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Abstract. Due to the wide production and application of copper nanoparticles and a subsequent increase in
the possibility of their penetrance into the aquatic ecosystems, a growing concern has been emerged about
the potential effects of these materials on the health of aquatic organisms. The goal of the present study
was to evaluate the genotoxic potential of copper oxide nanoparticles (CuO-NPs) in common carp (Cyprinus
carpio). For this, the fish were exposed to 0 (control), 2.5, 6.25 and 10 mgL™ of CuO-NPs for 14 days. To
evaluate DNA damage through single cell gel electrophoresis, sampling was performed from the tissues of
gill and hepatopancreas on the 7™ and 14™ days of exposure. The blood sampling was also done to
determine micronuclei frequency in the erythrocytes. According to the results, CuO-NPs exposure induced
micronuclei formation and DNA damage in C. carpio, so that the frequency of micronuclei and values of DNA
damage parameters including Tail Length, Tail Moment, Tail DNA%, and genetic damage index (GDI)
significantly increased in CuO-NPs-exposed treatments as compared to the control (P<0.05). The rate of
induced damage was dependent on the exposure time and concentration. The hepatopancreas tissue also
showed more susceptibility to CuO-NPs genotoxicity, so that the damage level observed in hepatopancreas
was higher than that in the gill. Overall, according to the present findings, CuO-NPs could be considered as a
potential genotoxic pollutant for C. carpio.
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Introduction. Nowadays, metal nanoparticles (NPs) have attracted a lot of attention due to
the unique traits such as high surface area and reactivity, so that the different forms of
nanoparticles are being applied in various fields of science and industry including the
pharmacy and medicine (Liu et al 2008), cosmetics and even environment (Mehndiratta et
al 2013). Amongst the divers NPs, copper-based nanoparticles have been widely
synthesized due to the high physicochemical stability, easy availability as well as low cost
(Mallik et al 2001; Umer et al 2012) and applied in various fields such as electronics, optics,
medicine as well as making lubricants, nanofluids, conductive films and antimicrobial agents
(Yu et al 1997; Jana et al 2001; Patel et al 2005). However, the growing production and
application of NPs increase the probability of human and environmental exposure to these
materials. Since, like most of the industrial wastes and products, nanoscale products and
by-products tend to end up in aquatic environment (Daughton 2004), a growing concern
has emerged regarding the potential consequences of NPs for environmental health. The
entry of nanoparticles into the aquatic environments may have various consequences which
currently cannot be predicted due to the lack of sufficient information. It may seem that the
tendency to accumulation and low solubility of NPs can limit the accessibility of living
organisms to these substances, but some laboratory studies have indicated the high
accumulation of NPs, especially metal oxide NPs, in aquatic organisms. This is especially
important for copper oxide nanoparticles (CuO-NPs), which have relatively high stability in
aquatic environments (Kukla et al 2017). Some studies have shown that the fish are
susceptible to copper nanoparticles. In this regard, Bai et al (2010) reported that CuO-NPs
exposure induced morphological changes and even mortality in the zebrafish (Danio rerio)
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embryo at the gastrula stage. A recent study by Wang et al (2016) also revealed significant
increase in reactive oxygen species (ROS) formation and malondialdehyde level in the
primary cell culture of Epinephelus coioides under exposure to copper nanoparticles.

