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Abstract
Toxicology tests were carried out by choosing Cu nanoparticles (CuNPs) and CuO nanoparticles
(CuONPs) as experimental materials and Euplotes aediculatus as the experimental organism. To
investigate the toxicity effect and mechanism of two NPs on E. aediculatus, we determined antioxidant
enzyme activity and observed morphologic changes using optical and electron microscopes, combined
with the Fourier infrared spectrum technique. The results showed that the 24 h-LC50 of CuNPs and

CuONPs was 0.46 µg/L and 1.24×103 µg/L. The movement ability of cells was decreased and surface
cilia gradually shed with CuNPs and CuONPs at 24 h-LC50. In addition, the cell body swelled and �nally
ruptured. There were varying extents of damage to the nucleus and mitochondria. With CuNPs,
disappearance of nucleoli and condensation of chromatin were observed, while the mitochondria were
wrinkled in an irregular shape and cristae were partially fractured. With CuONPs, changes of nucleus were
not obvious, and the mitochondria were merely irregular. While neither CuNPs nor CuONPs had major
effect on the ultrastructure of the membrane, some functional groups were oxidized with CuNPs, e.g.
PO2-, C-O-C, δ(COH) of carbohydrates. The 24 h-EC50, 48 h-EC50 and 72 h-EC50 of CuNPs on E. aediculatus

were 2.10×10-3 µg/L, 7.92×10-4 µg/L and 2.77×10-4 µg/L. The EC50 of CuONPs in same period was 7.20
µg/L, 0.86 µg/L and 0.19 µg/L. The above concentration of CuNPs and CuONPs could increase the
activities of SOD, CAT and GPx, which were dose-dependent. The above results indicate that CuNPs and
CuONPs inhibited reproduction and caused death. CuNPs were more toxic to E. aediculatus and more
destructive to cell structure. Oxidative stress and destruction to cell structures may be toxic mechanisms.
The E. aediculatus was more sensitive to CuNPs or CuONPs, and the value of 24 h-LC50 was much lower
than other organisms, so it can be recommended as an indicator for early monitoring in freshwater
environment.

1 Introduction
Nanotechnology is one of the most promising new technologies in the 21st century. At present,
nanoparticles (NPs) are widely used in various �elds, such as biomedicine (Ediriwickrema and Saltzman,
2015), food processing (Tiede et al., 2008) and energy (Lohse and Murphy, 2012). As NPs are used more
and more in industry and general life, they will inevitably enter the ecological environment in the process
of production, use and abandonment, thus posing potential threats to the environment and human health
(Brum�el, 2003; Paul et al.,2006; Liu et al., 2019).

Copper is one of the most used metals across many industries, including in particulate matter from power
plants, smelters, and metal foundries, and in particles torn from asphalt and rubber tires (Waldron, 1980).
Copper nanoparticles (CuNPs) can be used as lubricating oil, conductive coating and catalyst, among
other uses (Wen and Li, 2011). Copper oxide nanoparticles (CuONPs) play an important role in the �elds
of wastewater treatment, coating, sensors and compositing with other materials (Fu et al., 2015). Both
have antibacterial properties (Azam et al., 2012; Ramyadevi et al., 2012; Ren et al., 2009), and because of
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this, they also have biological toxicity (Manusadzianas et al., 2012; Ostaszewska et al., 2016; Song et al.,
2015).

