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ARTICLE INFO ABSTRACT

Keywords:
Aquatic nanotoxicity
Mixture toxicity

Various modern products have metallic nanoparticles (MNPs) embedded to enhance products performance.
Technological advances enable nowadays even multiple hybrid nanoparticles. Consequently, the future co-
release of multiple MNPs will inevitably result in the presence of MNP mixtures in the environment. An

ll:lﬂgrllic nanovarticles important question is if the responses of mixtures of MNPs can be dealt with in a similar way as with the re-
Metal ions P sponses of biota to mixtures of metal salts. Moreover, natural organic matter (NOM) is an important parameter

affecting the behavior and effect of MNPs. Herein, we determined the joint toxicity and accumulation of copper
nanoparticles (CuNPs) and zinc oxide nanoparticles (ZnONPs) in Daphnia magna in the absence and presence of
Suwannee River natural organic matter (SR-NOM), compared to the joint toxicity and accumulation of corre-
sponding metal salts. The results of toxicity testing showed that the joint toxicity of CuNPs + ZnONPs was greater
than the single toxicity of CuNPs or ZnONPs. The joint toxic action of CuNPs + ZnONPs was additive or more-
than-additive for D. magna. A similar pattern was found in the toxicity of the mixtures of Cu- and Zn-salts from
the literature data. The presence of SR-NOM had no significant impact on the joint toxicity of CuNPs + ZnONPs.
The calculated component-specific contribution to overall toxicity indicated that SR-NOM increased the relative
contribution of dissolved ions released from the MNPs to the toxicity of the binary mixtures at high-effect
concentrations of individual MNPs. Moreover, dissolved Zn-ions released from the ZnONPs were found to
dominate the joint toxicity of CuNPs + ZnONPs in the presence of SR-NOM. Furthermore, the results of the
accumulation experiment displayed that the presence of SR-NOM significantly enhanced the accumulation of
either CuNPs or ZnONPs in D. magna exposed to the MNP mixtures.

1. Introduction individual MNPs. For instance, synergistic effects were found after

exposure of Escherichia coli to a mixture of AgNPs + TiOaNPs (Wilke

With the rapid progress in nanotechnology, various metallic nano-
particles (MNPs) are embedded in industrial and domestic products
(Guinée et al., 2017; Mitrano et al., 2015). Nowadays, hybrid nano-
particles are constantly emerging to achieve multiple functionalities for
single-component nanoparticles (Ma, 2019). Consequently, the poten-
tial co-release of multiple-component MNPs will inevitably bring out the
presence of MNP mixtures in the environment. Nanotoxicological
studies on multiple MNPs are gradually becoming a topic of interest.
Current studies indicated that the toxic potential of multiple MNP
mixtures is likely to be distinct from the summed toxicity of the
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et al., 2018), and for Nitrosomonas europaea after exposure to a mixture
of CeO2NPs + ZnONPs (Yu et al., 2016). On the other hand, some binary
mixtures such as TiOoNPs + CeOyNPs (Yu et al., 2016), and AgNPs +
CuONPs (Ogunsuyi et al., 2019) induced antagonistic toxicity to
N. europaea and Clarias gariepinus, respectively.

Many MNPs undergo dissolution, namely the shedding of metal ions
from MNPs, in an aqueous medium. Thus, particles (MNP puicle), dis-
solved ions released from MNPs (MNPjy,), or both MNPpaice and
MNPj,n, may contribute to the overall toxicity of MNPs (MNPgyerall)
(Wang et al., 2012; Cronholm et al., 2013; Adam et al., 2014; Xiao et al.,
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2015; Ye et al., 2018). It is also realized that the assessment of the
ecotoxicological effects of mixtures of MNPs is more complicated
because of the coexistence of different MNPaticle and different MNP;o,
in suspensions. Given that total MNPj,, in the mixtures of MNPs con-
tributes to the joint toxicity of multiple MNPs mainly, it is necessary to
unravel if the responses of mixtures of MNPs can be dealt with in a
similar way as with the responses of biota to mixtures of metal salts.

Natural organic matter (NOM) plays an important role in modulating
the ecotoxicological effects of metals (Nogueira et al., 2017) and
nanoparticles (Wang et al., 2011). Previous studies have shown that the
addition of NOM reduced the toxicity of metals such as Cu and Zn to
aquatic organisms, due to the complexation of metal ions with NOM and
thereby decreasing the bioavailability of the metals (Hyne et al., 2005;
Nadella et al., 2009; Clifford and McGeer, 2009). Moreover, NOM is
known to have a significant impact on the dissolution and toxicity of
individual MNPs in the aquatic environment (Zhang et al., 2009; Wang
et al., 2016; Sani-Kast et al., 2017; Sharma et al., 2019). The impacts of
NOM on the toxicity of nanoparticles depend on several mechanisms,
including altered electrostatic repulsion between nanoparticles and/or
between nanoparticles and cells, scavenging of nanoparticles-induced
reactive oxidative species, and the formation of complexes with
MNPs-released ions (Deng et al., 2017). In addition, NOM can show
different influences on the aquatic toxicity of MNPs with different types.
For example, in the presence of NOM, the mitigation of the mortality of
CuNPs on Daphnia magna occurred by reducing the contribution of
dissolved Cu®" to the toxicity of the suspension (Xiao et al., 2018).
However, the addition of NOM stabilized ZnONP suspensions and did
not decrease toxicity (Cupi et al., 2015). It is interesting to reveal
whether there is an alteration of mixture toxicity due to the changes in
bioavailability of MNPs when the amount of the ions versus particle
fraction changed in the presence of NOM.

