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Abstract

Although study of the toxicity of metallic nanoparticles in aquatic organisms is increasing, there is
still little known about their combined toxicity, especially in a comparative and integrated approach. The
objective of this study is to compare the toxicity of copper nanoparticles (CuNP), chromium nanoparticles
(CrNP), and their mixtures to crucian carp (Carassius auratus) through a comprehensive approach. A high
median lethal concentration of CuNP (390.75 mg/L) and CrNP (551.03 mg/L) was calculated from the
acute toxicity, indicative of low toxicity to crucian carp. After exposure for 10 d at sublethal concentrations,
several biomarker responses, including the activities of brain acetylcholinesterase (AChE), gill sodium/
potassium-activated ATP (Na'/K*-ATP), liver superoxide dismutase (SOD), and catalase (CAT) were
significantly inhibited by all nanoparticles in most cases, implying the neurotoxicity, osmoregulatory
toxicity, and oxidative damage of metallic nanoparticles. Thereafter, the integrated biomarker response
version 2 (IBRv2) integrating all biomarker responses was applied to compare the toxicity, and therefore
the toxicity order was tentatively proposed as: the mixtures = CuNPICrNP, suggesting a synergistic effect
in the mixtures. The findings will help to understand the ecological impacts of metallic nanoparticles in an
aquatic environment in a more complete and accurate picture.
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Introduction

Due to their unique physical and chemical properties,
metallic nanoparticles have applicability in advanced
mechanical materials, electronics, conductive coatings,
medicine, cosmetics, catalyzers, and sensors, and
are regarded as the second class of manufactured
nanomaterials [1]. It is therefore likely that metallic
nanoparticles are inevitably disposed and released into the
aquatic environment during the processes of fabrication,
use, waste disposal, and recycling, with the predicted
concentrations at pg/L in the environment [2]. As a
result, humans and organisms are likely exposed to these
nanoparticles, and concerns about their environmental and
ecological consequences are rapidly increasing.

Previous studies have found that nanoparticles may
be able to pass through cell walls and membranes, and
then cause growth inhibition, inflammation, oxidative
stress, and metabolic disturbance in non-target organisms
[3-5]. However, most studies have been conducted
primarily based on testing a single metallic nanoparticle
to understand its potential threat to organisms. Under
environmental conditions, in fact, metallic nanoparticles
are frequently released as a mixture due to their complex
usage in different products, leading to a distinctly different
toxicity profile in organisms from those of individuals. For
instance, the antibacterial property of silver nanoparticles
toward Escherichia coli was markedly suppressed by the
presence of hematite nanoparticles due to aggregation
[6], while the toxicity of copper nanoparticles (CuNP) to
human cells was enhanced by the nano-ZnO at nontoxic
concentrations [7]. Tong et al. [8] have proposed that the
interaction and surface complexation reaction between
different nanoparticles could significantly alter the original
toxicity of individual nanoparticles, and more concerns
should be taken into the combined toxicity of different
nanoparticles in the environment.

Among the metallic nanoparticles, CuNP have been
used as industrial additives for lubricants, plastics, and
metallic coatings, inks, and also as an antimicrobial
alternative in human health and agriculture [9].
Chromium nanoparticles (CrNP) are mainly applied
in catalysts, pigments, and electroplating and tanning
processes, as well as trace elements in food additives
[10-11]. Due to their continuous release into the aquatic
environment, both acute and chronic toxicity of CuNP
have been observed in various aquatic species, including
phytoplankton, zooplankton, and fish, in which CuNP
showed similar types of toxic effects as ionic Cu [12-16].
In our previous study, the presence of CrNP significantly
inhibited the reproduction and growth of Daphnia magna,
and the antioxidant enzyme activities were simultaneously
decreased [17]. However, to the best of our knowledge,
the potential toxicity of CrNP to fish has not been reported
in the literature, not to mention their combined toxicity.