Ramyadevi et al. (2012) studied inhibitory activity of CuNPs in a range of bacteria, including
Staphylococcus aureus and Escherichia coli, and fungus including Aspergillus �avus and Aspergillus
niger. Azam et al. (2012) reported that CuONPs exposed inhibitory effects on both Gram-positive and -
negative bacteria. Ren et al. (2009) found that CuONPs had strong activity against S. aureus and E. coli.
This suggests that when CuNPs or CuONPs eventually enter the water environment, they can also attack
other single-celled organisms like protozoa. Ostaszewska et al.(2016) studied the acute toxicity of CuNPs
to Acipenser baerii and found that the 96 h-LC50 value was (1.41 ± 0.24) mg/L. Toxicity effects induced
by CuNPs on �ve cladoceran species (Daphnia magna, D. pulex, D. galeata, Ceraphaphnia dubia,
Chydorus sphaericus) can cause death in all of them (Song et al., 2015). Research has shown that 96 h-
LC50 of Nitellopsis obtusa was (2.8–4.3) mg/L with CuONPs, 24h-LC50 of Thamnocephalus platyurus
was (8.5–9.8) mg/L, and 24h-LC50 of Brachionus calyci�orus was (0.24–0.39) mg/L (Manusadzianas et
al., 2012). In addition, some studies have shown that organisms take in NPs and then affect high-nutrient
organisms through the food chain (Werlin et al., 2010; Ferry et al., 2009; Lewinski et al., 2011; Bouldin et
al., 2008). However, few reports have compared the toxicity of CuNPs and CuONPs. And few studies have
directly demonstrated the destruction of cellular structures by CuNPs or CuONPs.

Protozoa, the most primitive, lowest and simplest eukaryotic animals, play a key role in energy �ow and
material circulation (Klaus et al., 2007). They respond rapidly to changes in the outside world and can be
useful indicators (Patterson, 1992). Euplotes species belong to the phylum of ciliate protozoa. They are
widely distributed in nature and easily accessible (Klaus et al., 2007). They are easy to grow in the
laboratory, and their cell cycle is simple. Their membrane can make direct contact with NPs and heavy
metals, which makes them sensitive to the pollutants (Liu et al., 2010; Vaiopoulou and Gikas, 2012). As a
result, their cellular responses re�ect environmental changes in a timely manner, and their responses to
the environment are more convincing than those of prokaryotes (Liu et al., 2010; Nadtochenko et al.,
2005; Nadtochenko et al., 2006).

In our study, Euplotes aediculatus was selected as the experimental organism and CuNPs and CuONPs
were selected for toxicological testing to preliminarily explore the toxic effects of the two NPs on E.
aediculatus. The toxicity of CuNPs and CuONPs was compared by measuring the semi-lethal
concentration. Changes in cell morphology were observed using optical microscopy and scanning
electron microscopy (SEM). The ultrastructure of cells was inspected using transmission electron
microscopy (TEM). Attenuated total re�ection Fourier transform infrared spectroscopy (ATR-FTIR) was
used to measure the oxidative damage to the cell membranes, and enzyme activity was used to evaluate
cell activity.

2 Materials And Methods

2.1 Cell culture
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E. aediculatus was taken from a closed freshwater pond in Zizhu Garden, Minhang District, Shanghai.
After separation, wheat fermentation was used for pure culture in incubator (temperature: 25 ℃,
humidity: 76% RH). Before the experiment, the cells at the growth equilibrium stage were obtained and
washed with ultrapure water 2–3 times.

2.2 Preparation of NPs suspensions
NPs were purchased from Aladdin. They were mixed with the cultured water and depolymerized by
ultrasound (SCQ-70). The morphology and size of NPs were characterized using a transmission electron
microscope (TEM, HT-7700) and dynamic light scattering (DLS, Zetasizer Nano ZS90).

2.3 Determination of 24 h-LC50 and 24 h-EC50, 48 h-EC50, 72
h-EC50

Three replicates were set for each concentration. Every replicate contained 200 µL suspension and 10
cells. The control test was performed without toxicant. The test was conducted in incubator. The
mortality in each group was observed and recorded after 24 h to estimate the median lethal concentration
(LC50). The mortality in each group was observed and recorded after 24, 48 and 72 h to estimate the
median effect concentration (EC50).

2.4 Cell growth curve
The different EC50 above were taken as experimental concentrations, with �ve replicates in each group.
Only one active cell was added to 200 µL culture water for control or various concentrations suspension
with NPs. Cell number in each group was recorded, with 20 µL of wheat fermentation added daily. The
experiment lasted for 21 days.

