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� Comparative in vivo toxicity of nano-copper was studied in three fish species.
� Temperature can significantly affect the fate and toxicity of nano-copper in water.
� Copper ions were the main driver for the toxic effect of nano-copper.
� Nano-copper can cause damage to gill filaments and gill pavement cells.
� Physiological differences affect the sensitivity of fish species to nano-copper.
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Copper nanoparticles (CuNPs) are used extensively in a wide range of products and the potential for tox-
icological impacts in the aquatic environment is of high concern. In this study, the fate and the acute tox-
icity of spherical 50 nm copper nanoparticles was assessed in juvenile rainbow trout (Oncorhynchus
mykiss), fathead minnow (Pimephales promelas) and zebrafish (Danio rerio) for in vivo aqueous exposures
following standardized OECD 203 guideline tests. The fate of the CuNPs in the aqueous media was tem-
perature dependent. At the higher study temperature (26 ± 1 �C), there was both an enhanced particle
aggregation and higher rate of dissolution compared with that at the lower study temperature
(15 ± 1 �C). 96 h LC50s of the CuNPs were 0.68 ± 0.15, 0.28 ± 0.04 and 0.22 ± 0.08 mg Cu/L for rainbow
trout, fathead minnow and zebrafish, respectively. The 96 h lowest-observed-effect concentration
(LOEC) for the CuNPs were 0.17, 0.023 and <0.023 mg/L for rainbow trout, fathead minnow, and zebrafish
respectively, and are below the predicted environmental concentration of CuNPs for some aquatic envi-
ronments suggesting a possible ecotoxicological risk to fish. Soluble copper was one of main drivers for
the acute toxicity of the copper nanoparticles suspensions. Both CuNPs suspension and copper nitrate
caused damage to gill filaments and gill pavement cells, with differences in sensitivity for these effects
between the fish species studied. We show therefore common toxicological effects of CuNPs in different
fish species but with differences in sensitivity with implications for hazard extrapolation between fish
species.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

The potential toxicological impacts of nanoparticles (NPs) are of
high concern due to the widespread application and high reactivity
of NPs. One type of nanoparticle of particular concern is copper
nanoparticles (CuNPs). CuNPs are applied widely in various prod-
ucts, including in electronics, metallic inks and textiles, because
of their optical, electrical, and catalytic properties (Han et al.,
2011; Hatamie et al., 2014; Kida et al., 2007; Kim et al., 2011;
Kubota et al., 2014; Lee et al., 2014; Li et al., 2014). The predicted
environmental concentration of CuNPs in some receiving waters is
0.06 mg Cu/L, with a 95% confidence interval of 0.01–0.92 mg Cu/L
(Chio et al., 2012) and this has raised concern on their potential for
adverse effects on aquatic organisms (Chen et al., 2014; Ganesh
et al., 2010).

Some metallic NPs readily undergo dissolution and aggregation
in the aquatic environment (Lowry et al., 2012). Dissolution of
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CuNPs produces copper ions, which are highly toxic to fish (Black
et al., 2015; Kong et al., 2013). The aggregates of CuNPs may also
cause adverse effect to fish because they can remain in a nanos-
tructured form and thus more highly reactive (Griffitt et al.,
2009; Zhao et al., 2011). Studies have shown that rates of dissolu-
tion and aggregation of metallic NPs can vary considerably under
different environment conditions (Handy et al., 2008). For instance,
lowering pH can significantly increase the amount of ion release
from metallic NPs (Baalousha et al., 2008) and the presence of
organic matter may affect the aggregation size of metallic NPs
(Grillo et al., 2015). This illustrates the importance of considering
the fate of metallic NPs in studies investigating their toxicity.

Studies conducted to date have reported adverse effects of
CuNPs in diverse fish species at sub-lethal levels. For example,
exposure to CuNPs via aqueous has been shown to affect the gill fil-
ament structure in rainbow trout (Oncorhynchus mykiss; 80 nm
particles exposed at 0.25 mg/L; Griffitt et al., 2007), and induce tis-
sues oxidative stress in the liver, gills and muscles of juvenile
Epinephelus coioides after 25 days exposure to CuNPs via aqueous
with a mean primary particle diameter of 85 ± 29 nm (Wang
et al., 2014). A further study on juvenile rainbow trout found that
CuNPs (mean primary particle size of 87 ± 27 nm) induced similar
types of pathologies in gill, gut, liver, kidney, brain and muscle as
occurs for copper ions (Al-Bairuty et al., 2013). Little is known
however on the comparative sensitivity of different fish species
to the effects of CuNPs. Making comparisons between species for
effects across different studies is complicated by the fact that the
studies published have used different particles, exposure condi-
tions, and effect measures. Furthermore, as the dissolution profile
of CuNPs were not investigated in many of the studies reported
in the literature (Al-Bairuty et al., 2013; Wang et al., 2014), it is still
unclear whether the toxicity of CuNPs suspensions in fish species
was attributed to the particles in the CuNPs suspensions or the
copper ions released from CuNPs.