To characterize the toxic effects of environmental
pollutants on aquatic organisms, a series of biomarker
responses — including different biological functions in
aquatic organisms — have been strongly recommended,

with more sensitive and biologically relevant information
on the potential impact of pollutants on the health of
organisms [18]. All of these biomarkers are thereafter
integrated into a general scheme, termed as the “integrated
biomarker response” (IBR) index, to provide a simplified
and comprehensive interpretation of the health status of
the aquatic organism [19-20]. Although the biomarker
responses of different metallic nanoparticles on aquatic
organisms have been studied, the application of the IBR
index in nano-toxicological studies has received little
attention.

Thereafter, the goal of the present study was to
compare the toxicity of CuNP, CrNP, and their mixtures
in crucian carp (Carassius auratus), which can be found
in fresh water throughout China and has been widely
used in various toxicity tests [21]. Following waterborne
exposure to different concentrations of CulNP, CrNP,
and their mixtures, multiple biomarker responses in fish,
including activities of acetylcholinesterase (AChE) in
the brain, sodium-potassium-activated ATP (Na'/K*-
ATP) in the gill, and superoxide dismutase (SOD) and
catalase (CAT) in the liver, were determined to assess the
neurotoxical, osmoregulatory, and antioxidant effects.
Biomarker responses were then simplified and quantized
using the IBR index (version 2) to compare the potential
toxicity of CuNP, CrNP, and their mixtures in fish. The
results will provide a more complete and accurate picture
of the ecological impacts of metallic nanoparticles in an
aquatic environment.

Materials and Methods
Chemicals Used

Commercial bare CuNP (purity: >99%, particle size:
54 nm, specific surface area: 24 m?/g) and CrNP (purity:
>99 %, particle size: 88 nm, specific surface area: 12 m?/g)
used in the present study were obtained from Nachen S&T
(Beijing, China) as a powder. Kits for the determination of
biomarker responses in fish were provided by Jiancheng
Bioengineering Institute (Nanjing, China). Tricaine
methane sulfonate (MS-222) was purchased from J&K
Scientific (Shanghai, China). Ultrapure water was purified
with a Milli-Q water purification system (Millipore,
Milford, MA, USA). All other chemicals used were of
analytical grade and obtained from Sinopharm Chemical
Reagent Co., Ltd. (Shanghai, China).

Nanoparticle Preparation and Characterization

The stock suspension of each nanoparticle was prepared
by dispersing in ultrapure water with an ultrasonoscope
having an output of 250 W at 40 kHz for 60 min at 23°C
every day. The exposure solutions were further prepared
by diluting the stock suspension with test water to a series
of concentrations and then sonicating for 30 min prior to
exposure. The morphology and size of each nanoparticle
in exposure solutions (all at 80 mg/L) were characterized



Potential Toxicity in Crucian Carp...

2087

by a transmission electron microscopy (TEM, JEM-2100,
JEOL, Japan) and a Malvern Mastersizer 2000 (Malvern,
UK).

Fish Maintenance

Juvenile crucian carp of both sexes (weight:
25.23+4.12 g, length: 9.7+0.85 cm) were purchased from
the Nanjing Institute of Fishery Science (Nanjing, China).
They were initially acclimatized for at least two weeks prior
to exposure in an aquarium containing 150 L dechlorinated
municipal water. During the acclimatization, fish were fed
with commercial fish pellet food with 6% of body weight
every day. Residues in the aquarium were removed every
day. Fish were not fed for 24 h before exposure and no
food was provided during the exposure period.

During acclimatization, the water quality was
controlled at a steady state: temperature, 23+2°C;
pH, 7.5£0.5; dissolved oxygen>90%; total hardness,
105 mg/L CaCO,; natural illumination. Animal care
and exposure protocols followed the national and
institutional guidelines for animal welfare.