CuNPs and ZnONPs are not only widely applied in numerous prod-
ucts, but they are also reported to be toxic to a wide range of aquatic
organisms (Bondarenko et al., 2013; Xiao et al., 2015; Ho et al., 2018).
The objectives of the present study are to: (1) determine the joint
toxicity of binary mixtures of CuNPs and ZnONPs to the zooplankton
species Daphnia magna; (2) evaluate the contribution of each mixture
constituent to the overall toxicity of the binary mixtures; (3) elucidate
the differences in toxicity and accumulation between mixed metal-salt
exposures and mixed MNP exposures; (4) use a surrogate for NOM
which provides binding sites to modulate the fate, toxicity, contribution
to toxicity of the individual constituents present in the mixture, and
metal accumulation following exposure to binary MNP mixtures. Our
starting hypothesis is that the toxicity and accumulation are associated
with the dissolved fraction of the MNPs, as dependent on the type of
MNPs, the number of nanoparticle constituents (individual or multiple
MNPs), and the properties of the exposure medium such as in the
presence of NOM.

2. Materials and method
2.1. Test materials

CuNPs (reported specific surface area of 30-50 m?/g; purity
>99.5%) and ZnONPs (reported specific surface area of 19 + 5 m%/g;
purity >99.5%) purchased from IoLiTecGmbh (Heibronn, Germany) and
Plasmachem GmbH (Berlin, Germany) were selected in this study. The
two MNPs have the same primary size of 25 nm and they are both
spherically shaped. Cu(NOs); and Zn(NOs), obtained from Sigma-
Aldrich (Zwijndrecht, The Netherlands) were used as reference mate-
rials, which have previously been reported to be an effective approach of
assessing the impacts of dissolved ions released from MNPs (Xiao et al.,
2015). Suwannee River NOM (SR-NOM, 2R101N) as the surrogate for
NOM was supplied by the International Humic Substances Society
(IHSS). The selected SR-NOM was acquired from filtered river water,
which was concentrated using two portable reverse osmosis systems
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(Green et al., 2015). The preparation procedures of the MNP and
SR-NOM stocks are described in the Supplementary data.

2.2. Physicochemical characterizations

The morphology, size distribution (Z-average hydrodynamic diam-
eter), and zeta-potential of MNPs in suspensions were determined to
characterize their physicochemical properties in the test medium. De-
tails for all of these characterizations are given in the Supplementary
data. The actual concentrations of Zn- and Cu-ions released from
ZnONPs, CuNPs, Cu(NOs)2, and Zn(NOg3), were measured using Atomic
Absorption Spectroscopy (AAS; PerkinElmer 1100B).

For modeling dissolved Cu and Zn speciation, a geochemical code,
Visual MINTEQ (version 3.1) (Gustafsson, 2013) was used. The
NICA-Donnan model was applied for describing the binding of metals to
humic substances (Minteq and Agency, 2000). The NICA-Donnan model
uses a bimodal, continuous distribution of affinities for protons and
metal ions (Unsworth et al., 2006). This model has been successfully
used for evaluating Cu and Zn complexation to dissolved organic matter
in a previous study (Baker, 2012). The modeling of metal ions,
metal-inorganic complexes, and NOM-bound complexes (Metal-NOM
complexes) could be performed at the same time. Hence, a direct com-
parison of each species of dissolved ions in the suspensions was possible.

2.3. Experimental outline

Fig. 1 depicts the outline of toxicity and accumulation testing. The
cultures (Supplementary data) and 48 h acute toxicity assays with
D. magna were performed following the OECD Guideline 202 (OECD,
2004).

2.3.1. Single and joint toxicity tests

Neonates (<24 h) were used in the test after cleaning their guts for
around 2 h in ElendtM7 medium. Ten individuals were randomly placed
in each beaker, containing either 100 mL of a suspension of the MNPs or
a control. Daphnids were exposed to increasing initial concentrations of
CuNPs (ranging from 0.01 to 7 mg L™Y), ZnONPs (from 0.5 to 100 mg
L’l), Cu(NOs)3 (from 0.1 to 0.88 mg L’l), and Zn(NO3); (from 1 to 8 mg
L™Y). Three replicates were included for each treatment. Each acute
toxicity test was repeated with different batches of D. magna at three
different times and the data presented are the mean of the runs (n = 3).
The tests were maintained under a 16:8 h light/dark photoperiod (22 +
1 °C) without feeding during the 48 h exposure period. The actual
exposure concentrations of particles and ions in each treatment were
measured by AAS after incubation in the test medium without daphnids.
The detailed sampling procedures for the determination of the actual
exposure concentrations of particles and ions were described in the
Supplementary data.

The concentration-response curves (CRCs) were constructed via
GraphPad Prism 8.0 for each of the single toxicants (CuNPs, ZnONPs,
cu?*, and Zn®"). From the CRCs, the estimated LC;o and LCsg (con-
centrations at which 10% and 50% of mortality of test species are
observed) of CuNPs and ZnONPs were selected as exposure concentra-
tions used in tests for single and mixture toxicity in the presence of SR-
NOM (1, 10 and 20 mg L™1). The LC; and LCsq values of each MNP were
employed to give the fixed concentration ratios that were used in the
toxicity tests performed on the binary mixtures of CuNPs and ZnONPs.

2.3.2. Relative contributions to toxicity of MNPpqriicie and MNPjop,

It is widely believed that the modes of actions of MNPpaicle and
MNPj,, are likely to be independent (Xiao et al., 2015; Liu et al., 2016),
which is in line with the assumption of the response addition (RA) model
(Bliss, 1939). Thus, the RA model is selected as a simplified way of
estimating the toxicity of MNPpaicle from the experimentally deter-
mined overall toxicity of MNP suspensions (MNPgyeran1) to evaluate the
relative contribution of MNPparicle and MNP;, to toxicity (Xiao et al.,
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Relative Contribution of
NPplrﬁde and NPion

Response Addition (RA) model

vs Metal-salt mixture
toxicity/accumulation

(From literature review)

Fig. 1. Scheme of the experimental outline.

2015; Wu et al., 2020). The RA model is defined as follows:

Egveratt =1 = (1 = Eion)(1 = Epapicte) (€8]

where Egyerqn and Ej,, represent the toxic effects caused by the MNP
suspensions and their corresponding released ions (scaled from O to 1),
respectively. Egyerqq Was quantified by the mixture toxicity testing. The
combined effect (E;o,) of the two dissolved ions released from the MNPs
present in the binary MNP mixtures was calculated as follows:

Eian(Cu2++ZnZ+) =1- (1 - EC“2+)(1 - EZnH) (2)

Then, the effects caused by the particles (Eparicie) Were directly
calculated by the RA model.