2.5 Enzymes activity assay
The different EC50 above were taken as experimental concentrations, with three replicates in each group.
Cell were �ltered and collected into a petri plate with 200 µL culture water for control or suspensions.
Cells were collected to determine superoxide dismutase (SOD), glutathione peroxidase (GPx) and
catalase (CAT) after 24 h. For details, refer to the SOD, GPx and CAT test kit instructions (purchased from
the Nanjing Jiancheng Bioengineering Institute).

2.6 Observation of living cells
The 24 h-LC50 was used as the experimental concentration. Samples were prepared with treatment times
of 1.0, 1.5, 2, 2.5 and 3 h. Living cells from control and experimental groups were isolated and observed in
vivo by microscopy (Nikon DS-Ri2).

2.7 SEM observation
The 24 h-LC50 was used as the experimental concentration. Samples were prepared with treatment times
of 0.5, 1.0, 1.5, 2 and 3 h. Cells were collected and �xed using 4% osmium tetraoxide (OsO4) for 10 min.
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After washing with buffer, the cells were then dehydrated in gradient concentration of ethanol (30%,50%,
70%, 80%, 90%, 95% and 100%), critical-point dried, and sputter coated with platinum. Samples were
observed by SEM (Hitachi, S4800).

2.8 TEM observation
The 24 h-LC50 was used as the experimental concentration. Samples were prepared with treatment time
at 2 h. Cells were �xed in a 1:1 mixture of 2.5% glutaraldehyde and 2% OsO4 for 30 min. After washing
with buffer, cells were post-�xed in 1% OSO4 for 1 h. They were then dehydrated in a graded acetone
series, embedded with Epon 12 and polymerized at 37°C for 16 h, 45°C for 24 h and 60°C for 48 h.
Ultrathin sections were cut with a diamond knife and then stained with uranyl acetate and lead citrate.
The sections were observed by TEM (Hitachi, HT-7700).

2.9 ATR-FTIR
Cells in control and the experimental group (24 h-LC50) were �ltered and collected. Samples were pre-
frozen for 12 h, vacuum freeze-dried, and measured by FTIR spectroscopy (NEXUS 670).

2.10 Statistical analysis
SPSS (version 23.0 for Windows) software was used for the statistical analysis. The mean was
compared by T-test and one-way anova to determine whether signi�cant variation existed between the
treatments. P < 0.05 was considered statistically signi�cant. GraphPad Prism7 software was used to plot.

3 Results

3.1 Characterization of CuNPs and CuONPs
The morphologies of CuNPs and CuONPs were veri�ed by TEM, which showed that they were circular and
the particle sizes were about 30 nm. CuNPs had a wider size distribution, and CuONPs had a more
uniform size. Both possessed negative zeta potential (-28.18 mV, -30.10 mV) and were relatively stable in
solution. This meant that the NPs used in this experiment were suitable for toxicity testing.

In TEM images of CuNPs (A) and CuONPs (C), both were circular and the particle sizes were about 30 nm.
Zeta potentials of CuNPs (B) and CuONPs (D) were − 28.18 mV and − 30.10 mV respectively.

3.2 Toxicity tests of NPs on E. aediculatus
3.2.1 Determination of 24 h-LC50

The mortality of cells in each group was calculated after 24 hours. The regression curve of acute toxicity
of CuNPs and CuONPs is shown in Fig. 2. The mortality rate was linear with the logarithm of the
concentration of NPs. Regression equation of CuNPs was Y = 0.205*X + 0.57, R2 = 0.9856, LC50 = 0.46
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µg/L. Regression equation of CuONPs was Y = 0.4184*X − 0.794, R2 = 0.9855, LC50 = 1.24×103 µg/L. It
was showed that CuNPs were more toxic to E. aediculatus.

3.2.2 Determination of 24 h-EC50, 48 h-EC50, 72 h-EC50

The reproduction rate of the two NPs to cells was measured in a certain time and concentrations range.
As pictured above, there was a linear relationship between the reproduction rate and the logarithm of the
concentrations of NPs. The EC50 values of CuNPs were lower than those of CuONPs in the same period.
The longer the treatment time, the lower the EC50 value of the two NPs was.