Different methods and markers are being used to study the effects of environmental
pollutants on aquatic organisms. In this regard, the study of DNA changes in aquatic
organisms is an effective method for evaluating the genotoxic effects of contaminants
(Scalon et al 2010). Single cell gel electrophoresis (SCGE), or comet assay, is considered as
a proper method with high sensitivity, speed and simplicity to assess the induced DNA
damage (Dhawan et al 2009). In fact, the comet assay is a reliable method which can even
detect low levels of DNA damage (Ullah et al 2016). In this method, the identification of
DNA damage is based on the migration of damaged cells from the cell nucleus (Mizuno et al
2015). Today, the comet technique which was used specifically to evaluate DNA damage in
mammalian cells, are being widely applied in identifying the genotoxic damages in different
types of cell lines and organisms including fish (Rajaguru et al 2001; Lah et al 2008;
Fabender & Braunbeck 2013). Micronuclei evaluation is also considered as one of the
methods for identifying cytogenetic damages. Micronuclei are chromosomal fragments which
are not transmitted to the daughter cells during the anaphase stage of cell division and
remained in the mother's cytoplasm (Siu et al 2004) Evaluation of these micronuclei is an
effective method for determining the genotoxic effects of compounds with low level of
accumulation as well as an indicator of genetic damages induced to the cells (Gravato &
Santos 2003). Micronucleus test has been widely used in fish erythrocytes, especially in
Cyprinus carpio (Al-Sabti 1986; Nepomuceno et al 1997; Gustavino et al 2001; Buschini et
al 2004). In the present study, due to the wide production and application of copper
nanoparticles in various industries, as well as the lack of sufficient information on the
genetic effects of these substances on aquatic organisms, the genotoxic potential of CuO-
NPs were evaluated in C. carpio using comet assay and micronucleus test.

Material and Method

Preparation and maintenance of fish. A total of 180 C. carpio with the average weight of
20+4 g were prepared from Sijeval Bony Fishes Breeding Center (Golestan, Iran) and
transported to the laboratory of aquaculture at the Environment and Fisheries Faculty,
Gorgan University of Agricultural Sciences and Natural Resources, Iran. The fish were kept
in 400-L tanks with mild aeration for 2 weeks to adapt with the laboratory conditions.
During this period, the fish were fed daily on commercial feed. Water exchange was also
done daily. The physicochemical parameters of water during maintenance period were as
follows: temperature: 23+1C° pH: 7.38%0.29, dissolved oxygen 7.8+0.34 mg L*, and
hardness: 253+4/9 mg L.

Copper oxide nanoparticles (CuO-NPs). Copper oxide nanoparticles (CuO, 99+%, 40
nm, Copper Oxide Nanopowder, US Research, Inc, Nanomaterials) were prepared from
Iranian Nanomaterials Pioneers Company. Nanoparticles were homogenized in distilled
water (200 mg L) using an ultrasound device (Parsonic 7500s, Iran) (20 min, 400 rpm).
Since nanoparticles precipitate in aqueous solutions after 24 to 48 hours, daily resuspension
was done using a homogenizer (IKA T25 Digital Ultra -Turrax, USA) (15 min, 14,000 rpm).
Zeta potential, size and distribution of the particles were determined using Dynamic Light
Scattering (ZEN 3600, Germany).

Experimental design. After adaptation period, fish were randomly divided into four
groups: one group was considered as the control (without CuO-NPs) and three groups were
exposed to 2.5, 6.25 and 10 mg L of CuO-NPs. These sub-lethal concentrations were
chosen according to a study by Hedayati et al (2015). Three replications were considered
for each treatment as well as the control (7 samples for each replication). The exposure
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duration was 14 days and the sampling was performed on 7*" and 14" days of exposure. For
sampling, fish were anesthetized using cloves powder (200 mg L™).

Single cell gel electrophoresis. To perform single cell gel electrophoresis, comet assay,
the PBS buffer as the homogenizer (pH 7.4) containing 0.8 g sodium chloride, 0.02 g
potassium chloride, 0.144 g disodium hydrogen phosphate and 0.024 g dihydrogen
potassium phosphate, neutral buffer (pH 7.5) containing 4.8 g tris and electrolyte buffer for
electrophoresis containing 12 g sodium hydroxide and 0.372 g EDTA were prepared. A lysis
buffer (pH 10) with a mixture of 14.1 g sodium chloride, 3.722 g EDTA, 0.12 g tris and 0.8
g sodium hydroxide, was also prepared freshly for each sampling time.