Exposure Designs

To study the acute toxicity of metallic nanoparticles,
fish (10 per tank) were randomly assigned to a series
concentrations of CuNP (0.05, 0.1, 0.2, 0.4, and 0.8
g/L), CtNP (0.075, 0.15, 0.3, 0.6, and 1.2 g/L), and a
blank control (water only) for 96 consecutive h. In each
exposure treatment, three replicate tanks were conducted
independently, and no food was supplied during the
exposure. The exposure solution in each tank was renewed
daily to maintain stable concentrations. The water
conditions were kept the same as for acclimatization.
Exposures were monitored every 12 h for death, which
was defined as lack of response to physical prodding.
Cumulative mortality of fish within 96 h after exposure
was used for the calculation of median lethal concentration
(LC,)).

Based on the results of the acute toxicity study, the
sublethal toxicity of metallic nanoparticles to fish was
further evaluated. Fifteen fish were randomly exposed to
the following different treatments for 10 d: CuNP alone
and CrNP alone at concentrations of 10, 20, 40, and
80 mg/L. Their combined exposures were prepared
according to an equiconcentration ratio of 1:1 and the
total exposure concentrations were also 10, 20, 40,
and 80 mg/L. A blank control was also conducted. All
treatments were conducted in semi-static, with half of
the experimental solutions replaced every day. There
were three replicate tanks per treatment, and no food was
supplied during the exposure periods. The water quality
parameters were maintained as well as acclimatization
during the exposure periods.

Following exposure for 2, 6, and 10 d, four fish were
sampled from each tank (12 fish in total in each treatment)
and anaesthetized with MS-222 (300 mg/L). After killing
the fish by cutting their spine as close to the cranium as

possible, the brain, gill, and liver tissues were immediately
collected, washed quickly with 0.15 M of ice-cold KCI,
and flash frozen in liquid nitrogen.

Biomarker Response Analysis

Brain samples were homogenized in ice-cold phosphate
buffer (1:9 w/v, 0.1 M, pH 7.2) containing Triton-X 100,
and then the centrifuged supernatants were collected for
AChE activity determination. After being homogenized
in ice-cold Tris-HCI buffer (10% w/v, 0.1 M, pH 7.4),
liver samples were centrifuged and the supernatants were
collected for antioxidant enzyme determination. Gill
samples were homogenized in 40 volumes of ice-cold
imidazole buffer (0.04 M, pH 7.0) and then centrifuged
for further Na'/K*-ATP activity assay.

All biomarker responses were measured with
commercial kits obtained from Jiancheng Bioengineering
Institute (Nanjing, China), according to the manufacturer’s
instruction. The activity of AChE in brain was determined
at 412 nm using a microplate reader (BioTek, USA), and
the results were expressed as U/mg protein. One unit of
AChE was defined as the amount of enzymes that catalyzes
the hydrolysis of 1 pmol of acetylthiocholine iodide per
minute. Liver SOD activity was determined at 550 nm
and expressed as U/mg protein. One unit of SOD was
defined as the amount of enzyme to cause 50% inhibition
of the reduction of nitroblue tetrazolium. CAT activity was
monitored at 240 nm and the results were expressed as
U/mg protein. One unit of CAT was defined as the amount
of enzymes that catalyzes the decomposition of 1 umol of
hydrogen peroxide per minute. The Na*/K*-ATP activity
in the gill was read at 660 nm in the microplate reader,
and determined as the difference between total inorganic
phosphate released without ouabain and inorganic
phosphate released using 3 mM ouabain. The activity of
Na*/K*-ATP was then expressed as umol Pi liberated/mg
protein/h.

The protein content of each sample was measured
to normalize all biomarker responses using a protein
assay kit (Coomassie brilliant blue G-250, Jiancheng
Bioengineering Institute, Nanjing, China) with absorbance
at 595 nm.

IBR Calculated

To address all biomarker responses as a whole, an
integrative tool named IBR was applied to evaluate the
integrated toxicity of different metallic nanoparticles in
fish. The original IBR tool was developed by Beliaeff and
Burgeot [19], and subsequently updated by Sanchez et al.
[20] to version 2 (IBRv2).