Table 1
EC50 values of the two NPs in different treatment time on E. aediculatus

Treatment
time(h)

CuNPs (µg/L) CuONPs (µg/L)

EC50 Regression
equation

R2 EC50 Regression
equation

R2

24 2.10×10− 

3

Y = 0.9132*X + 
2.945

0.9954 7.20 Y = 0.4171*X + 
0.1423

0.9814

48 7.92×10− 

4

Y = 0.6984*X + 
2.666

0.9888 0.86 Y = 0.6822*X + 
0.5432

0.9856

72 2.77×10− 

4

Y = 0.6224*X + 
2.714

0.9859 0.19 Y = 0.37*X + 
0.7637

0.9961

3.3 Effect of NPs on cell growth curve
The growth curve of the control group was S-shaped, as shown in Fig. 3. The CuNPs group with a
concentration of 24 h-EC50 had the strongest inhibition on cell growth. The number of cells barely
changed. At a concentration of 48 h-EC50, the cells stopped reproducing after 13 days. The concentration
of 72 h-EC50 had the weakest inhibition on cell proliferation. The CuNPs group also showed similar dose-
dependent changes. The inhibition effect of CuNPs was stronger than that of CuONPs.

3.4 Enzyme activity assay
Compared with the control group, the activities of T-SOD, GPx and CAT were higher in the experimental
groups with different concentrations of CuNPs (Fig. 4A) and CuONPs (Fig. 4B), and the difference was
statistically signi�cant (P < 0.05). With the increase of treatment concentration, the activity of all three
enzymes increased, which was dose-dependent. The activities of T-SOD, GPx and CAT in the CuNPs
groups were higher than those in the CuONPs in the same period (Fig. 4C). CuNPs can cause more
intense oxidative stress.
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Figure 4 shows the effects of different concentrations of CuNPs (A) and CuONPs (B) on enzyme activit,
and the comparison of the activity of the same enzyme between the two NPs (C).

3.5 Morphogenetic observation

3.5.1 Observation of living cells
E. aediculatus was about 130–150 µm long × 70–90 µm wide and ellipsoidal, with full endoplasm
(Fig. 5A). Cells possessed ventral ciliary organelles integrally. They could swim freely through the
movement of the cilia.

After treatment with CuNPs, the movement state and morphology of the cells changed to various degrees
with treatment time. The cells whirled in place, and the cirri quivered violently (Fig. 5B, C). After that, the
cell movement weakened, and the cilia wobbled weakly until they were still and died (Fig. 5D-F). A few
small vacuoles appeared in the cell body (Fig. 5B), which gradually fused and expanded (Fig. 5C, D). The
cell body was swollen and deformed into a ball, and the endoplasm of cell lysis �owed out (Fig. 5E, F).

Similar to the CuNPs groups, the changes to the cell in movement state and morphology were also
observed in CuONPs groups. There was no signi�cant change in motion state and morphology at �rst
(Fig. 5G). Many small vacuoles appeared in the cells (Fig. 5G). The cilia quivered intensely, and several
small vacuoles gradually fused into large vacuoles (Fig. 5H, I). The movement of cilia gradually
weakened, and then cells were stationary (Fig. 5J-L). The vacuoles �lled the whole cell, and the cell
swelled into a ball (Fig. 5J, K). The cell membrane ruptured, and cell death occurred (Fig. 5L).

A: Control. B-F: Morphological changes in CuNPs group with 24 h-LC50. B: Cells treated for 1.0 h showed
vacuoles. C: Vacuoles fused for 1.5 h. D: The vacuoles continued to increase and the cell body expanded
for 2.0 h. E: The cell swelled spherically. F: The cell cleaved and the endoplasm �owed out and spread
around after 3.0 h. G-l: Morphological changes in CuONPs group with 24h-LC50. G: Cells treated for 0.5h
showed small vacuoles. H: Small vacuoles fused for 1.0 h. I: the vacuoles continued to grow for 1.5 h. J:
Cells began to swell for 2.0 h. K: The cell was spherical after 2.5 h. L: Cells were gradually lysed after 3.0
h. A-H: Scale bars = 50 µm.

