparticles and plastics in 
aquatic systems (Bhagat et al. 2021) prompted us to inves-
tigate the combined effect of CuNPs and MPs on the tran-
script abundance of genes involved in the oxidative response 
pathway. Previous studies showed that metal ions and 
nanoparticles can adhere to MPs (Ho and Leung 2021; Zhu 
et al. 2020). Depending on the properties of the surrounding 
medium and characteristics of microplastics, adsorption of 
contaminants to MPs may either reduce or increase toxicant 
bioavailability (Bhagat et al. 2021). In this study, although 
the Cu concentration in CuNPs + MPs suspension was rel-
atively lower than CuNPs suspension, the co-exposure of 
MPs and CuNPs did not alter the effect of CuNPs on the 
target gene transcript abundances.

Recent studies have investigated the effect of combined 
exposure of Cu2+ and MPs on aquatic organisms; how-
ever, the influence of MPs on Cu2+ toxicity remains highly 
debated. Studies on zebrafish larvae have found the presence 
of MPs to not influence the toxicity of Cu2+, as measured by 
levels of reactive oxygen species (Santos et al., 2020). Co-
exposure of MPs and Cu2+ also did not change Cu2+ toxicity 
in the protozoan Euglena gracilis following a 96-h exposure 
period (Li et al. 2022). In snails, the presence of polystyrene 
MPs in a Cu2+-containing solution did not exacerbate the 
Cu2+-induced reproductive toxicity (Weber et al. 2021). To 
the contrary, many studies reported MPs having synergistic 
or antagonistic influence on the Cu2+ toxicity. In submerged 
microphytes, the presence of polyethylene MPs reduced the 
Cu2+ concentration in the CuSO4 solution and decreased the 
Cu2+-induced toxicity (Zhou et al. 2022). In another study, 
the combined exposure of MPs and Cu2+ resulted in a sig-
nificant increase in Cu2+ accumulation and oxidative stress 
in goldfish (Carassius auratus) hepatopancreas relative to 
the Cu2+-exposed treatment (Zhang et al. 2022). Follow-
ing a 9-day exposure period, synergistic effects of MPs and 
Cu2+ were found in larvae exposed to high concentrations of 
Cu2+ (> 270 µg/L), and antagonistic effects were observed 
in larvae exposed to low Cu2+ concentrations (Santos et al. 
2022). These findings indicated the influence of MPs on 

cDNA samples). The target gene transcripts were quanti-
fied using RT2SYBR Green qPCR master mix (catalogue # 
330,503, Qiagen) and a Bio-Rad CFX96 Real-Time System 
(Bio-Rad). Denaturation of PCR mixtures were performed 
at 95 °C for 10 min, and it was followed by 40 amplifica-
tion cycles (denaturation for 15 s at 95 °C and extension for 
1 min at 62 °C). Using the Pfaffl method of relative quantifi-
cation, the abundances of target gene transcripts were deter-
mined relative to the geometric means of reference gene 
transcripts (ACTB and EF1a) (Pfaffl 2001). The transcript 
abundance of reference genes did not significantly change 
among treatments.

Statistical Analysis

Statistical analysis was performed using R, version 3.6 (R 
Core Team 2019). Normality and homogeneity of vari-
ances of data were examined using a Shapiro-Wilks and a 
Bartlett test, respectively. Using an independent t-test, we 
compared the total concentration of Cu in the CuNPs and 
CuNPs + MPs exposure media to determine if CuNPs were 
adsorbed to MPs. To determine whether target genes were 
differentially expressed in response to different treatments, 
one-way analysis of variance (ANOVA) with Tukey’s post 
hoc test were conducted on qPCR data.

Results

Copper Analysis

The total concentration of Cu in the CuNPs and CuNPs + MPs 
exposure suspensions was 232 ± 4 (mean ± SEM; n = 3) 
and 198 ± 11 (n = 4) µg/L, respectively. The total Cu con-
centration in the Cu2+ solution was 8.0 ± 0.2 µg/L (n = 3). 
In the control and MPs treatments, the Cu concentration 
was below the instrument detection limit (2  µg/L of Cu). 
The Cu concentration in the CuNPs + MPs suspension was 
significantly lower than CuNPs suspension (p = 0.03). It is 
likely that some ionic and particulate Cu were adsorbed to 
the MPs, and consequently settled in the suspension con-
taining MPs.

qPCR Analysis

In response to treatments, the transcript abundances of two 
oxidative stress indicators, CAT and SOD, were dysregulated 
in hepatocytes (FCAT (6, 21) = 11.38, FSOD (6, 21) = 61.24, 
p < 0.001; Fig. 1A&B). The transcript abundances of CAT 
and SOD in the Cu containing treatments (i.e., Cu2+, CuNPs, 
and CuNPs + MPs) was upregulated relative to the con-
trol or cells treated with MPs (Fig. 1A&B). The transcript 
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Fig. 1  Transcript abundances of target genes in rainbow trout hepa-
tocytes following a 48 h exposure to Cu2+, CuNPs, CuNPs + MPs, or 
MPs. (A) Catalase (CAT), (B) superoxide dismutase (SOD), (C) glu-