Comet assay was carried out according to the protocol of Singh et al (1988) and Tice
et al (2000) with slight modification. Briefly, after separating a part of the gill and
hepatopancreas tissues of each sample was washed with phosphate-buffered saline (PBS), a
cell suspension was prepared using PBS through scissoring out. After adding Thripsin-EDTA
(0.25%) and mixing the contents, FBS was added to prevent the enzymatic digestion. Then,
to obtain single cells, centrifuge at 4°C was done for 10 min at 1,170 rpm. 100 pL of
homogenizer buffer was added to the obtained cell precipitation and centrifuge was carried
out again (1,130 rpm, 7 min, 4°C). After adding 10 pL of homogenizer and 100 pL of melted
agarose (low melting point agarose) at 37-40°C, the contents were loaded on the slides
coated with normal agarose (1.2%) and placed at the temperature of 4°C for 1 hour. After
treating the slides with lysis buffer (1 hour at 4°C) and washing with distilled water,
electrophoresis was carried out (21 V, 20 min). The slides were treated with neutral buffer
for 2 minutes and washed with distilled water slowly. Finally, the slides were stained using
Sybr Green and 100 cells were investigated for each sample. The genetic damage index
(GDI) was calculated according the formula:

GDI=Typel+2(Typell)+3(Typelll)+4(TypelV)/Type0+Typel+Typell+Typelll+TypelV

Where: Type 0, I, II, III and IV refers to the types without damage and tail, tail length up to
1.5, 1.5-2, 2-2.5 times the diameter of the nucleus and the maximum damage,
respectively. The DNA damage parameters including Tail length (TL), Tail Moment (TM), and
Tail DNA% (TDNA%) were also analyzed using CASP software version 1.2.2 (Konca et al
2003).

Micronucleus test. Micronucleus test was performed according to the method of Grisolia &
Cordeiro (2000) with slight modification. Briefly, blood sampling was done from caudal vein
with a heparin syringe and immediately the blood smear was prepared on clean glass slides.
The slides were then air dried overnight and fixed with absolute methanol for 15 minutes.
The slides were stained using Giemsa (5%) for 20 minutes. Finally, the micronucleus
frequency per 1,000 erythrocytes was determined for each sample by a microscope (F-
TS100 Eclipse, Nikon, Japan).

Statistical analysis. The data obtained from the comet assay and micronucleus test were
analyzed through one-way ANOVA using SPSS 19. The Tukey test was also used to compare
mean values (P<0.05).

Results

Copper oxide nanoparticles. Zeta potential, size and distribution of copper oxide
nanoparticles as well as the SEM image are shown in Figure 1 (a-c). Given the observed
range of zeta potential, it could be stated that copper oxide nanoparticles are homogenized
and distributed uniformly in the fluid medium. Also, 95% volumetric of particles in the
colloidal solution have had a diameter of 85 nm which confirms the nanoscale size of the
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particles. According to the results, it could be stated that the copper oxide nanoparticles
have not been precipitated at the bottom and they have been uniformly distributed.
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Figure 1. CuO-NPs characteristics applied in the present study; a, b and c represent SEM
picture, zeta potential and size distribution of CuO-NPs, respectively.

DNA damage in the gill tissue. The genotoxicity of copper oxide nanoparticles in the
tissues of gill and hepatopancreas of C. carpio were evaluated using single cell gel
electrophoresis. The values of DNA damage parameters including Tail Length, Tail Moment,
and Tail DNA% in the cells of gill tissue are presented in Table 1. The comet classes (Type o
to 4 of the damage) and genetic damage index (GDI) during different exposure times are
also presented in Tables 2 and 3. Our results indicated that CuO-NPs induced DNA damage
in the gill cells, so that the values of TL, TM, and TDNA% parameters, as well as the GDI
index significantly increased (P<0.05) in the treatments exposed to CuO-NPs as compared
to the control. An increasing trend in the values of TL and TM parameters was observed with
the increase in the CuO-NPs concentration (P<0.05). A similar increasing trend was also
noticed in the DNA percentage in the comet tail which was significant (P<0.05) among all
treatments, except the treatments of 6.25 and 10 mg L™ on the day 7. The GDI index also
increased by increasing the CuO-NPs concentration from 2.5 to 10 mg L, but the change
was only significant (P<0.05) between the treatments of 2.5 and 10 mg L on the 14" day.
The highest GDI index was 0.81+0.08 which observed in the treatment exposed to 10 mg L™
of CuO-NPs on the day 14.