3.5.2 SEM observation
SEM images showed that the control cell possessed ventral ciliary organelles integrally. Front-ventral cirri
(FVC), transverse cirri (TC), caudal cirri (CC) and left marginal cirri (LMC) were distributed at speci�c
locations on the cell surface, which constituted the unique ciliary pattern of E. aediculatus. The adoral
zone of membranelles (AZM) was located on the left side of the FVC, accounting for 2/3 of the body. The
undulating membrane (UM) was located on the right side of the base of AZM (Fig. 6A). The cell
morphology and cilium structure varied with the treatment time of NPs. With 24h-LC50 as the treatment
concentration, the cell volume did not change signi�cantly when treated with CuNPs for 0.5-1.0 h. The
LMC and CC were completely shed, and the kinetosome was partially shed (Fig. 6B, I). FVC and TC were
partially shed (Fig. 6B, G, H). After treatment for 2.0 h, cell volume decreased slightly, FVC and TC shed
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increasingly, and the cilia of the collar part of AZM (AZM-C) and lapel part of AZM (AZM-L) began to drop
off (Fig. 6C, J). The cell was spherical, leaving only cilia of AZM after 3.0 h (Fig. 6D, E, F).

A: Control. B: Morphological changes in CuNPs group with 24h-LC50 during treatment of 0.5-1.0 h. Arrows
from top to bottom showing the shedding of FVC and LMC. C: FVC and partial AZM shed for 2.0 h. D-F:
Cell was spherical after 2.5-3.0h. The cell expanded in a spherical shape, leaving only cilia of AZM. G-J:
Partial enlargement of FVC, TC, LMC and AZM. Abbreviations: FVC = front-ventral cirri, LMC = left
marginal cirri, AZM = adoral zone of membranelles, TC = transverse cirri, CC = caudal cirri. Scale bars = 50
µm (ACDF), 40 µm (BE), 10 µm (GH), 1 µm (IJ).

Cells treated with 24h-LC50 CuONPs manifested similar changes. During the �rst 0.5 h, there was no
signi�cant change in cell body size. FVC and CC began to shed (Fig. 7A, F, G). After another 0.5 h, the
LMC and CC were completely shed (Fig. 7B), the FVC was shed more (Fig. 7B, H), and the TC have begun
to shed (Fig. 7I). At 2.0 h, the FVC was completely shed, and the TC was shed more (Fig. 7C, J, K). The
cells were spherical, leaving only cilia of AZM (Fig. 7D, E) for 3.0 h and after.

A: Morphological changes in CuONPs group with 24h-LC50 for 0.5 h. Arrows from top to bottom show the
shedding of FVC and CC. B: FVC, CC and LMC shed more (Arrows from top to bottom). C: FVC shed
totally after 2.0 h. D, E: Cell was spherical within 2.5-3.0h, leaving only cilia of AZM. F-K: Partial
enlargement of FVC, CC, FVC, TC, FVC and TC. Scale bars = 50 µm (ABCD), 40 µm (E), 10 µm (FH), 2 µm
(GIJK).

3.6 TEM observation
The membrane of E. aediculatus was intact and complete (Fig. 8A), composed of the plasma membrane
and the outer and inner membranes of the alveolus (Fig. 8B). The microtubules below the cortex were
arranged in a triangle pattern (Fig. 8C). The cytoplasm was dense, and mitochondria were concentrated
mainly under the cortex (Fig. 8A-C, E). The mitochondria of the control cell were round or oval and
composed of a double-layer membrane, with the inner membrane folded inward into cristae (Fig. 8A-C).
The macronucleus was clearly demarcated in the control cell. Nucleoli and chromatin were evenly
distributed in the macronucleus (Fig. 8D).

A: The complete membrane and the mitochondria below it. B: The membrane structure included plasma
membrane, outer membrane and inner membrane of the alveolus (arrows). C: The microtubules below the
cortex were arranged in a triangle pattern (arrows). D: Macronucleus. Nucleoli and chromatin were
distributed in the macronucleus. E: Mitochondria in the cortex and cytoplasm.