tathione peroxidase (GPX), (D) glutathione-s-transferase (GST), (E) 
Na+/K+ ATPase alpha 1 subunit (ATP1A1). Lower-case letters indicate 
significant differences (p ≤ 0.05, n = 4, error bars ± SEM).
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damage in the olfactory tissue. Expression of CAT and 
SOD, which are primary antioxidant enzymes, is increased 
in response to excessive concentrations of reactive oxygen 
species (ROS) (Lushchak 2016). Transcript abundance of 
CAT was increased in livers of zebrafish exposed to Cu2+ 
(15 µg/L) for 48 h (Craig et al. 2007). In contrast, activi-
ties of CAT and SOD and their mRNA abundances were 
reduced in hepatocyte primary culture of Epinephelus coi-
oides after being exposed to 2400 µg/L of CuNPs or Cu2+ 
for 24 h (Wang et al. 2016). Exposure to high concentra-
tion of Cu and the consequent induction of oxidative stress 
(ROS concentration) in E. coioides hepatocytes resulted in 
impairment of the antioxidant defense system (Wang et al. 
2016). Although greater abundances of CAT and SOD tran-
scripts suggested that exposure to Cu2+ or CuNPs induced 
oxidative stress in rainbow trout hepatocytes, further inves-
tigation are required to measure the ROS and antioxidant 
enzyme activity. The Na+/K+ ATPase pump is an ion pump 
that maintains ion homeostasis in cell membrane and also 
plays a role in the generation of ROS (Liu et al. 2018). Oxi-
dative stress has been suggested to inhibit the function of 
membrane enzymes such as Na+/K+ ATPase (Lopez-Lopez 
et al. 2011; Wang et al. 2003). Increased transcript abun-
dance of ATP1A1 in CuNP-treated hepatocytes is supported 
by a previous study indicating CuNPs can inhibit the activ-
ity of Na+/K+ ATPase in fish liver (Wang et al. 2019). As 
the transcript level of ATP1A1 did not change in response to 
Cu2+ exposure, it is likely that ATP1A1 expression regula-
tion is sensitive to CuNPs.

Conclusion

This study provides insight into the combined impact of 
MPs and CuNPs on regulating oxidative stress in rainbow 
trout hepatocytes. Regardless of presence or absence of 
MPs, exposure to CuNPs increased transcript abundances 
of oxidative stress-related genes. Dissolved ions were prob-
ably the main driver of CuNP-induced effects on the oxida-
tive stress-related genes. Exposure to virgin polyethylene 
MPs did not have a significant influence on the transcript 
level of target genes. Our findings suggested that while MPs 
adsorb Cu, the decrease in Cu concentration did not alter 
CuNP effect on gene transcripts. Further studies are needed 
to measure the oxidative stress and antioxidant responses in 
the CuNP- and CuNP + MP-exposed hepatocytes.

Supplementary Information  The online version contains 
supplementary material available at https://doi.org/10.1007/s00128-
023-03811-8.
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Cu2+-induced effects is associated with the type of MPs 
(e.g., polyethylene or polystyrene), size and concentration 
of MPs, concentration of Cu2+, exposure time and condition 
(e.g., water quality parameters), and organisms.

A limited number of studies have investigated the influ-
ence of MPs on toxicity of CuNPs to aquatic organisms. The 
combined effect of CuNPs and MPs was studied in micro-
algae Skeletonema costatum in which exposure to MPs or 
CuNPs alone resulted in growth inhibition, and co-exposure 
to MPs and CuNPs reduced the toxicity of CuNPs (Zhu et 
al. 2020). Authors argued the adsorption of dissolved Cu 
to the MPs and the aggregation between CuNPs and MPs 
were the primary reasons for the partial attenuation of toxic-
ity of CuNPs in the presence of MPs (Zhu et al. 2020). A 
recent study evaluating the combined effect of CuNPs and 
polystyrene MPs on the transcriptome of zebrafish embryos 
reported that in the presence of CuNPs (980 µg/L), the tox-
icity-related pathway induced by 7 μm MPs was changed 
from cell cycle to hemostasis (Gao et al. 2021). Further, the 
cholesterol transport pathway was dysregulated in the fish 
exposed to MPs and CuNPs; however, oxidative stress path-
way was not significantly affected in response to treatments 
(Gao et al. 2021).

Our findings also indicated that exposure to MPs alone 
did not cause changes in the abundances of transcripts of 
oxidative stress-related genes in rainbow trout hepato-
cytes. In agreement with our results, many previous studies 
reported that virgin MPs did not induce adverse effects in 
organisms (Beiras et al. 2018; Jovanovic et al. 2018; LeM-
oine et al. 2018; Pannetier et al. 2019a, b). In contrast, a 
90-day dietary exposure of Sparus aurata to low-density 
polyethylene MPs (10% by weight; 200–500 μm) activated 
the antioxidant defense system and induced inflammatory 
responses in liver (Solomando et al. 2021). Locomotor 
activity of zebrafish was also inhibited by nanoplastics but 
not MPs (Chen et al. 2017). Thus, depending on the poly-
mer composition, particle size and concentration, and expo-
sure condition, plastic particles may induce toxic effects in 
aquatic animals.

Either form of Cu (Cu2+ and CuNPs) has been shown to 
induce oxidative stress in fish liver (Sanchez et al. 2005; 
Wang et al. 2021). Exposure to both Cu2+ and CuNPs resulted 
in a significant increase in the mRNA level of CAT and SOD 
(Fig. 1A&B). These results suggested the effect of CuNPs 
on the transcript abundance of CAT and SOD is probably 
associated with the dissolved ions released from CuNPs. 
In our previous study on rainbow trout olfactory mucosa, 
however, exposure to Cu2+ and CuNPs, did not induce 
lipid peroxidation or DNA fragmentation (Razmara et al. 
2021). These findings suggested the Cu-induced effects are 
tissue-specific. It is also plausible that the oxidative stress 
may not have been sufficiently robust to cause oxidative 
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