For the IBRv2 calculation, individual biomarker
responses (X.) were first compared to the mean value of
biomarker responses from the control (X)), and then log
transformation was used to reduce variance:
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Secondly, the Y, was standardized according to
equation (2):

g ®)

...where Z, was the standardised value of each biomarker
response, and p and ¢ were the general mean value and the
standard deviation of Y, for each biomarker response in all
treatments, respectively.

Thirdly, a deviation index (A,) was calculated from the
standardized value of each biomarker response (Z,) and
the standardized value of the control (Z).

Ai=Zi— Zo 3)

The values of A, were then shown in a star plot for
a visual inspection of all biomarker responses, in which
case the value of A, up to 0 reflected biomarker response
induction, and the values of A, down to 0 indicated a
biomarker response inhibition.

Finally, to obtain an integrated multi-biomarker
response named IBRv2, the absolute value of A, for each
biomarker in the same treatment were summed as follows:

IBRvV2 = Z |4i
= ©)

Statistical Analysis

All statistical analyses were performed using SPSS
Statistics 17.0. All data from different treatments and
control were expressed as mean + standard deviation
(SD), and first tested for normality and homogeneity
variance using Shapiro-Wilk’s and Levene’s tests,
respectively. A one-way analysis of variance (ANOVA)
followed by Dunett’s test was used to analyze the statistical
differences between the control and each treatment. All
differences were considered significant at P<0.05.

Results and Discussion

In the exposure solutions, all particles showed
some degree of aggregation, but the diameter of most
nanoparticles is still less than 100 nm. The dissolved form
of target metal in waters were also measured, and the
dissolution rates ranged from 4% to 10%.

Acute Toxicity

No mortality was observed in the control during the
exposure periods. As shown in Fig. 1, CuNP and CrNP
were all toxic to crucian carp, with the calculated 96 h
LC,, value of 390.75 mg/L for CuNP and 551.03 mg/L
for CrNP. These results are consistent with previous
studies, in which nanoparticles can be lethal to fish in the
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Fig. 1. Concentration-response plots of a) CuNP and b) CrNP
acting on crucian carp.

mg-ug/L range, depending on the type of material [22].
According to the guidelines of HJ/T 154-2004 of China
[23], if the 96 h LC, value of a compound is more than
100 mg/L, the compound is considered to be less toxic to
fish. Hence, both CuNP and CrNP were regarded as less
toxic to crucian carp, and CuNP was more toxic than CrNP
under the same conditions. However, Griffitt et al. [24]
reported a quite low acute toxicity of CuNP to zebrafish
(Danio rerio), with the 48 h LC_; value of 1.5 mg/L. The
48 h LC,, values of CuNP and CrNP to Daphnia magna
were also much lower than the present study [17]. The
different acute toxicity results are possibly attributed to the
different species used as test organisms — especially with
different body sizes and weights, considering crucian carp
always are larger. The acutely toxicological mechanism of
metallic nanoparticles to aquatic organisms is still unclear.
As reviewed by Shaw and Handy [22], one concept in
metallic nanoparticles toxicity is that the acute toxicity to
fish may be driven by the released free metal ions from the
nanoparticles. This suggests that the observed mortality of
fish in this study may be partly attributed to the released
free metal ions, since Cu and Cr ions were more acutely
toxic to crucian carp than the nanoparticle forms [25]. In
addition to the released ions, metallic nanoparticles may
also have an intrinsic property that confers toxicity, which
has nothing to do with their morphological properties such
as size, surface area, or zeta potential in the same waters
[26].
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Fig. 2. The changes of brain AChE activity in fish after exposure
to a) CuNP, b) CrNP, ¢) and the mixtures. Asterisks indicate
values that are significantly different from the control (P<0.05).

Biomarker Response

To assess the sublethal toxicity of metallic
nanoparticles, a series of biomarker responses related
to neurotransmitter conduction, osmoregulation, and
antioxidant capacity in fish were further evaluated. During
the exposure periods, no mortality or abnormal behavior
of fish was observed in any treatments.