Here we evaluate the fate CuNPs (50 nm spherical) in the test
medium and their comparative acute toxicity in three fish species
(rainbow trout, fathead minnow and zebrafish) exposed via water
by adopting OECD 203 test guidelines for supporting risk assess-
ment of this material. The study both compares the sensitivities
of different fish species to CuNPs suspension over time and inves-
tigates the contribution of particles and ions to the toxicity of
CuNPs suspension. Histopathology was undertaken to examine
for effects of the CuNPs suspension and copper ions (via exposure
to copper nitrate) on the gill structure in the different fish species.
2. Materials and methods

2.1. Experimental set up

50 nm CuNPs powder stored in inert gas was purchased from
IoLiTec, Inc. (Germany). The CuNPs suspension was freshly pre-
pared by dispersing the CuNPs powder in standardized synthetic
freshwater and sonicated for 10 min with a probe sonicator (Cole
Parmer CPX 130 ultrasonic processor). The standardized synthetic
freshwater consisted of 58 mg/L CaCl2�2H2O, 24.65 mg/L
MgSO4�7H2O, 12.95 mg/L NaHCO3, 1.15 mg/L KCl and 12.5 mg/L
Tropic Marin Sea Salt with a final conductivity of 350 mS and a
pH of 7.2–7.4, which is within acceptance of the U.S. EPA guidelines
(EPA, 1986; Paull et al., 2008).

The exposure studies were carried out according to the OECD
guideline 203 (OECD, 1992). Juvenile zebrafish (length:
26.9 ± 2.1 mm, weight: 0.17 ± 0.03 g), juvenile fathead minnow
(length: 56.0 ± 7.4 mm, weight: 1.80 ± 0.66 g) and juvenile rain-
bow trout (length: 123 ± 13 mm, weight: 20.3 ± 4.5 g) were used
for the exposures. Zebrafish and fathead minnow belong to the
family of Cyprinidae. Rainbow trout belongs to the family of
Salmonidae. The fish species were obtained from a local supplier
in the UK and tests were carried out in 30 L tanks (Rainbow trout)
and 15 L tanks (Zebrafish and fathead minnow) in reconstituted
fresh water that were well aerated. Six fish were randomly placed
into the exposure tanks. The dosing adopted for each fish species
was based on pilot experiments that determined the toxicity for
CuNPs suspension in the different study species. The final exposure
concentrations of the CuNPs suspension were 0, 0.05, 0.01, 0.3, 0.5
and 1 mg Cu/L for rainbow trout, and 0, 0.03, 0.05, 0.01, 0.3 and
0.5 mg Cu/L for fathead minnow and zebrafish. The final exposure
concentration of Cu(NO3)2 were 0, 0.05, 0.1, 0.2, 0.4 and 0.6 mg
Cu/L for the rainbow trout exposure and 0, 0.003, 0.005, 0.01,
0.03 and 0.05 mg Cu/L for fathead minnow and zebrafish expo-
sures. The concentration–response curve of copper nitrate was
used to assess to what extent the toxicity of the CuNPs could be
accounted for by the copper ions that would derived from the
NPs (more information can be found in the section of data analysis
and statistics). Each exposure was carried out in duplicate tanks.
Fish were maintained under a 12 h light: 12 h dark photoperiod.
Exposures were conducted for 96 h in a semi-static system with
the test media renewed thoroughly every 24 h to help maintain
the stability of exposure concentrations. The system was aerated
to maintain the dissolved oxygen level at a value of at least 90%
of the air saturation value. The water temperature was maintained
at 15 ± 1 �C for rainbow trout and 26 ± 1 �C for both zebrafish and
fathead minnow. Fish mortalities were recorded at intervals of 24,
48, 72 and 96 h and any dead fish were removed from the exposure
tanks at these times. Fish were not fed during the experiment.