Structure of membrane was relatively intact without obvious damage in experimental groups with
CuNPs(Fig. 9A) or CuONPs (Fig. 10A). Mitochondria were wrinkled and deformed (Fig. 9B), some
structures were seriously damaged, and the cristae were fractured because of CuNPs (Fig. 9C). While the
morphology of the mitochondria changed signi�cantly to an irregular shape, the cristae did not break in
the group of CuONPs (Fig. 10B, C). With CuNPs, the nucleoli disappeared and the chromatin
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condensation shrank signi�cantly (Fig. 9E). However, there was no signi�cant change in the nucleus with
CuONPs (Fig. 10E).

A: The intact membrane. B: Mitochondria were wrinkled and deformed. C: The cristae in Mitochondria
were fractured. D, E: Changes in morphology and structure of the macronucleus. The nucleoli
disappeared, and the chromatin condensation shrank signi�cantly.

A: The intact membrane. B, C: Mitochondria were wrinkled, and their morphology changed to an irregular
shape. The cristae did not break. D, E: Macronucleus. No signi�cant change in the nucleus.

3.7 ATR-FTIR
As shown in Fig. 11, the most prominent peaks, at 2360, 1646 and 1543 cm− 1, were CO2, amide  and
amide , respectively, in the control group. The peaks of E. aediculatus in the spectra refer to
supplementary material 1 (S1 ATR-FTIR peaks of E. aediculatus in the spectra). Peaks at 2925, 2856,
1457 and 1083 cm− 1 were prominent as well. The �rst three belonged to C-H bonds, while the latter was
vs(PO2-).

The relatively gentle peaks were 1243, 1050 and 1020 cm− 1, corresponding to va(PO2-), δ(COH) of
carbohydrates and C-O-C, respectively. With the two NPs, some of the groups weakened or disappeared,
and new groups were produced. Functional groups of C-H, amide , amide , va(PO2

−) and vs(PO2
−) were

weakened, δ(COH) of carbohydrates and C-O-C disappeared in the group of CuNPs. Meanwhile, the -COO−

str. group was added at 1393 cm− 1. However, CuONPs had less effect on the above groups, and only the -
COO− str. group was added, at 1412 cm− 1.

4 Discussions

4.1 Comparison of toxicity of CuNPs and CuONPs against
E. aediculatus
There have been many studies on the toxicity of CuNPs and CuONPs, but few that compare their toxicity.
Ostaszewska et al. (2016) studied the acute toxicity of CuNPs to Acipenser baerii and found that the 96 h-
LC50 value was (1.41 ± 0.24) mg/L. Song et al. (2015) studied toxicity effects induced by CuNPs in
different sizes (25 nm, 50 nm, 100 nm, 500 nm) on �ve cladoceran species (Daphnia magna, D. pulex, D.
galeata, Ceraphaphnia dubia, Chydorus sphaericus) and found that all 48 h-LC50 values were greater than
0.001 mg/L. Another study showed that 96 h-LC50 of Nitellopsis obtusa was (2.8–4.3) mg/L with
CuONPs, 24h-LC50 of Thamnocephalus platyurus was (8.5–9.8) mg/L, and 24h-LC50 of Brachionus
calyci�orus was (0.24–0.39) mg/L (Manusadzianas et al., 2012). In a comparative study on toxicity of
CuNPs and CuONPs, Midander et al. (2009) found that CuNPs had a wider cytotoxicity. Kovriznych et al.
(2013) showed 48 h-LC50 values of CuNPs on adult zebra�sh and egg of 4.2 and 24.0 mg/L, respectively,
and 48 h- LC50 values of CuONPs on adult zebra�sh and egg of 400 and 960 mg/L, respectively. So far,
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there is no study on the comparative toxicity of CuNPs and CuONPs to protozoa. In our study, the LC50

and EC50 values of CuNPs were lower than those of CuONPs, and the toxicity of CuNPs to E. aediculatus
was stronger. In addition, our study also found that the E.aediculatus was sensitive to CuNPs (24 h-LC50

value was 0.46 µg/L) or CuONPs (24h-LC50 value was 1.24 mg/L), and the 24 h-LC50 values were much
lower than other organisms, which can be recommended as an indicator for early monitoring in
freshwater environment.