2.3.3. Accumulation tests

The accumulation profile of the MNPs by D. magna was measured
through a 48 h accumulation test. Following the acute toxicity test, the
concentrations of CuNPs and ZnONPs used in the accumulation exper-
iments were the actual particle concentrations of MNPs at the LC; level
for the exposure to both single and binary MNPs. For the accumulation
test, the exposure time and all other conditions were the same as in the
toxicity test. The pre-treatment of daphnid accumulation was based on
the procedure described by Bossuyt and Janssen (2005) with slight
modification. Briefly, after the 48 h exposure period, healthy D. magna
(150-200 daphnids for each replicate) were selected and transferred to
5% EDTA solution for around 15 min. They were then washed two times
with 5% EDTA and then two times with fresh Milli-Q water to remove
the absorbed particles and ions upon the surface of the daphnids. After
absorbing the water left behind on the organisms using tissue paper, the
animals were dried at 80 °C overnight in pre-weighed glass containers
before weighing on a microbalance and then digested in 65% HNO3 at
80 °C overnight. The Cu and Zn concentrations in the digested samples
were subsequently determined by AAS. The statistical analyses were
listed in the Supplementary data.

3. Results and discussion

3.1. Characterization of CuNPs and ZnONPs in the absence and presence
of SR-NOM

The morphology of the CuNPs and ZnONPs in the single and binary
mixtures and the impact of SR-NOM in the test medium are presented in
Fig. S1 (Supplementary data). Analysis of the TEM images indicates that

the CuNPs (Fig. S1A) or ZnONPs (Fig. S1B) agglomerated intensely and
formed irregular shapes in the test medium. However, in the presence of
SR-NOM, the CuNPs (Fig. S1D) or ZnONPs (Fig. S1E) showed a greater
tendency to disagglomerate. In addition, the CuNPs or ZnONPs co-
agglomerated regardless of the absence (Fig. S1C) or presence
(Fig. S1F) of SR-NOM.

The hydrodynamic diameter (Dy in nm) and zeta potential (ZP in
mV) of CuNPs and ZnONPs and their binary mixtures in the absence and
presence of 1, 10, and 20 mg L~! SR-NOM in the test medium are
depicted in Fig. 2 and Fig. S2 (Supplementary data). After 48 h of
exposure, the degree of agglomeration of individual and binary mixtures
of CuNPs and ZnONPs in the absence of SR-NOM decreased in the order
of CuNPs > ZnONPs =~ mixture of CuNPs and ZnONPs (Fig. 2A). For the
individual CuNPs and ZnONPs, the addition of SR-NOM reduced the
extent of agglomeration remarkably, corresponding to the results shown
in the TEM images (Figs. S1D and S1E). The inhibition of agglomeration
implied that SR-NOM stabilized the individual MNPs, which facilitated
their dispersion. The stabilization effect arising from SR-NOM depended
upon the exposure concentration of SR-NOM. The co-agglomeration
behavior of the binary mixtures was significantly modified only after
adding 20 mg L™! SR-NOM. Meanwhile, no significant change in the ZP
values of MNPs was observed in the absence and presence of SR-NOM.
The only exception was the case of 20 mg L™! SR-NOM as this concen-
tration of SR-NOM reduced the absolute ZP value of CuNPs over 48 h of
incubation (Fig. 2B), which might be due to the reduction of electrical
double layer repulsion between particles.

The sedimentation of the particles was evaluated by relating the
actual concentrations (C) of the MNPs (based on total metal) after 48h of
exposure in the suspensions to the initial concentrations (Cy) of the MNP
suspensions. According to Fig. 2C, the actual concentrations of CuNPs
and ZnONPs decreased by around 20-25% after 48 h of settling in the
absence of SR-NOM. Upon the addition of 1 and 10 mg L' SR-NOM, the
actual concentration of CuNPs dropped by 28-35% in the test medium
due to the sedimentation of particles. This is in good agreement with the
change of Dy values of CuNPs as aforementioned, suggesting that the
reduction of aggregation of CuNPs by SR-NOM (1 and 10 mg L™!) was
mainly caused by the increased sedimentation of the particles. The
actual concentration of ZnONPs after 48 h of incubation in the absence
and presence of SR-NOM did not differ significantly, irrespective of the
concentration of SR-NOM. In the binary system, the actual concentration
of CuNPs after 48 h of exposure in the mixture suspensions dropped
dramatically by 54% compared to the concentration of the individual
CuNPs suspension, while the actual concentration of ZnONPs after 48 h
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Fig. 2. Variation in Dy (A) and ZP (B) of CuNPs and
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settling did not change significantly when comparing the concentrations
of single MNPs and mixtures.

The profiles of ion release shedded from the individual and binary
MNPs in the absence and presence of SR-NOM are shown in Fig. 2E and
F, where it is expressed based on the concentration of the time-weighted
average Ctwa. The high percentage (>70%) of dissolved ions in the
individual MNPs suspensions demonstrated that ions from both CuNPs
and ZnONPs to a high degree dissolved (Fig. 2E). The concentration of
Zn-ions was not influenced by the addition of SR-NOM, and the con-
centration of Cu-ions only decreased by about 9 and 16% when 1 and 10
mg L~! SR-NOM were added into the suspensions, respectively. The
dissolution of ZnONPs in the mixture suspensions was similar to the
dissolution in the individual exposure system, as shown in Fig. 2F.
However, the ion release of CuNPs shifted from 73% to 31% when they
were incubated in the mixture suspensions. The presence of SR-NOM
only slightly influenced the degree of dissolution of both CuNPs and
ZnONPs in the mixtures. In addition, the prediction of the SR-NOM-
dependent speciation as obtained using Visual MINTEQ 3.1 is shown
in Fig. S5. It is found that the ratio of ions (Cu?>* and Zn2") to the total
dissolved metal (Cu and Zn) hugely decreased in the presence of SR-
NOM in both individual MNP suspensions and mixture suspensions.
Note that the Cu-NOM complex accounted for almost all of the dissolved
Cu-ions with the addition of any concentration of SR-NOM, confirming
that Cu?* was easily bound to SR-NOM through weak electrostatically
binding and chemical complexation, as previously suggested (Field and
Sea, 2014). The ratio of the concentration of Zn>" to the concentration of
total dissolved Zn-ions shifted from 84% to 67% after adding 1 mg L™!
SR-NOM and to 0% after adding 10 and 20 mg L~! SR-NOM,

respectively. Similar interactions between SR-NOM and dissolved ions
were observed in the mixture suspensions.