2.2. Physico-chemical characterization

The CuNPs were characterized as dry powder using
Transmission Electron Microscopy (TEM). The hydrodynamic
diameter and zeta potential of the CuNPs suspension were mea-
sured for a suspension of 1 mg Cu/L immediately after preparation
(0 h), and after 24 h in the tank water under the different culture
conditions (15 �C and at 26 �C) by Dynamic Light Scattering (DLS)
on a Zetasizer Nano-ZS instrument (Malvern, Instruments Ltd.,
UK). Three independent replicates were measured with each com-
prising of three separate measurements.

2.3. Measured exposure concentrations and ion release

The exposure concentrations were quantified using inductively
coupled plasma-optical emission spectrometry (ICP-OES). Toxicity
data were calculated based on measured exposure concentrations.
In order to measure the ion release from the CuNPs under each cul-
ture scenario in the presence of fish, 15 mL CuNPs suspension was
sampled from the middle of the water column after 24 h of incuba-
tion at temperatures of 15 �C and 26 �C. The samples were subse-
quently centrifuged at 30,000g for 20 min at 4 �C (Beckman
Avanti J-25 centrifuge, UK) to remove the particles from the
CuNPs suspension (Song et al., 2014). The supernatants were then
acidified using 10% HNO3 and then analyzed using ICP–OES. Copper
ion release (%) was calculated as percentage of the total copper
concentration.

2.4. Gill histology

After the exposure, all remaining fish were anesthetized and
killed rapidly by a schedule 1 method and according to UK Home
Office regulations (Office, 1996), and the total body length and
weight of the fish measured. To investigate for possible effects of
the CuNPs suspension and Cu(NO3)2 on the gills, two fish from each
of the controls, the highest concentration of the CuNPs suspension,
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and Cu(NO3)2 were collected and fixed in the appropriate manners
for histological examination by light microscopy and Scanning
Electron Microscopy (SEM) as described below. Examination of gill
histology was conducted for rainbow trout and fathead minnow
only as representatives of the two divergent families of fish studied
(Salmonidae and Cyprinidae).

2.4.1 Light microscopy
The second gill arch from the right side of each fish for the treat-

ments described above was dissected out and immediately fixed in
bouin’s fixative for 4 h. The samples were then transferred to 70%
Industrial Methylated Spirit (IMS) and stored overnight. Samples
were then dehydrated in graded series of ethanol (70%, 80%, 90%,
98% and 100%), cleared in histoclear� and embedded in paraffin
wax. Paraffin sections of 5 lm in thickness were cut using a Leica
rotatory microtome (AS325) and placed onto glass slides. Paraffin
sections were then stained using haematoxylin and eosin and fixed
for observation using light microscopy.

2.4.2 Scanning Electron Microscopy (SEM)
The third gill arch from the right side of each fish for the treat-

ments was dissected out and immediately fixed in 3%
Glutaraldehyde in 0.1 M Cacodylate buffer (pH 7.2) overnight.
The samples were then washed twice with 0.1 M Cacodylate buffer
and fixed in 1% osmium tetroxide in 0.1 M Cacodylate buffer for
2 h. These samples were then washed three times using pure water
and dehydrated in ascending grades of ethanol (30%, 40%, 50%, 60%,
70%, 80%, 90% and 100%) for 10 min each. After storing overnight in
100% ethanol they were subject to critical point drying in carbon
dioxide. The samples were subsequently sputter-coated with plat-
inum and observed using JEOL JSM 6390LV scanning electron
microscopy operating under 15 kV.

2.5. Data analysis and statistics

Concentration–response curves for the CuNPs suspension and
Cu(NO3)2 were plotted. The median lethal concentration (LC50)
and the lowest-observed-effect concentration (LOECs) of the
CuNPs suspension and Cu(NO3)2 after 96 h were calculated based
on measured exposure concentrations using SPSS 16.0 (IBM SPSS,
Armonk, NY, USA). Statistical significance (p < 0.05) of the LC50 of
the CuNPs suspension or the Cu(NO3)2 solutions were compared
between the different time points for each fish species using
One-way ANOVA.