The enzyme of AChE plays a vital role in hydrolysis
of the neurotransmitter acetylcholine to ensure the

intermittence of nerve impulses responsible for neuronal
communication [27]. Changes of AChE enzymatic
activity may alter many physiological functions in aquatic
organisms, such as locomotion, predator evasion, prey
location, and orientation [28]. In the present study, CuNP
and the mixtures at low concentrations significantly
elevated the activity of brain AChE enzyme after 2 d
exposure (Fig. 2), which may facilitate the elimination
of acetylcholine in cholinergic synapses and protect
organisms from toxic harm in a compensatory manner [29].
Interestingly, at high concentration, metallic nanoparticles
resulted in a significant decrease in the activity of AChE
enzyme after exposure for 6 d. These decreases were
further reduced by CuNP (24-47%), CrNP (14-45%),
and the mixtures (28-48%). This suggests that CuNP and
CrNP (alone or in combination) could significantly reduce
the synthesis of AChE in the neurons and have neurotoxic
effects. The inhibition of AChE activity could result in the
accumulation of acetylcholine in the synaptic cleft and
then lower the nerve information exchange via voltage-
gated sodium channels [30]. As suggested by Fonte et
al. [31], the relatively low-moderate inhibition of AChE
activity in the aquatic organisms decreased the movement
coordination and predatory behavior, and further threaten
individual survival and population development.

The responses of Na"/K*-ATP enzymatic activity in the
gill are presented in Fig. 3. Compared to the controls, CuNP
alone or in combination with CrNP at high concentrations
significantly induced enzyme activity after 2 d exposure.
No significant alteration of the Na'/K'-ATP enzymatic
activity was observed in fish exposed to any treatments for
6 d. On the contrary, after exposure for 10 d, an obvious
decrease in the activity of Na”/K*-ATP enzyme occurred
in fish treated with CuNP (23-52%) or the mixtures
(26-52%) in most cases, as well as a 21-27% decrease in
the CrNP treatments at high concentrations (>40 mg/L). It
is well known that the Na*/K*-ATP enzyme is responsible
for transporting Na and K ions through the cell membranes
and thus maintains the balance in osmotic pressure and
membrane permeability [32]. Significant alterations of
gill Na'/K*-ATP enzyme could disrupt the gill secretory
processes and may impact respiration, osmoregulation,
acid-base balance, nitrogen excretion, and metabolism
of circulating hormones in this tissue [33]. The results
of the present study suggest that CuNP and CrNP may
have some additional osmotic stress in the gill, causing
adverse effects in fish. Similar results were also found
in juvenile Epinephelus coioides, in which the activity
of the Na'/K*-ATP enzyme was significantly decreased
by CuNP, indicating an osmoregulatory impairment in
mitochondria and an increase in membrane permeability
[34]. After investigating the relationship between branchial
Na/K*-ATP activity and Cu ion concentrations in plasma
and carcass, Shaw et al. [12] suggested an ionoregulatory
toxicity of CulNP to rainbow trout (Oncorhynchus mykiss).
In addition, exposure to the Cr ion also inhibited the gill
Na*/K*-ATP activity in Tilapia (Oreochromis niloticus)
[35]. Given that the inhibition of the Na'/K" pump by
metal ions is well known, the inhibition of CuNP on the