4.2 Mechanism of toxicity

4.2.1 Oxidative stress in cell
Cells produce a little reactive oxygen species (ROS) under normal conditions. ROS is cleared by the
antioxidant defense system, and the metabolism is in a dynamic state of balance. NPs can stimulate
cells to produce more ROS, exceeding their ability for cell clearance, which requires the antioxidant
system to react (Franco et al., 2006; Liu et al., 2020). The system consists of antioxidant enzymes and
antioxidants. The involvement of enzymes, including SOD, CAT and GPx, is an important defense
mechanism to protect organisms from oxidative stress (Kim et al., 2011). SOD dismutates superoxide
anion radical O2-· into H2O2, which is transformed into H2O by CAT. ROS can be effectively eliminated by
coordinating SOD and CAT (Geracitano et al., 2004). Glutathione (GSH), an antioxidant, plays a critical
role in detoxi�cation pathways of electrophiles such as copper (Anderson and Luo, 1998), and it is the
substrate of GPx (Kim et al., 2011). GPx is also an important enzyme to catalyze H2O2 (Kim et al., 2011).
Kim et al. (2011) proved that copper could increase the expression of GPx gene in E. crassus. Research
has shown that CuNPs increased the ROS in renal tissues and decreased the levels of biomarkers (SOD,
CAT, GST and GPx activity) related to oxidative stress (Sarkar et al., 2011). Maybe the antioxidant system
was destroyed due to the stronger toxicity of CuNPs. Wang et al. (2012) proposed that mitochondria in
human lung epithelial cells depolarized, which was induced by ROS production to further enhance
oxidative stress after CuONPs entered. Three kinds of antioxidant enzymes were all increased in treated
groups with two NPs, and oxidative stress reaction was produced in E. aediculatus. Lin et al. (2009)
showed that CuNPs had more active chemical properties and more active sites, so it was easier to
produce free radical O2-· and ROS, which could increase the oxidative pressure of cells, further causing
lipid peroxidation and leading to cell membrane damage. According to other studies, the outer layer of
CuNPs had surface oxides such as Cu2O and CuO, which allowed for easier extraction of Cu2+. When

organisms produced too much superoxide such as O2-· or contained reductants, they could reduce Cu2+

to Cu+. Cu+ could then catalyze H2O2 to generate hydroxyl radicals (Bremner, 1998; Gaetke and Chow,
2003). CuONPs are composed of CuO, with a single component and slightly weaker chemical properties
than CuNPs. So it is speculated that these may be less toxic to cells.

4.2.2 Damage to cell membrane, mitochondria, and nuclei
NPs penetrated cells by changing the permeability of cell membranes and reacted with intracellular
substances to cause cytotoxicity (Han et al., 2012). Liu et al. (2010) observed that NPs destroyed the
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membrane so that it lost selective permeability, and its permeability increased. Lv (2019) showed that
TiO2NPs seriously damaged the ultrastructure of the membrane in Pseudourostyla cristata. Nevertheless,
AgNPs caused no obvious damage to the membrane of E. aediculatus (Ren, 2016). In our study,
ultrastructural results exhibited no damage in the membrane of E. aediculatus. However, changes in the
chemical composition of the cell membrane was detected by ATR-FTIR. Amide groups, C-H, P = O, δ(COH)
of carbohydrates and C-O-C groups are the main functional groups that constitute cell membrane
components, i.e. proteins, phospholipids and glycoproteins (Kiwi and Nadtochenko, 2005). Amide groups
are linked to hydrophobic ends and exposed to the environment, so the peaks of these are most
signi�cant. Decay of amide groups suggested that the outer hydrophobic ends were easily oxidized with
CuNPs. Changes in va(PO2-) and vs(PO2-) indicated the destruction of lipid (Kinder et al., 1997;
Nadtochenko et al., 2005). Decreases in δ(COH) of carbohydrates and C-O-C groups indicated damage to
polysaccharides and glycoproteins (Nadtochenko et al., 2005). The presence of the -COO- str group was
due to the unsaturated aldehydes formed during the decomposition of peroxides in hydroperoxides or
lipids, as well as the C = O stretched bonds in the formation of carboxyl groups (Gericke and Huehnerfuss,
1995). While CuNPs or CuONPs had little effect on the ultrastructure of the membrane, some functional
groups of membrane were oxidized at molecular level. It has been further proven that cells produce
oxidative stress in response to exogenous stimulus factors.