To better understand the contribution of soluble copper ions to
the overall toxicity of the CuNPs suspension, the average ion
content at each exposure concentration of CuNPs (at 24 h) was
used to calculate the toxicity caused by copper ions in the CuNPs
suspension according to the concentration–response curve of
Cu(NO3)2, as described previously (Song et al., 2014). Briefly, it
was assumed that there are no interactions between the particles
and copper ions. The test water was renewed every 24 h to help
maintain the stability of exposure concentrations and the average
ion concentration at each exposure concentration of CuNPs at 24 h
was used to calculated the toxicity caused by copper ions in the
CuNPs suspension according to the concentration–response curve
of Cu(NO3)2. As the total toxicity of copper suspensions was
assessed experimentally, the toxic effect of the particle form of
the CuNPs can be deduced from the total toxicity of copper
suspensions using the response addition model (Backhaus et al.,
2000):

Eparticles ¼ 1� ½ð1� EtotalÞ=ð1� EionsÞ� ð1Þ

where Eparticles represents the toxicity caused by the particles in the
CuNPs suspension.
Etotal represents the total toxicity caused by the CuNPs suspen-
sion, which was measured experimentally. Eions represents the tox-
icity caused by copper ions in the CuNPs suspension, which was
calculated according to the concentration–response curve of
Cu(NO3)2 using the average ion concentration at each exposure
concentration of CuNPs at 24 h.
3. Results

3.1. Physiochemical properties and fate of the CuNPs

TEM illustrates the spherical nature of the CuNPs as supplied as
a dry powder (Fig. 1a). Temperature was found to affect the aggre-
gation and dissolution processes of CuNPs in the testing water. DLS
measurements showed that the majority of CuNPs aggregates had
a hydrodynamic diameter of between 50 nm and 200 nm and
approximately 62% of the CuNPs aggregates were smaller than
100 nm immediately after their dispersion at 15 �C in testing water
(Fig. 2). At 24 h in the trout water exposures (conducted at 15 �C),
most of the CuNPs aggregates were distributed within the size
range between 60 nm and 300 nm, and only 29% of the aggregates
had a hydrodynamic diameter of less than 100 nm (Fig. 2). The
hydrodynamic diameter of the CuNPs aggregates in the same water
for the cyprinid fish exposures (conducted at 26 �C) were between
120 nm and 1000 nm. Between 7% and 15% of the CuNPs was pre-
sent as dissolved ions after a 24 h incubation in the tank water at
15 �C, while the percentage of ion release was considerably higher
(25 ± 3%) in the cyprinid fish exposures (at a temperature of 26 �C;
Fig. 1b). These findings suggest that a higher incubation tempera-
ture resulted in both a greater particle aggregation size and higher
percentage of ion release of the CuNPs.

The zeta potential of the CuNPs suspension in the testing water
was�13 ± 2.1 mV and�16.2 ± 2.1 mV immediately after its consti-
tution at 15 �C and 26 �C, respectively (at 0 h, Fig. 1c) and between
�22.8 ± 4.2 mV and �20.2 ± 4.7 mV after 24 h exposure in the
reconstituted water at 15 �C and 26 �C, respectively.
3.2. Acute toxicity of the CuNPs suspension

The exposure concentrations were measured (Supplementary
Information 1) and used to estimate the LC50 values of CuNPs sus-
pension and copper nitrate. The LC50 values of the CuNPs suspen-
sion decreased with exposure duration (Fig. 3). Mortality was
induced in rainbow trout and zebrafish after 24 h with the LOEC
of the CuNPs suspension of 0.51 and 0.30 mg Cu/L for rainbow
trout and zebrafish, respectively. No mortality was observed for
fathead minnow after 24 h of incubation at the same concentra-
tions (Supplementary Information 2). The toxicity of the CuNPs
suspension increased sharply after 48 h, with LC50 values of
0.99 ± 0.15, 0.47 ± 0.02 and 0.40 ± 0.00 mg Cu/L for rainbow trout,
fathead minnow and zebrafish, respectively. After 72 h, the LC50

values for rainbow trout, fathead minnow and zebrafish were
0.90 ± 0.16, 0.33 ± 0.04 and 0.25 ± 0.04 mg Cu/L, respectively. For
trout this value was not significantly different from the toxicity
at 48 h. The LC50 value for the CuNPs suspension in trout was
0.68 ± 0.15 mg Cu/L at 96 h, which was significantly lower com-
pared to the value at 72 h (Fig. 3a). There were no changes in the
LC50 values for fathead minnow and zebrafish between 96 h and
72 h. Compared with the CuNPs suspension, Cu(NO3)2 had a higher
toxicity in all fish species at all the time points, with 96 h LC50s of
0.24 ± 0.03, 0.07 ± 0.01, 0.04 ± 0.01 mg Cu/L for rainbow trout, fat-
head minnow and zebrafish, respectively (Fig. 3). The 96 h LOECs
for the CuNPs suspension were 0.17 and 0.023 mg Cu/L for rainbow
trout and fathead minnow, respectively. The 96 h LOEC of the
CuNPs suspension for zebrafish was below 0.023 mg Cu/L. The