2090 LiuY, etal
a) 20 a)
. 2d 80 + . 2 d "
° = 6d [ .
o a *
w 154 C—10d 7 5 1 1od .
=) %/) 60 A I
E 5
St *
< a . *
s 104 S "
s 240 A
+ 5] *
z . z2
e ® ;
> g
2 «
E 5 7 < 20 =
b3
<
0 : : : : . 0 '
Control 10 20 40 80 Control 10 20 40 80
Concentration Concentration
b) 20 b)
_— 80 + . 2d
B —6d == 6d
*
= = 1 1od * 3 .
@ 15{ C—10d ) .
2 £ T il
= S T ;
) g
*
+¥ 10 4 2 40
i * =]
4 * g
s Z
z 51 201
k31
<
0 0 T T T T
' ' ' ' ' Control 10 20 40 80
Control 10 20 40 80
y Concentration
Concentration
c) 20 c) 80
-2 d .
. 2 d i 6d £
B = 6d — 10d * *
a * *
e 15 4 1 10d " '§ 60 I
= o
= * @ a
o = T
< 2 =
! a
4 i %
54 10 1 ) 40
£ & *
k] i
z * B |
s 5 < 20
k31
<
04 0 : . ‘
Control 10 20 40 80 Control 10 20 40 80

Concentration

Fig. 3. The changes of gill Na"/K'-ATP activity in fish after
exposure to a) CuNP, b) CrNP), and c) the mixtures. Asterisks
indicate values that are significantly different from the control
(P<0.05).

Na'/K*-ATP activity in the gill of crucian carp may also
be attributed to the release of metal free ions from the
nanoparticles.

Currently, the determinant mechanism of nanoparticle-
mediated toxicity in organisms is related to the production
of oxidative stress and reactive oxygen species (ROS),
leading to a series of pathological events such as
genotoxicity, inflammation, fibrosis, and carcinogenesis
[36]. To protect organisms from oxidative damage,
several antioxidant enzymes in organisms are activated

Concentration

Fig. 4. The changes of liver SOD activity in fish after exposure to
a) CuNP, b) CrNP, and c) the mixtures. Asterisks indicate values
that are significantly different from the control (P<0.05).

to scavenge oxidative stress, including the enzymes of
SOD and CAT. As shown in Figs 4 and 5, both SOD and
CAT activities in fish were significantly induced by the
high concentrations of nanoparticles after exposure for
2 d, indicating the excessive formation of superoxide
anions and hydrogen peroxide in the liver, respectively.
Fortunately, the elevated SOD and CAT enzymes may be
sufficient to counteract the overproduction of ROS and
convert them to harmless substances, such as water and
oxygen, showing a defensive response. However, after
exposure for 6 d to higher concentrations of CuNP and
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Fig. 5. The changes of o liver CAT activity in fish after exposure
to a) CuNP, b) CrNP, and c) the mixtures. Asterisks indicate
values that are significantly different from the control (P<0.05).

CrNP (alone or in combination), the induced activities of
antioxidant enzymes recovered to the baseline and even
further decreased. In particular exposure for 10 d, the
SOD and CAT activities were inhibited by all treatments
in a concentration-dependent manner, with the maximum
inhibition rates of 49% and 51% by CuNP, 32% and 44%
by CrNP, and 49% and 54% by the mixtures, respectively.
The inhibitory effects in the antioxidant capacity of fish
may result from the overproduction of ROS in the liver that
may overwhelm the protective antioxidant effect caused by
the enzymes. Meanwhile, the inactivation of antioxidant
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Fig. 6. IBRv2 values after exposure to different metallic
nanoparticles for 10 d.

enzymes may further result in the accumulation of ROS
in cells, eliciting cell apoptosis through mitochondrial
dysfunction [37]. Similarly, the activities of SOD and CAT
in intestines of Epinephelus coioides were also obviously
suppressed by CuNP in a concentration-dependent
manner, causing a marked increase in lipid peroxidation
and cell apoptosis in intestine [16]. Considering the ions
of transition metals (e.g., Cu and Cr) could result in the
generation of ROS in organisms via the Haber Weiss and
Fenton reactions [38], and the alterations of the antioxidant
defense system induced by nanoparticles may be related
to the dissolution of free metal ions from the surface of
the nanoparticles. In addition, nanoparticles may also
stimulate intracellular ROS generation via activation
of NADPH-like enzyme system and immune cell after
uptake through phagocytosis [36].