3.2. Single and joint acute toxicity of CuNPs and ZnONPs to D. magna in
the absence and presence of SR-NOM

3.2.1. Single and joint toxic effects

CRCs of CuNPs, ZnONPs, Cu(NOs)2, and Zn(NOgs), are presented in
Fig. S3. The LCsp and LCyq values of single compounds calculated from
the CRCs are provided in Table 1. Based on the LCsy and LC1¢ values, the
toxicity decreased in the order of Cu(NOs) > CuNPs > Zn(NO3); >
ZnONPs. Xiao et al. (2015) also found that the acute toxicity of CuNPs
was greater than that of ZnONPs. Furthermore, D. magna was more
sensitive to metal ions than to the corresponding MNPs, with Cu®* being
the most toxic to daphnids. The difference in the sensitivity of D. magna
to Cu/Zn-ions and Cu/ZnNPs was also observed by Xiao et al. (2015).

In the presence of SR-NOM, a significant reduction in the mortality of
D. magna exposed to CuNPs was observed (Fig. 3A). It is obvious that

Table 1

Lethal concentrations (mgCu L 'or mgZn L Yof suspensions of Cu and Zn NPs,
and of solutions of Cu(NO3); and Zn(NOs), towards D. magna, expressed based
on time-weighted average concentrations of Cu and Zn after 48 h of exposure.

Test materials LCs0 (95% confidence limits) LC10 (95% confidence limits)

CuNPs 0.40 (0.26-0.57) 0.11 (0.02-0.22)
Cu(NO3)2 0.04 (0.03-0.06) 0.02 (0.01-0.03)
ZnONPs 4.01 (2.90-54.35) 1.29 (0.12-2.61)

Zn(NO3), 0.75 (0.58-0.96) 0.27 (0.17-0.41)
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Fig. 3. Mortality (%) of D. magna exposed to individual CuNPs (A) and ZnONPs
(B) in the presence of 0, 1, 10, and 20 mg L' SR-NOM; and the impact of SR-
NOM (0, 1, 10 and 20 mg L™!) on mixture toxicity of CuNPs and ZnONPs, based
on the LCyo and LCsg ratios (C) at their individual LC;o and LCsq concentration.
Values are expressed as mean + standard deviation (n = 3). Letters indicate
statistically significant (p < 0.05) differences between the treatments.

different concentrations of SR-NOM significantly reduced the mortality
of CuNPs to a similar degree. Xiao et al. (2018) also found that the
toxicity of CuNPs to D. magna decreased with increasing the concen-
trations of humic acid. The decrease in toxicity for CuNPs with the
addition of SR-NOM may be due to the complexation of released ions
with NOM and the passivation of the particle surface by NOM adsorption
(Fabrega et al., 2009). Noteworthy, the opposite, hence, an increase in
the mortality of daphnids exposed to ZnONPs (Fig. 3B) was observed.
These results are in line with Cupi et al. (2015) who found a similar
effect of SR-NOM on the toxicity towards daphnids, namely that the
presence of SR-NOM significantly enhanced the toxicity (in terms of
48h-ECsy values) of ZnONPs test suspensions prepared from nano-
particle Stock I to D. magna. The enhancement of the toxicity might be
explained by the fact that the stabilization of the ZnONP suspensions in
the presence of SR-NOM is significant. Organisms can take in stabilized
nanoparticles in the aqueous medium, and the bio-
accumulation/biological effects are likely enhanced (Deng et al., 2017).

Environmental Pollution 292 (2022) 118413

As can be seen in Fig. S4, the mortality of the binary mixtures of
CuNPs and ZnONPs at the LC;¢ and LCsg ratios was 45% and 98%,
respectively. This means that the co-exposure of CuNPs and ZnONPs
exerted more-than-additive or additive toxic effects on D. magna. To
investigate the differences in the modes of joint toxic action between the
co-exposure of CuNPs and ZnONPs and their corresponding metal-ion
counterparts, we summarized literature data on the joint toxicity of
Cu- and Zn-salts to freshwater organisms in Table S1. As shown in
Table S1, additive or more-than-additive effects on D. magna were found
in most studies on the joint toxicity of Cu- and Zn-salts (Komjarova and
Blust, 2008; Cooper et al., 2009; Meyer et al., 2015; Lari et al., 2017).
This indicated that the two studied MNPs in the mixtures interacted in a
manner similar to their corresponding metal salts.

The impact of SR-NOM on the mortality of the binary mixtures of
CuNPs and ZnONPs at the LCyo and LCs ratios is presented in Fig. 3C.
Generally, no significant impact (p < 0.05) on the joint toxicity of CuNPs
and ZnONPs was found in the presence of SR-NOM, regardless of the
mixture ratios and the SR-NOM concentration.