Fig. 1. (a) Morphology of the 50 nm CuNPs characterized using TEM and (b) percentage of ions released from the CuNPs in the reconstituted water after 24 h at 15 �C
(triangle, dashed) and 26 �C (rectangle, dashed), expressed as the mean ± standard deviation of duplicates. (c) The zeta potential of the CuNPs suspension in the reconstituted
water at time 0 h and after 24 h at different temperatures (15 �C and 26 �C), expressed as mean ± standard deviation of triplicates.

Fig. 2. Size distribution of the CuNPs in the reconstituted water at time 0 h and after 24 h under different temperatures (15 �C and 26 �C), measured using DLS and expressed
as the mean size (nm) ± standard deviation of triplicates.
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toxicity of the CuNPs suspension and copper nitrate varied
between the different fish species and was higher for the zebrafish
and fathead minnow compared with the rainbow trout
(Supplementary Information 3).

Comparing the toxicity (induced mortality) caused by the
CuNPs suspension, and their dissolution profiles in the different
exposures, to the toxicity of soluble copper, it was established that
soluble copper was a main driver for the toxicological effect caused
by the CuNPs suspension (Fig. 4). A possible toxicological effect
caused additionally by the particles in the CuNPs suspension was
only observed only for the fathead minnow exposures (Fig. 4).

3.3. Gill histology

Histological sections of fish gills after 96 h exposure to the high-
est exposure concentration of the CuNPs suspension and Cu(NO3)2

are shown in Fig. 5. In rainbow trout after 96 h of exposure to 1 mg
Cu/L and 0.5 mg Cu/L induced alterations were observed in the gill



Fig. 3. The LC50 of CuNPs suspension (a) and copper nitrate (b) in rainbow trout, fathead minnow and zebrafish over 96 h, expressed as mean ± standard deviation of
duplicate tanks. a, b, c represent the statistical significance (p < 0.05) of the LC50 of the CuNPs suspension or the copper nitrate between the different time points for each fish
species. Note that toxicity data were log-transformed in case of copper nitrate.

Fig. 4. Toxicity caused by soluble copper ions in the CuNPs suspension and toxicity of the CuNPs suspension as a function of the total concentration of the CuNPs suspension.
The results are expressed as mean ± standard deviation of the two tank replicates.

Fig. 5. Sections of rainbow trout and fathead minnow gills after 96 h exposure to control water (a and d), CuNPs suspension (1 mg Cu/L to rainbow trout (b) and 0.5 mg Cu/L
to fathead minnow (e)) and copper nitrate (0.5 mg Cu/L to rainbow trout (c) and 0.05 mg Cu/L to fathead minnow (f)). D indicates detachment of epithelial cells, F: fusion of
secondary lamellae, P: proliferation of epithelial cells. Sectioned were stained with haematoxylin and eosin.
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tissues, which included both proliferation and detachment of
epithelial cells at the base of secondary lamellae (Fig. 5b and c).
In fathead minnows, fusion of secondary lamellae occurred in the
gills for exposure to 0.5 mg Cu/L (96 h) (Fig. 5e) and both fusion
and proliferation of epithelial cells in the gills for exposure to
0.05 mg Cu/L (Fig. 5f).
SEM indicated a difference in the ultrastructure of the lamellae
of rainbow trout and fathead minnow exposed to the CuNPs sus-
pension and Cu(NO3)2 compared with controls (Fig. 6). There was
a reduced prominence in the micro-ridging of the cell surface of
the pavement cells (PVC) of the gill filaments (indicated by blue
arrows). This effect was especially pronounced in the fathead



Fig. 6. SEM images showing the gill surface of rainbow trout and fathead minnow after 96 h exposure; control (a and d), CuNPs suspension (1 mg Cu/L for rainbow trout (b)
and 0.5 mg Cu/L for fathead minnow (e)) and copper nitrate (0.5 mg Cu/L for rainbow trout (c) and 0.05 mg Cu/L for fathead minnow (f)). An obvious feature change was the
reduction in the presence/prominence of microridges on the surface of pavement cells (PVC) in the CuNP/copper nitrate treated fish.
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minnow exposed to the CuNPs suspension and Cu(NO3)2 where
there was an absence of microridges on the PVCs (96 h).