Comparison of Potential Toxicity

A common challenge in comparative toxicity using
multi-biomarker responses is to provide an independent
interpretation of each one. In order to simplify these
interpretations, the IBRv2 index integrating each
biomarker response was applied. This approach could
provide both a graphical synthesis of each biomarker
response and a numeric value that integrates all these
responses at once. Meanwhile, the toxicity could also be
distinguished among different compounds and different
exposure concentrations according the IBRv2 values [39].
In the present study, the IBRv2 values in fish exposure
for 10 d to different treatments are presented in Fig. 6.
Given that the IBRv2 needs reference values from non-
treated organisms, the IBRv2 values in the control were
always zero. In the same concentration, the mixtures
showed similar values to the CuNP, and the low IBRv2
values were always observed in the CrNP treatment.
As mentioned above, the IBRv2 index could provide
a general description of health status of organisms, and
the toxicity order of three metallic nanoparticles at the
same concentrations could be tentatively proposed as: the
mixtures ~ CuNP>CrNP, suggesting a synergistic toxicity
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in the mixtures. This synergistic effect is in contrast with
results reported by Tong et al. [8] that the inhibitory
effect of ZnO nanoparticles on bacterial ATP levels was
further reduced by the presence of TiO, nanoparticles
due to the adsorption of Zn ions. This inconsistency is
likely due to the differences in organisms used in these
two studies. As compared to bacterial cells, fish tested
in the present study have many biofluids (e.g., gastric
and intestinal fluids), which have the capacity to reduce
the adsorption or/and enhance the desorption process of
compounds on the nanoparticles [40]. In addition, the
IBR values in all treatments increased in a concentration-
dependent manner, with a correlation coefficient of 0.98
for CuNP, 0.90 for CrNP, and 0.95 for the mixtures.
This concentration-dependent tendency was also found
in Carassius auratus [41] and Limnodrilus hoffmeisteri
[42] exposed to perfluorinated compounds and copper at
various ranges of concentrations, which may be attributed
to the high accumulations of test compounds in organisms.
This suggests that the IBRv2 could be considered an
efficient and easy tool for stakeholders to compare the
toxicity of nanoparticles.

According to A-scores in the star plots, it is possible
to identify which biomarker responses had the most
important weight on the final IBR values. Moreover, the
distinct scores of each biomarker response could also
help to identify the differences in the modes of action
of the nanoparticles. As shown in Fig. 7, it is clear that
all biomarker responses were inhibited after exposure
to metallic nanoparticles for 10 d. The most important
biomarker responses in toxicity were attributed to the
enzymes involved in oxidative stress and neurological
function in low concentration treatments, which implied
that oxidative and neurological damage could be the
major toxic mechanism for metallic nanoparticles at low
concentrations. Devin et al. [43] also found that oxidative
stresssuchas SOD and CAT induction seemed preponderant

compared with the other biomarker responses in the IBR
values, suggesting that oxidative damage was the toxicity
pattern of metal-based nanoparticles in ragworm Hediste
diversicolor and bivalve Scrobicularia plana. In addition,
four biomarker responses were similarly sensitive at high
concentrations, indicating a complex pathway of damage
for fish by metallic nanoparticles.

Conclusions

In the present study, the results of acute toxicity
demonstrated that both CuNP and CrNP were less
toxic to crucian carp, while CuNP was more toxic
than CrNP. In the sublethal toxicity test, the obviously
inhibitory effects of metallic nanoparticles on various
biomarker responses (AChE, Na'/K'-ATP, SOD, and
CAT) suggested an interference with the neurological
function, osmoregulation, and antioxidant capacity of
fish. These biomarker responses were further simplified
and integrated to the IBRv2 index, which then provided
a good discrimination of the potential toxicity of metallic
nanoparticles toward fish. The mixtures exhibited
comparable toxicity to CuNP, while CrNP was the least
toxic. These findings, therefore, indicate that metallic
nanoparticles may pose risks to non-target organisms.
Also, the application of IBRv2 may be a practical way for
stakeholders to assess the toxicity of nanoparticles in the
aquatic environment.
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