3.2.2. Relative contribution of MNPjo, and MNPpqriicle to overall toxicity

Fig. 4 depicts the relative contribution of MNP;,, and MNPparicle t0
the overall toxicity of the individual and binary mixtures of CuNPs and
ZnONPs. As shown in Fig. 4A, CuNPSpurticle and CuNPs;,, accounted for
82% and 18% of the toxicity of CuNPsyyerann at the LCsg level, respec-
tively, while CuNPsayticle and CuNPs;o, accounted for 0% and 100% of
the toxicity of CuNPsgyeran at the LCig level. The high contribution of
dissolved Cu-ions to the toxicity of CuNPsgyera) at the LC1g level is due to
the relative high ion release as mentioned above. Note that in the
presence of SR-NOM no data were obtained for the relative contribution
of CuNPsparticle and CuNPs;o, to the toxicity of CuNPsgyeran at the LCyo
level, which is due to the fact that no mortality was observed for the
CuNPsgyeral in the presence of SR-NOM (Fig. 4A). Upon the addition of
SR-NOM, the relative contribution of CuNPs;,, to the toxicity of CuN-
PSoverall at the LCsg level decreased owing to the reduction of dissolved
Cu®*-concentrations by SR-NOM. As shown in Fig. 4B, ZnONPs;jy,
accounted for 100% of the relative contribution to the toxicity of
ZnONPsgyeran in the absence of SR-NOM, implying that the single
toxicity of ZnONPs was to be fully ascribed to the dissolved Zn-ions. In
contrast, some previous studies found that the particles of ZnONPs were
the main source of toxicity (Xiao et al., 2015; Ye et al., 2018). This
difference might be explained by a difference in dissolution rates due to
the studied MNPs’ characteristics and the exposure conditions (Lopes
et al., 2014). It was found that SR-NOM had no impact on the relative
contribution of ZnONPs;,;, to the toxicity of ZnONPsgyeran at the LCyg
level, whereas SR-NOM had different impacts on the relative contribu-
tion of ZnONPs;,, to the toxicity of ZnONPsgyera at the LCsy level.
Generally, decreasing the concentration of SR-NOM increased the rela-
tive contribution of ZnNONPSpticle to the toxicity of ZnONPsgyeran at the
LC50 level.

Fig. 4C presents the relative contribution of MNP;,, and MNPpaicle
to the toxicity of the binary mixtures of CuNPs and ZnONPs at the LC1o
and LCs ratios to D. magna in the absence and presence of SR-NOM. The
contribution of MNPj,, to the joint toxicity of the binary mixtures at the
LCyp ratio was 100%, irrespective of whether SR-NOM was present. This
implies that dissolved ions play an absolute role in the joint toxicity of
CuNPs + ZnONPs, which can be regarded as a mixture of Cu?* and Zn?".
For the toxicity of the binary mixtures at the LCsq ratio, the relative
contribution of MNP, (47%) to the joint toxicity of the binary mixtures
was lower than that of MNPparicle (53%). However, a contribution of
MNP;,, of more than 50% was observed in the presence of SR-NOM,
implying that the contribution of dissolved ions to the joint toxicity of
the binary mixtures was enhanced by SR-NOM.

The specific contribution of Cu-ions and Zn-ions to the toxicity
induced by total dissolved ions was further separated, as shown in
Fig. 4D. Generally, the contribution of Zn-ions to the overall toxicity
induced by MNPj,, in the binary mixtures in the absence and presence of
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Fig. 4. Relative contribution to toxicity of MNPparicle and MNP;,, of the individual CuNPs (A) and ZnONPs (B), and the binary mixtures (C) at the LCyo and LCsg
ratios in the absence and presence of 1, 10 and 20 mg L™ SR-NOM. (D) depicts the relative contribution of Cu-ions and Zn-ions released from the MNPs to the toxicity

caused by the total dissolved ions. n. d. = not determined.

SR-NOM was markedly greater than Cu-ions. This means that Zn-ions
dictated the toxicity of MNPj,, in the binary mixtures no matter
whether SR-NOM was present or absent. It can be concluded that the
concentration of SR-NOM used was inadequate to counteract the im-
pacts of ions on the overall toxicity of the binary mixtures of CuNPs and
ZnONPs.

3.3. Single and joint accumulation of CuNPs and ZnONPs in D. magna in
the absence and presence of SR-NOM

The accumulation of MNPs (based on ingested and internalized
metal) in D. magna exposed to the individual CuNPs and ZnONPs and the
binary mixtures at the LCj ratio in the absence and presence of 20 mg
L~! SR-NOM is shown in Fig. 5. After 48 h of exposure, the amounts of
Cu and Zn accumulated in the daphnids were 0.79 + 0.04 and 1.09 +
0.01 mg g~ dry weight for CuNPs and ZnONPs, respectively. It is
obvious that the total Zn accumulation was higher than the total Cu
accumulation. This is consistent with the experimental results of Xiao
et al. (2015).

The accumulated amount of Zn in the binary mixtures of CuNPs and
ZnONPs increased by a factor of 2.5 compared to the accumulated
amount of Zn in the individual ZnONPs, as shown in Fig. 5. A similar
phenomenon in which the accumulated amount of Zn increased in the
presence of Cu was also found for the case of exposure of daphnids to Cu-
and Zn-salts (Komjarova and Blust, 2008). This also means that CuNPs

[ Cu of CuNPs
[ Zn of ZnONPs

Accumulation (mg/g dw)

o

4‘5\)

ot
W o

Fig. 5. Accumulation (mg g~* dry weight) of total Cu and Zn in D. magna after
48 h exposed to the single and binary mixtures of CuNPs and ZnONPs in the
presence of 20 mg L™' SR-NOM. Values are expressed as mean + standard
deviation (n = 3). Different letters indicate significant differences between the
treatments for the accumulation of the same elementary (p < 0.05).
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and ZnONPs acted in an interaction mode similar to Cu-salts and
Zn-salts. However, there is no significant change in the amounts of
CuNPs (in terms of total Cu) accumulated in daphnids after the addition
of ZnONPs.