4. Discussion

4.1. Fate of CuNPs in test media

The particle characterization data illustrated that the CuNPs
were polydispersed in the exposure water as nanostructured
aggregates. Nanostructured aggregates of Cu will have a different
surface area compared with monodispersed NPs and thus a differ-
ent surface reactivity. Thus, the biological effects of the CuNPs sus-
pension cannot be related directly to the CuNPs in their pristine
state. This will hold true for almost all nanomaterials in aqueous
test systems and even more so as they enter natural waters, where
natural humics, polysaccharides and other organic materials will
further affect their form, fate and behavior (Quik, 2013).

In the exposures conducted, CuNPs formed larger aggregates at
26 �C than at 15 �C in the same test water, indicating water tem-
perature is an important parameter affecting the aggregation of
NPs in water. Elevated temperature can decrease the solution vis-
cosity and lower the interfacial energy barrier, which can result in
larger sizes of NP aggregates (Chen, 2012). We also show that the
percentage of ion release was considerably higher for CuNPs at a
water temperature of 26 �C compared with at 15 �C. This supports
previous reports that temperature is an important factor affecting
the dissolution of metallic NPs (Liu and Hurt, 2010; Meulenkamp,
1998) and clearly has an important bearing when considering
metal NP toxicology.

In our exposure studies we found the percentage of ion release
from CuNPs was between 7% and 15% at 15 �C and 25 ± 3% at 26 �C
water after 24 h incubation in water. At 24 h, the ion release from
copper-based NPs has been shown previously to range from 0.1%
(Griffitt et al., 2008, 2007) to 36% (Hua et al., 2014). Although dif-
ferences in water chemistry and the particles themselves might
account partially for the difference reported across the studies on
the amount of ions released, there may be other experimental dif-
ferences accounting for, or at least contributing to, these differ-
ences, including differences in centrifugation speed and whether
or not temperature was controlled during centrifugation of water
the samples when separating particle and ions. Collectively, these
data emphasise the need for provide full particle characterization
data for exposures in aqueous to allow for appropriate interpreta-
tions of biological effects data.

An important parameter reflecting the stability of CuNPs sus-
pension is the zeta potential. According to the DLVO theory, a sus-
pension with a zeta potential higher than +30 mV or lower than
�30 mV is considered as stable suspensions (Derjaguin and
Landau, 1941; Verwey and Overbeek, 1948). Zeta potential mea-
surements for the CuNPs in the synthesised water in the test on
fish here showed that the NPs aggregates were not stable.
Aggregation, dissolution and re-dispersion of these aggregates
could be expected over time on the basis of these theoretical
considerations.

4.2. Acute toxicity of the CuNPs suspension

Our results show that the CuNPs suspension and copper nitrate
were toxic to all three fish species studied (De Boeck et al., 2004;
Griffitt et al., 2008; Zhao et al., 2011). The 96 h LC50 value of copper
ions in rainbow trout (0.24 ± 0.03 mg/L) is comparable to the 96 h
LC50 values reported previously for similar exposure conditions (De
Boeck et al., 2004; Hale, 1977). Similarly, the copper 96 h LC50

value for fathead minnow was also comparable to that reported
in previous studies for this species for similar exposure conditions
(Pickering and Henderson 1966; Tarzwell and Henderson 1960). It
should be emphasized that body mass can significantly affect the
threshold response to copper (Howarth and Sprague, 1978). As
an example, the 96 h LC50 for copper ions in rainbow trout is signif-
icantly higher (less sensitive) in larger (20.3 ± 4.5 g) versus smaller
(less than 1 g) fish (Besser et al., 2007; Calfee et al., 2014).

Values for LC50 of CuNPs suspension in our studies (48 h) on
zebrafish were lower (i.e. the CuNPs suspension was more toxic)
compared with the studies conducted by Griffitt et al. (2007,
2008) (48 h LC50 of 0.40 ± 0.00 mg Cu/L, versus 1.5 mg Cu/L for
80 nm CuNPs suspension and 0.94 mg Cu/L for 27 nm CuNPs sus-
pension). These relatively small differences may be accounted for
by differences in water qualities parameters of differences due to
the different CuNPs particles used in the different exposures. In a
further study on CuNPs (the same 50 nm used in our study), the
96 h LC50 for exposed zebrafish embryos (Hua et al., 2014) was
1.9 mg Cu/L, approximately ten times higher (i.e. less toxic) than
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we found for juvenile zebrafish. These findings suggest that life
stage of the fish can have a significant bearing on sensitivity to
the toxicity of CuNPs and this need to be considered in any com-
parison of studies conducted and in the risk assessment process
for CuNPs.
4.3. Toxicity – copper ions and particles