In assessing the effect of time on the DNA damage induced in the gill cells, a time
dependent increase in the damage parameters was observed, so that the highest level of
damage was recorded on the 14" day; TL: 56.93+1.49, TM: 19.23%£2.00 and TDNA%:
32.87+2.55. The effect of time on the induced damage was significant (P<0.05) in all cases,
except the TM and TDNA% parameters in 10 mg L™ and 6.25 mg L, respectively. No
significant differences in the control treatment were observed over the time (P>0.05). Also,
the changes observed in genetic damage index from 7" to 14™ day were not statistically
significant (P>0.05).
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Table 1
DNA damage parameters in the gill tissue of Cyprinus carpio under exposure of CuO-NPs

Tail length (TL) Tail moment (TM) Tail DNA% (TDNA %)
Day 7 Day 14 Day 7 Day 14 Day 7 Day 14

Control 3.86+0.9" 4.57+0.56"° 0.36+0.10"° 0.42+0.16"° 6.71+1.52¢ 7.09+1.34P2
2.5mg L? 14.94+1.23 21.09+0.91¢ 2.64+0.66% 5.48+0.46° 15.87+2.97%2 24.38+0.72°
6.25 mg L 33.65+2.55%° 48.76+1.5152 9.26+1.03% 14.91+0.86°° 25.82+2.16" 29.48+0.95%
10 mg L 43.26+1.52%° 56.93+1.49%° 12.45+1.16" 19.23+2.00" 28.93+1.05° 32.87+2.55

Data’s are presented as Mean+SD. Different upper and lower case letters show significant differences within the column and row, respectively (P<0.05).

Table 2
Comet classes and genetic damage index in the gill tissue of Cyprinus carpio after 7 days exposure of CuO-NPs

Type 0 Type 1 Type 2 Type 3 Type 4 GDI

Control 93.48+6.66" 4.39+0.84¢ 2.13£0.45° 0°¢ o°¢ 0.08+0.006°
2.5mgL? 74.124+2.93"8 8.72+1.408 11.08+2.56" 5.23+1.03" 0.85+0.13°¢ 0.5+0.12*
6.25mg L™ 68.37+6.12° 10.28+2.118 11.43+1.03" 7.22+0.81" 2.70+0.69° 0.65+0.25*
10 mg L™ 64.51+3.91° 16.47+1.80" 5.54+1,25° 9.16+1.61" 4,32+0.99" 0.72+0.20"
Data’s are presented as Mean+SD. Different upper case letters show significant differences within the column (P<0.05).
Table 3
Comet classes and genetic damage index in the gill tissue of Cyprinus carpio after 14 days exposure of CuO-NPs

Type 0 Type 1 Type 2 Type 3 Type 4 GDI
Control 92.57+2.37% 4.42+0.90° 2.61+0.62° 0.4+0.12° 0° 0.11£0.02¢
2.5mgL? 72.48+2.045 9.26+1.108 14.43+1.62° 2.83+0.98" 0.92+0.26° 0.51+0.16°
6.25mg L™ 63.17+1.94¢ 14.76+3.86¢ 10.48+2.574 6.97+1.934 4.62+1.03* 0.75+0.21%8
10 mg L 62.05+4.58¢ 13.41+£2.07°¢ 11.73+£3.23" 7.57+1.27" 5.24+1.95" 0.81+0.08"