Many studies have shown that CuNPs or CuONPs can damage cell structures such as mitochondria and
nuclei. CuNPs and CuONPs can cause DNA damage in human lung cells (Midander et al., 2009). Studies
have also shown that CuNPs broke the DNA chains in rat ovaries and promoted cell apoptosis (Yang et
al., 2017). The expression of cell cycle checkpoint protein p53 and DNA damage repair proteins Rad51
and MSH2 was up-regulated with CuONPs (Ahamed et al., 2010). NPs damaged the chromosomes,
causing genetic changes and DNA damage (Kisin et al., 2011). In our study, CuNPs and CuONPs caused
damage to the nucleus. This was consistent with previous studies. Destruction caused by CuNPs was
more serious. Lei et al. (2008) proposed that CuNPs could induce necrosis of liver cells and renal tubules
and failure of mitochondrial function. Another study showed that mitochondrial dysfunction and
oxidative damage were the main causes of the toxicity of CuNPs in rats (Lei et al., 2015). CuONPs could
decrease mitochondrial membrane potential, upregulate the apoptosis gene and result in apoptosis in
human hepatocytes (Siddiqui et al., 2013). Sankar et al. (2014) found that cell apoptosis with CuONPs
was mediated by the production of ROS, involving the destruction of mitochondrial membrane potential
in A549 cells. ROS generation and GSH reduction lead to mitochondrial dysfunction (Chen and
Schluesener, 2008). Some scholars believed that cells produced oxidative stress with NPs, they mainly
attacked the cristae of mitochondria, affected the electron transport chain, produced much ROS, and
interfered with the synthesis of ATP (AshaRani et al., 2009). In this study, the morphology and structure of
mitochondria changed and ruptured signi�cantly with the two NPs, worse with CuNPs than with CuONPs.
The above phenomena were consistent with the results from toxicology experiments that the two most
important toxic mechanisms with CuNPs and CuONPs were the destruction of nucleus and the
mitochondrial dysfunction mediated by the production of ROS.
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5 Conclusions
The toxic effect of CuNPs and CuONPs on E. aediculatus was studied, and the mechanism was
preliminarily investigated for the �rst-time using enzyme activity determination, electron microscope, ATR-
FTIR and other methods. CuNPs and CuONPs inhibited reproduction and caused cell death, mainly by
stimulating oxidative stress and damaging cell structures such as mitochondria and nucleus. The toxic
effect of CuNPs on E. aediculatus was stronger than that of CuONPs.
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Figure 1

Characterization of CuNPs and CuONPs. Scale bars = 50 µm (AC)
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Figure 2

Regression curve of acute toxicity of CuNPs (A) and CuONPs (B) on E. aediculatus

Figure 3
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Inhibition curve of growth and reproduction of the two NPs on E. aediculatus

Figure 4

Enzyme activity of the two NPs on E. aediculatus
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Figure 5

Observation of living cells of E. aediculatus
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Figure 6

SEM observation of E. aediculatus from control and CuNPs group
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Figure 7

SEM observation of E. aediculatus from CuONPs group
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Figure 8

TEM observation of E. aediculatus from control group
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Figure 9

TEM observation of E. aediculatus from CuNPs group
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Figure 10

TEM observation of E. aediculatus from CuONPs group
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Figure 11

Fourier infrared spectra of E. aediculatus