The amounts of Cu and Zn in the binary mixtures of CuNPs and
ZnONPs accumulated in D. magna were 3.1 and 1.3 times higher in the
presence of SR-NOM than when SR-NOM was not present. This means
that the addition of SR-NOM increased the accumulation of the MNPs. In
particular, in the presence of SR-NOM the accumulation of Cu increased
more obviously. NOM was previously shown to reduce metal bioavail-
ability via chelating and sequestering metal cations (Gheorghiu et al.,
2010; Al-Reasi et al., 2011; DePalma et al., 2011; Nogueira et al., 2017;
Qiao et al., 2019). Nevertheless, it cannot be excluded that metal ions
bound with NOM are available accumulation by aquatic organisms
(Wang et al., 2016), especially for D. magna which can ingest suspended
and sediment particles smaller than the reported size limit of 70 ym
(Geller and Miiller, 1981; Tervonen et al., 2010; Lee and Ranville, 2012).
The maximum size of detected metal-NOM complexes and agglomerates
of MNP mixtures was smaller than 2 pm in this work, hence the com-
plexes, agglomerates, or their sediments, could be taken up by D. magna.
Moreover, similar results suggested that some organisms could provide
indirect routes for the uptake of Cu-NOM complexes (Lorenzo et al.,
2005), or some active biological processes in organisms could coun-
teract the chelation of Cu by NOM (Lores et al., 1999), thus increasing
the accumulation of Cu in presence of NOM. Consequently, an analogous
mechanism might be responsible for the enhancement of accumulation
of either Cu or Zn in the binary mixtures of CuNPs and ZnONPs when
NOM was present. In addition, the increase in bioavailability and
accumulation of mixed MNPs in the presence of SR-NOM are in good
agreement with a deduction that the competition of Cu-Zn binding with
NOM will enhance the accumulation of Cu or Zn ions (Meyer et al., 2015;
Crémazy et al., 2019).

4. Conclusions

The joint toxicity effects of CuNPs and ZnONPs were determined to
be additive or more-than-additive in D. magna, which is similar to the
joint toxicity effects of Cu- and Zn-ions reported in the literature. SR-
NOM had no significant impact on the apparent toxicity of the binary
mixtures of CuNPs and ZnONPs. However, the addition of SR-NOM
increased the relative contribution of total dissolved ions released
from the MNPs compared to the particles to the toxicity of the binary
mixtures at high-effect concentrations of individual MNPs. Moreover,
the Zn-ions released from the ZnONPs had a dominant role in the binary
mixtures of CuNPs and ZnONPs as a result of the agglomeration and
sedimentation of CuNPs and the complexation of the CuNPs released Cu-
ions with SR-NOM. Furthermore, SR-NOM remarkably enhanced the
bioaccumulation of both Cu and Zn in the binary mixtures of CuNPs and
ZnONPs. Overall the results corroborate the importance of natural
environmental factors in determining the ecotoxicity of multiple MNPs
in the aquatic environment.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgments

The authors would like to thank Juan Wu, Zhenyan Zhang, Yujia
Zhai, and Daniel Arenas-Lago (Leiden University) for the technical
support. The research described in this work was supported by the Eu-
ropean Union’s Horizon 2020 research and the innovation programs
“NanoinformaTIX” (grant number 814426) that supported Willie J. G.
M. Peijnenburg and Martina G. Vijver and the National Natural Science

Environmental Pollution 292 (2022) 118413

Foundation of China (grant number 31971522) to Zhuang Wang. Qi Yu
greatly acknowledges the support from the China Scholarship Council
(grant number 201706060195).

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
0rg/10.1016/j.envpol.2021.118413.

Author statement

Qi Yu: Investigation, Data curation, Writing — original draft, Visu-
alization, Funding acquisition. Zhuang Wang: Conceptualization,
Investigation, Methodology, Formal analysis, Validation, Writing — re-
view & editing, Project administration. Guiyin Wang: Investigation,
Visualization, Formal analysis. Willie J.G.M. Peijnenburg: Conceptuali-
zation, Resources, Writing — review & editing, Supervision, Funding
acquisition, Project administration. Martina G. Vijver: Conceptualiza-
tion, Resources, Writing — review & editing, Supervision, Funding
acquisition, Project administration.

References

Adam, N., Schmitt, C., Galceran, J., Companys, E., Vakurov, A., Wallace, R., Knapen, D.,
Blust, R., 2014. The chronic toxicity of ZnO nanoparticles and ZnCly to Daphnia
magna and the use of different methods to assess nanoparticle aggregation and
dissolution. Nanotoxicology 8, 709-717.

Al-Reasi, H.A., Wood, C.M., Smith, D.S., 2011. Physicochemical and spectroscopic
properties of natural organic matter (NOM) from various sources and implications
for ameliorative effects on metal toxicity to aquatic biota. Aquat. Toxicol. 179-190.

Baker, B.J., 2012. Investigation of the Competitive Effects of Copper and Zinc on Fulvic
Acid Complexation: Modeling Analytical Approaches. Colorado School of Mines.

Bliss, C.I., 1939. The toxicity of poisons applied jointly. Ann. Appl. Biol. 26, 585-615.

Bondarenko, O., Juganson, K., Ivask, A., Kasemets, K., Mortimer, M., Kahru, A., 2013.
Toxicity of Ag, CuO and ZnO nanoparticles to selected environmentally relevant test
organisms and mammalian cells in vitro: a critical review. Arch. Toxicol. 1181-1200.

Bossuyt, B.T., Janssen, C.R., 2005. Copper regulation and homeostasis of Daphnia magna
and Pseudokirchneriella subcapitata: influence of acclimation. Environ. Pollut. 136,
135-144.

Clifford, M., McGeer, J.C., 2009. Development of a biotic ligand model for the acute
toxicity of zinc to Daphnia pulex in soft waters. Aquat. Toxicol. 91, 26-32.

Cooper, N.L., Bidwell, J.R., Kumar, A., 2009. Toxicity of copper, lead, and zinc mixtures
to Ceriodaphnia dubia and Daphnia carinata. Ecotoxicol. Environ. Saf. 72, 1523-1528.

Crémazy, A., Brix, K.V., Wood, C.M., 2019. Using the biotic ligand model framework to
investigate binary metal interactions on the uptake of Ag, Cd, Cu, Ni, Pb and Zn in
the freshwater snail Lymnaea Stagnalis. Sci. Total Environ. 647, 1611-1625.

Cronholm, P., Karlsson, H.L., Hedberg, J., Lowe, T.A., Winnberg, L., Elihn, K.,
Wallinder, 1.0., Moller, L., 2013. Intracellular uptake and toxicity of Ag and CuO
nanoparticles: a comparison between nanoparticles and their corresponding metal
ions. Small 9, 970-982.