Data’s are presented as Mean£SD. Different upper case letters show significant differences within the column (P<0.05).
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DNA damage in the hepatopacreas tissue. The changes in DNA damage parameters in
the cells of hepatopancreatic tissue under exposure to CuO-NPs are shown in Table 4.
Tables 5 and 6 also represent the comet classes and GDI changes in the hepatopancreas
tissue. According to the results, CuO-NPs had genotoxic effects on the cells of
hepatopancreatic tissue. Compared to the gill tissue, the hepatopancreas showed more
susceptibility to the genotoxicity of CuO-NPs, so that the level of damage observed in the
hepatopancreas was higher than that in the gill. Also, the DNA damage induced to the
hepatopancreous cells was completely dependent on the exposure time and concentration.
In this regard, the observed changes trend was similar to that in the gills. The highest
values of damage parameters in hepatopancreas cells were noticed in the treatment
exposed to 10 mg L' CuO-NPs on the 14" day; TL: 72.43+1.47, TM: 28.67+2.02 and
TDNA%: 41.73+2.22. The highest genetic damage index was obtained to be 1.13+0.45
which was observed in the treatment 10 mg L on the day 14. In comparing the different
exposure concentrations, the observed differences in terms of DNA damage parameters
were statistically significant (P<0.05) among the different treatments, except TDNA%
between the 6.25 and 10 mg L treatments on the 7" day. The concentration dependent
increase in GDI was only significant among the treatments of 2.5 and 10 mg L (P<0.05).
The observed increase in GDI index over the time was not statistically significant (P>0.05).

Micronucleus test. Exposure to CuO-NPs led to the micronuclei induction in the
erythrocytes of C. carpio. The changes in the micronuclei frequency at different times and
concentrations are presented in Table 7. According to the results, the micronuclei frequency
in all treatments exposed to CuO-NPs increased significantly compared to the control
(P<0.05). The micronuclei formation were also dependent on the exposure concentration,
so that the highest level of micronuclei frequency was noticed in the treatment exposed to
10 mg L of CuO-NPs; 3.74+0.13 and 4.61+1.23 on the exposure days of 7 and 14,
respectively. The concentration dependent changes were only significant among the
treatments of 2.5 and 6.25 mg L™ on the 7*" day as well as 2.5 and 10 mg L on the 7" and
14" days (P<0.05). Also, the observed increase in micronuclei frequency over the time was
not statistically significant (P>0.05).
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Table 4

DNA damage parameters in the hepatopancreas tissue of Cyprinus carpio under exposure of CuO-NPs

Tail length (TL)

Tail moment (TM)

Tail DNA% (TDNA %)