CuNPs tend to both release metal ions and form aggregates in
the water phase. Most studies have suggested that the toxicity of
metallic NPs suspensions is attributed to release of metal ions
(Griffitt et al., 2009; Hoheisel et al., 2012). Our findings support
this for CuNPs, where we found that soluble copper was a main dri-
ver for the toxicological effect for CuNPs for all the tested fish spe-
cies. Previous research has shown that gills are the primary target
of copper ions in fish (Evans, 1987) causing a reduced ability for
ammonia excretion and sodium uptake (Zimmer et al., 2014).
Ultimately, mortality due to copper ion exposure in fish occurs as
a consequence of disrupted osmoregulation (Grosell et al., 2007).

Nevertheless, several studies on metal oxide NP more widely
have indicated that the release of metal ions into the test medium
cannot fully account for the toxicity of metal NPs suspensions.
Examples of this include for Al2O3 NPs (with a mean size of
60 nm) and TiO2 NPs (with a mean size of 50 nm) where the 24 h
LC50 in nematode Caenorhabditis elegans were significantly lower
(the substance was more toxic) than the corresponding bulk mate-
rials, indicating the extra particle effect of these NPs (Wang et al.,
2009). Our results also indicate that the CuNPs particles them-
selves appear to account for some of the toxicity of the CuNPs sus-
pension in fathead minnow. The toxic mechanism of nano
aggregates is not known although again, the gill is believed to be
a primary target organ for such these NP effects (Griffitt et al.,
2007). In a study on the toxicity of TiO2 NPs (with a mean size of
21 nm) a 14 day exposure of rainbow trout induced a significantly
higher incidence of hyperplasia in the gill compared with the same
concentration of bulk TiO2 (Boyle et al., 2013). It is believed that
NPs may also enter into the cardiovascular system through the
damaged gills where they can induce damage to other internal
organs, although this is largely speculation with little data to sub-
stantiate this (Handy et al., 2008). Contrasting with the findings for
fathead minnow there was no particle effects apparent for our
studies on zebrafish and rainbow trout. We can speculate that
these differences in sensitivity between specie may relate to differ-
ences in their physiology (Eyckmans et al., 2011; Grosell et al.,
2007), but this will likely only be elucidate when the precise toxic
mechanism of NPs and nanostructure particles are better
established.
4.4. Relative sensitivities of different fish species to CuNPs suspension

The sensitivity of the tested fish species to the CuNPs suspen-
sion varied (see Supplementary Information 3). The most sensitive
species tested was the zebrafish and the least sensitive the rainbow
trout. The difference seen in sensitivity to the CuNPs between the
three fish species to the CuNP, however, may relate to the condi-
tions of the exposures. Temperature may have been the dominant
factor affecting the difference in the relative toxicity to the CuNPs
between the rainbow trout (incubated at 15 �C) and the cyprinid
fish (incubated at 26 �C), as we clearly show that there was a
higher rate of dissolution at the higher incubation temperature
and thus the availability of more copper ions in the exposure water
for the fathead minnow and zebrafish. As copper ions contributed
significantly (is the dominant factor) in the toxicity of CuNPs sus-
pension, this likely describes why the rainbow trout appeared to
be somewhat less sensitive to the effects of CuNPs suspension.
There are also differences in toxicity that relate to differences in
the intrinsic physiology between salmonid and cyprinid fish rele-
vant to handling copper ions (Heath, 1995). Previous research
showed copper tends to have a higher accumulation rate in liver
but a lower residence and accumulation in kidney in rainbow trout
(salmonidae) compared to gibel carp (cyprinidae) (De Boeck et al.,
2004). Another study has shown that rainbow trout have a differ-
ent defense mechanism against copper exposure compare to cypri-
nidae species, specifically the common carp (Cyprinus carpio) and
gibel carp (Carassius auratus gibelio) (Eyckmans et al., 2011).
Rainbow trout relies mainly on glutathione while cyprinidae spe-
cies rely more on metallothionein in combination with
anti-oxidant enzymes to detoxify the effect of copper ions
(Eyckmans et al., 2011). This knowledge does not allow us to iden-
tify why the zebrafish was the most sensitive to the effects of
CuNPs, but it does serve to illustrate that differences in physiology
are likely to be a key factors contributing to differences in sensitiv-
ity of fish species to a CuNPs suspension.