Cupi, D., Hartmann, N.B., Baun, A., 2015. The influence of natural organic matter and
aging on suspension stability in guideline toxicity testing of silver, zinc oxide, and
titanium dioxide nanoparticles with Daphnia magna. Environ. Toxicol. Chem. 34,
497-506.

Deng, R., Lin, D., Zhu, L., Majumdar, S., White, J.C., Gardea-Torresdey, J.L., Xing, B.,
2017. Nanoparticle interactions with co-existing contaminants: joint toxicity,
bioaccumulation and risk. Nanotoxicology 11, 591-612.

DePalma, S.G.S., Ray Arnold, W., McGeer, J.C., George Dixon, D., Scott Smith, D., 2011.
Effects of dissolved organic matter and reduced sulphur on copper bioavailability in
coastal marine environments. Ecotoxicol. Environ. Saf. 74, 230-237.

Fabrega, J., Fawcett, S.R., Renshaw, J.C., Lead, J.R., 2009. Silver nanoparticle impact on
bacterial growth: effect of pH, concentration, and organic matter. Environ. Sci.
Technol. 43, 7285-7290.

Field, S., Sea, S.W.B., 2014. Stabilization of Metals and Shooting Range Soils - the
Metalloids in Contaminated Effect of Iron-Based Amendments. University of Oslo.

Geller, W., Miiller, H., 1981. The filtration apparatus of cladocera: filter mesh-sizes and
their implications on food selectivity. Oecologia 49, 316-321.

Gheorghiu, C., Smith, D.S., Al-Reasi, H.A., McGeer, J.C., Wilkie, M.P., 2010. Influence of
natural organic matter (NOM) quality on Cu-gill binding in the rainbow trout
(Oncorhynchus mykiss). Aquat. Toxicol. 97, 343-352.

Green, N. W.; Mcinnis, D.; Hertkorn, N.; Maurice, P. A.; Perdue, E. M. 2015 Suwannee
River Natural Organic Matter: Isolation of the 2R101N Reference Sample by Reverse
Osmosis.

Guinée, J.B., Heijungs, R., Vijver, M.G., Peijnenburg, W.J.G.M., 2017. Setting the stage
for debating the roles of risk assessment and life-cycle assessment of engineered
nanomaterials. Nat. Nanotechnol. 12, 727-733.

Gustafsson, J.P., 2013. Visual MINTEQ 3.1 (KTH, Sweden). https://vminteq.lwr.kth.se/.

Ho, K.T., Portis, L., Chariton, A.A., Pelletier, M., Cantwell, M., Katz, D., Cashman, M.,
Parks, A., Baguley, J.G., Conrad-Forrest, N., Boothman, W., Luxton, T., Simpson, S.


https://doi.org/10.1016/j.envpol.2021.118413
https://doi.org/10.1016/j.envpol.2021.118413
http://refhub.elsevier.com/S0269-7491(21)01995-3/sref1
http://refhub.elsevier.com/S0269-7491(21)01995-3/sref1
http://refhub.elsevier.com/S0269-7491(21)01995-3/sref1
http://refhub.elsevier.com/S0269-7491(21)01995-3/sref1
http://refhub.elsevier.com/S0269-7491(21)01995-3/sref2
http://refhub.elsevier.com/S0269-7491(21)01995-3/sref2
http://refhub.elsevier.com/S0269-7491(21)01995-3/sref2
http://refhub.elsevier.com/S0269-7491(21)01995-3/sref3
http://refhub.elsevier.com/S0269-7491(21)01995-3/sref3
http://refhub.elsevier.com/S0269-7491(21)01995-3/sref4
http://refhub.elsevier.com/S0269-7491(21)01995-3/sref5
http://refhub.elsevier.com/S0269-7491(21)01995-3/sref5
http://refhub.elsevier.com/S0269-7491(21)01995-3/sref5
http://refhub.elsevier.com/S0269-7491(21)01995-3/sref6
http://refhub.elsevier.com/S0269-7491(21)01995-3/sref6
http://refhub.elsevier.com/S0269-7491(21)01995-3/sref6
http://refhub.elsevier.com/S0269-7491(21)01995-3/sref7
http://refhub.elsevier.com/S0269-7491(21)01995-3/sref7
http://refhub.elsevier.com/S0269-7491(21)01995-3/sref8
http://refhub.elsevier.com/S0269-7491(21)01995-3/sref8
http://refhub.elsevier.com/S0269-7491(21)01995-3/sref9
http://refhub.elsevier.com/S0269-7491(21)01995-3/sref9
http://refhub.elsevier.com/S0269-7491(21)01995-3/sref9
http://refhub.elsevier.com/S0269-7491(21)01995-3/sref10
http://refhub.elsevier.com/S0269-7491(21)01995-3/sref10
http://refhub.elsevier.com/S0269-7491(21)01995-3/sref10
http://refhub.elsevier.com/S0269-7491(21)01995-3/sref10
http://refhub.elsevier.com/S0269-7491(21)01995-3/sref11
http://refhub.elsevier.com/S0269-7491(21)01995-3/sref11
http://refhub.elsevier.com/S0269-7491(21)01995-3/sref11
http://refhub.elsevier.com/S0269-7491(21)01995-3/sref11
http://refhub.elsevier.com/S0269-7491(21)01995-3/sref12
http://refhub.elsevier.com/S0269-7491(21)01995-3/sref12
http://refhub.elsevier.com/S0269-7491(21)01995-3/sref12
http://refhub.elsevier.com/S0269-7491(21)01995-3/sref13
http://refhub.elsevier.com/S0269-7491(21)01995-3/sref13
http://refhub.elsevier.com/S0269-7491(21)01995-3/sref13
http://refhub.elsevier.com/S0269-7491(21)01995-3/sref14
http://refhub.elsevier.com/S0269-7491(21)01995-3/sref14
http://refhub.elsevier.com/S0269-7491(21)01995-3/sref14
http://refhub.elsevier.com/S0269-7491(21)01995-3/sref15
http://refhub.elsevier.com/S0269-7491(21)01995-3/sref15
http://refhub.elsevier.com/S0269-7491(21)01995-3/sref16
http://refhub.elsevier.com/S0269-7491(21)01995-3/sref16
http://refhub.elsevier.com/S0269-7491(21)01995-3/sref17
http://refhub.elsevier.com/S0269-7491(21)01995-3/sref17
http://refhub.elsevier.com/S0269-7491(21)01995-3/sref17
http://refhub.elsevier.com/S0269-7491(21)01995-3/sref19
http://refhub.elsevier.com/S0269-7491(21)01995-3/sref19
http://refhub.elsevier.com/S0269-7491(21)01995-3/sref19
https://vminteq.lwr.kth.se/
http://refhub.elsevier.com/S0269-7491(21)01995-3/sref21
http://refhub.elsevier.com/S0269-7491(21)01995-3/sref21