Day 7 Day 14 Day 7 Day 14 Day 7 Day 14
Control 4,73+0.95"° 5.16+0.77 0.51+0.16" 0.56+0.06 8.28+0.94% 8.79+0.51"
2.5mg L™ 19.47+1.07% 30.52+1.20% 4,06+0.62° 8.37+1.16% 19.25+2.26"2 25.3742.19%
6.25mg L 42.96+2.00°° 61.08+1.605° 11.45+1.40°° 21.83+1.84"% 27.26+3.517 35.62+1.85%
10 mg L? 58.74+1.23%° 72.43+1.47" 19.34+1.08"° 28.67+2.02"° 32.01£3.22% 41.73+2.22%
Data’s are presented as Mean+SD. Different upper and lower case letters show significant differences within the column and row, respectively (P<0.05).
Table 5
Comet classes and genetic damage index in the hepatopancreas tissue of Cyprinus carpio after 7 days exposure of CuO-NPs
Type 0 Type 1 Type 2 Type 3 Type 4 GDI
Control 89.41+2.30" 8.23+0.84¢ 2.36+1.02° 0°¢ o 0.13+0.02°
2.5mg L™ 73.26+3.34° 9.83+2,258¢ 10.28+1.93° 5.42+1.50° 1.56+0.57® 0.51+0.16°
6.25mg L 63.86+1.88¢ 15.74+2.274 12.06+1.118 3.70£0.948 4.65+1.08" 0.69+0.09%®
10 mg L!? 58.09+1.46° 12.64+1.258 16.73+3.76" 8.27+1.214 3.19+1.01* 0.84+0.114
Data’s are presented as Mean+SD. Different upper case letters show significant differences within the column (P<0.05).
Table 6
Comet classes and genetic damage index in the hepatopancreas tissue of Cyprinus carpio after 14 days exposure of CuO-NPs
Type 0 Type 1 Type 2 Type 3 Type 4 GDI
Control 91.16+1.42% 5.76+0.98 2.45+0.71°¢ 0.72+0.11° 0® 0.13+0.04“
2.5mg L™ 70.68+2.708 11.24+2.548 7.41+1,378 9.07+1.75% 1.91£0.718 0.60+0.20%
6.25 mg L 57.43£3.44¢ 14,73+1.08* 9.91+1.68" 10.98+2,524 6.44+2.83A 0.93+0.31782
10 mg L? 53.28+2.53¢ 10.48+1.25° 14.15+2,49" 12.47+2.46" 9.26+2.08" 1.13£0.45"
Data’s are presented as Mean+SD. Different upper case letters show significant differences within the column (P<0.05).
Table 7

Micronuclei frequency in the erythrocytes of Cyprinus carpio under CuO-NPs exposure

Micronucleus frequency

Day 7 Day 14
Control 0.24+0.06 0.18+0.03 <@
2.5mg L? 1.63+0.54 B2 2.08+0.99 B2
6.25mg L* 2.91+0.97 Aa 3.65+1.16 AB2
10 mg L 3.74+0.13 7@ 4.61+1.23 "

Data’s are presented as Mean+SD. Different upper and lower case letters show significant differences within the column and row, respectively (P<0.05).
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Discussion. In the present study, the results from comet assay showed that exposure to
CuO-NPs led to the DNA damage induction in common carp, so that the values of TL, TM,
TDNA% parameters as well as the GDI index significantly increased in the treatments
exposed to CuO-NPs when compared to the control (P<0.05). The hepatopancreas tissue
also showed more sensitivity to the toxicity of CuO-NPs as compared to the gill tissue. It
was found that different tissues have different susceptibility to genotoxic compounds, which
may be due to the differential mechanisms of defense and DNA repair. Additionally, the
observed difference among the tissues may be associated with the cellular differences
including membrane composition, the number of lysosomes and mitochondria due to their
origin and function (Chelomin et al 2017).