Further general features of the fish and their exposure condi-
tions could also have had a bearing on the findings. For example,
a previous study showed that rainbow trout with a body weight
of 10 g was 2.5 times less sensitive to copper ions compared with
0.7 g rainbow trout (Howarth and Sprague, 1978). Smaller organ-
isms tend to have a larger mass-specific metabolic rate than
larger-bodied organisms and this can be applied across species
(Brown et al., 2004; Gillooly et al., 2001; Peters, 1986). Also, organ-
isms living in warm environments tend to have higher metabolic
rates than organisms living in a colder environment (Brown
et al., 2004). In this study, zebrafish and fathead minnow had a
lighter body weight and was exposed to the CuNPs suspension
and copper ions under a higher temperature compared with juve-
nile trout. A higher metabolic rate in smaller fish (zebrafish and
fathead minnow) will result in a higher uptake rate of toxicants
from the environment (Brown et al., 2004).

To sum up, what is clear from the data presented is that for any
comparison and extrapolation between species for assessing
effects of metal based NPs that can undergo dissolution, consider-
ations of the exposure conditions and the physiological attributes
of testing species as well as how they differ between the test sys-
tems is critical.

4.5. Gill histopathology

In freshwater fish, that do not drink, the gills are subjected to an
enormous flux of water and therefore constantly exposed to the
array of toxicants present in the water column. Gills are not only
the primary site facilitating respiration for the majority of fish spe-
cies, but also the principal site for regulating body fluid pH and for
nitrogenous waste excretion (Evans et al., 2005). The high surface
area of the epithelium in the gills makes them further susceptible
to effects of aquatic toxicants (Evans, 1987). Here we observed that
both the CuNPs suspension and copper ions induced tissue damage
rapidly to the gill of rainbow trout and fathead minnow (within
4 days), which is in agreement with previous findings (Xiong
et al., 2011; Zhao et al., 2011). Morphological alteration of gills
included detachment and proliferation of epithelial cells at the
base of secondary lamellae and fusion of secondary lamellae that
may affect osmoregulatory and respiratory functions of the fish
gill. Some of the effects seen in the gills were similar between
the rainbow trout and fathead minnow, however there were also
differences seen, suggesting some species specific effects on gill
function.

The SEM observations of the exposed gills revealed that the
CuNPs suspension and Cu(NO3)2 caused a reduction in the micror-
idges on pavement cells. The main function of microridges is to
increase the functional surface area of the epithelium (Evans
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et al., 2005) and to hold mucus to protect the epithelial layer
(Sperry and Wassersug, 1976).The reduction of microridges
directly decreases the contact area with the external medium
and therefore reduces the exchange between gill and water.
Furthermore, published studies have shown that mucus can trap
NPs (Smith et al., 2007) and thus helps to reduce any damage that
might otherwise be caused by these NPs (Handy et al., 2008). The
reduction in the microridges on the PVC therefore by the copper
materials has functional significance for the health of the exposed
fish.

4.6. Environmental relevance

Currently little has been reported regarding the concentration
of CuNPs in the environment. The predicted environmental con-
centration of CuNPs suspension in some receiving waters is
0.06 mg Cu/L with a 95% confidence interval of 0.01–0.92 mg
Cu/L (Chio et al., 2012). Predicted concentrations of CuNPs in some
freshwater aquatic systems may exceed the LOEC values of CuNPs
reported and therefore they may pose risk to some fish species in
natural systems. It is becoming increasingly recognised however
that factors, such as organic substances (Quik, 2013), can strongly
influence the fate and toxicity of NPs in the environment, often
reducing their toxic capacity. These factors are important to con-
sider in the evaluation of the potential risk of CuNPs in the environ-
ment. The present work shows that the physical environment (i.e.
water temperature) has a fundamental bearing on CuNPs toxicity
in fish, but differences in intrinsic physiology between fish species
may also play a role in explaining differences in their sensitivity to
CuNPs toxicity. Our findings illustrate that extrapolations of toxic-
ity of NPs across different species, even under standardized test
conditions requires caution and illustrates the need for reporting
explicitly details of the exposure conditions to enable comparison
of effects data for metal/metal oxide based materials in aqueous
media, especially those that undergo dissolution.
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