The data obtained for the DNA damage of C. carpio in this work are in consistent
with those reported in previous studies on other organisms, including Escherichia coli
(Entrobacteriaceae) (Bondarenko et al 2012), Oncorhynchus mykiss (Isani et al 2013),
Mytilus trossulus (Mytilidae) (Chelomin et al 2017) and M. galloprovincialis (Mytilidae)
(Gomes et al 2013). While there is not enough information about the underlying
mechanisms for CuO-NPS genotoxicity in aquatic organisms, several potential models have
recognized for mammalians. According to a study by Chelomin et al (2017), the possible
genotoxicity mechanisms of copper oxide nanoparticles can be considered as direct (direct
effect on the DNA structure or its repair system) and indirect (intermediates induction)
mechanisms. Previous studies have shown that due to the small size, metal nanoparticles
can reach to the cell nucleus, react with it (Shukla et al 2010; Chen & Mikecz 2005) and
induce physical and chemical damages through direct contact with genetic materials
(Chelomin et al 2017). In fact, like other metal nanoparticles, copper oxide nanoparticles
may directly react with DNA or even with the enzymes of DNA repair system and induce
DNA damage (Garnett & Kallinteri 2006). Unfortunately, enough information is not available
about the CuO-NPs- induced inactivation of the DNA repair system in aquatic organisms.
However, this hypothesis could not be ignored since previous studies on mammalian models
have shown the potential of nanoparticles in translocating to the nucleus. In this regard, in
the study by Semisch et al (2014) on human cell line of A549 exposed to copper oxide
nanoparticles, high accumulation of copper was observed in the nucleus. However, direct
effect of copper nanoparticles on DNA repair system could only be considered as a
hypothesis and more investigations are needed in this area. In addition to the direct
mechanism, copper nanoparticles may cause DNA damage through the induction of
intermediates and oxidative stress. Previous studies on human cells have suggested that the
induced DNA damage by nanoparticles is mainly resulted from the DNA oxidative damage
rather than direct reaction with DNA (Karlsson et al 2008; Midander et al 2009). In fact,
based on the available information, oxidative stress could be considered as the main factor
in induction of genetic toxicity by nanoparticles (Song et al 2012; Baker et al 2014). In this
regard, Ahamed et al (2010) reported DNA damage induced by oxidative stress in A549 cell
line exposed to CuO-NPs. Oxidative stress was also suggested as an important factor in
inducing DNA damage in the haematocytes of M. galloprovincialis (Gomes et al 2013).
Under oxidative stress, nanoparticles have a potential to produce ROS which can induce
damage to the bimolecules (Chelomin et al 2017). It is known that ROS is capable to react
with the DNA molecule and damage to the organic bases of purine and pyrimidine and DNA
structure (Martinez et al 2003). Therefore, oxidative stress could be considered as an
important factor in DNA damage induction. However, considering the lack of enough
information, further studies seem to be important to determine the exact mechanisms
involved in CuO-NPs-induced DNA damage in aquatic organisms, especially fish.

In the present study, micronucleus test was also used to evaluate the genotoxic
potential of CuO-NPs. Using comet assay, DNA damage could be identified in a short time
after exposing to the genotoxic agent while identifying the micronuclei resulted from
chromosomal fragmentation or mitotic abnormalities needs the passage through mitosis
(Buschini et al 2004). The micronucleus test in fish is mainly carried out using the
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erythrocytes (Al-Sabti & Metcalfe 1995; Bony et al 2010; Bottcher et al 2010). The present
results indicated that exposure to CuO-NPs resulted in inducing micronuclei formation in
erythrocytes of C. carpio. The changes observed in micronuclei frequency were not
significant over the time (P>0.05). Also, despite the observed differences, the micronuclei
frequency in the CuO-NPs-exposed treatments was relatively low which was in agreement
with the previous findings by Ferraro et al (2004), Bolognesi et al (2006); Andreikenaite et
al (2007); Grisolia et al (2009) and Rocha et al (2011). It is shown that the mitotic rate is
low in fish erythrocytes (Grisolia & Corderio 2000). In fact, the rate of micronuclei formation
and their basal frequency is basically low in fish (Bolognesi et al 2006; Ferraro et al 2004).
However, despite the low level of micronuclei formation, their frequency increased with the
increase in CuO-NPs concentration that suggests genotoxic effects of CuO-NPs on C. carpio.
In fact, the micronuclei formation could be considered as a sign of genomic damage
induction at the chromosome level or DNA damage (Saleh & Sarhan 2007).

Conclusions. The present findings indicated that exposure to copper oxide nanoparticles
induced DNA damage and micronuclei formation in C. carpio. Although the level of damage
detected by comet assay was more evident compared to the micronucleus test, the results
from both methods were in agreement with each other. The level of genetic damage
observed in C. carpio was dependent on the exposure time and concentration of CuO-NPs.
However, based on our results, copper oxide nanoparticles could be considered as a
potential genotoxic pollutant for C. carpio. In this regard, considering the lack of sufficient
information, further research is recommended to identify the exact mechanisms of CuO-NPs
genotoxicity in aquatic animals.
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