Q Yuetal

L., Fogg, S., Burgess, R.M., 2018. Effects of micronized and nano-copper azole on
marine benthic communities. Environ. Toxicol. Chem. 37, 362-375.

Hyne, R.V., Pablo, F., Julli, M., Markich, S.J., 2005. Influence of water chemistry on the
acute toxicity of copper and zinc to the cladoceran Ceriodaphnia cf dubia. Environ.
Toxicol. Chem. 24, 1667-1675.

Komjarova, 1., Blust, R., 2008. Multi-metal interactions between Cd, Cu, Ni, Pb and Zn in
water flea Daphnia magna, a stable isotope experiment. Aquat. Toxicol. 90,
138-144.

Lee, B.T., Ranville, J.F., 2012. The effect of hardness on the stability of citrate-stabilized
gold nanoparticles and their uptake by Daphnia magna. J. Hazard Mater. 213-214,
434-439.

Liu, Y., Baas, J., Peijnenburg, W.J.G.M., Vijver, M.G., 2016. Evaluating the combined
toxicity of Cu and ZnO nanoparticles: utility of the concept of additivity and a nested
experimental design. Environ. Sci. Technol. 50, 5328-5337.

Lopes, S., Ribeiro, F., Wojnarowicz, J., Lojkowski, W., Jurkschat, K., Crossley, A.,
Soares, A.M.V.M,, Loureiro, S., 2014. Zinc oxide nanoparticles toxicity to Daphnia
magna: size-dependent effects and dissolution. Environ. Toxicol. Chem. 33, 190-198.

Lorenzo, J.I., Beiras, R., Mubiana, V.K., Blust, R., 2005. Copper uptake by Mytilus edulis
in the presence of humic acids. Environ. Toxicol. Chem. 24, 973-980.

Lores, E.M., Snyder, R.A., Pennock, J.R., 1999. The effect of humic acid on uptake/
adsorption of copper by a marine bacterium and two marine ciliates. Chemosphere
38, 293-310.

Ma, D., 2019. Hybrid Nanoparticles: an Introduction - ScienceDirect.

Meyer, J.S., Ranville, J.F., Pontasch, M., Gorsuch, J.W., Adams, W.J., 2015. Acute
toxicity of binary and ternary mixtures of Cd, Cu, and Zn to Daphnia magna.
Environ. Toxicol. Chem. 34, 799-808.

Minteq, V., Agency, E.P., 2000. Visual MINTEQ - a Brief Tutorial, pp. 1-5.

Mitrano, D.M., Motellier, S., Clavaguera, S., Nowack, B., 2015. Review of nanomaterial
aging and transformations through the life cycle of nano-enhanced products.
Environ. Int. 77, 132-147.

Nadella, S.R., Fitzpatrick, J.L., Franklin, N., Bucking, C., Smith, S., Wood, C.M., 2009.
Toxicity of dissolved Cu, Zn, Ni and Cd to developing embryos of the blue mussel
(Mytilus trossolus) and the protective effect of dissolved organic carbon. Comp.
Biochem. Physiol. C Toxicol. Pharmacol. 149, 340-348.

Nogueira, L.S., Bianchini, A., Smith, S., Jorge, M.B., Diamond, R.L., Wood, C.M., 2017.
Physiological effects of five different marine natural organic matters (NOMs) and
three different metals (Cu, Pb, Zn) on early life stages of the blue mussel (Mytilus
galloprovincialis). PeerJ 5, e3141.

OECD, 2004. Guideline for Testing of Chemicals. Daphnia sp., Acute Immobilization
Test. OECD 202. Paris.

Ogunsuyi, O.1., Fadoju, O.M., Akanni, 0.0., Alabi, O.A., Alimba, C.G., Cambier, S.,
Eswara, S., Gutleb, A.C., Adaramoye, O.A., Bakare, A.A., 2019. Genetic and systemic
toxicity induced by silver and copper oxide nanoparticles, and their mixture in
Clarias gariepinus (Burchell, 1822). Environ. Sci. Pollut. Res. 26, 27470-27481.

Qiao, R., Lu, K., Deng, Y., Ren, H., Zhang, Y., 2019. Combined effects of polystyrene
microplastics and natural organic matter on the accumulation and toxicity of copper
in zebrafish. Sci. Total Environ. 682, 128-137.

Environmental Pollution 292 (2022) 118413

Sani-Kast, N., Labille, J., Ollivier, P., Slomberg, D., Hungerbiihler, K., Scheringer, M.,
2017. A network perspective reveals decreasing material diversity in studies on
nanoparticle interactions with dissolved organic matter. Proc. Natl. Acad. Sci. U. S. A
114, E1756-E1765.

Sharma, V.K., Sayes, C.M., Guo, B., Pillai, S., Parsons, J.G., Wang, C., Yan, B., Ma, X.,
2019. Interactions between silver nanoparticles and other metal nanoparticles under
environmentally relevant conditions: a review. Sci. Total Environ. 653, 1042-1051.

Tervonen, K., Waissi, G., Petersen, E.J., Akkanen, J., Kukkonen, J.V.K., 2010. Analysis of
fullerene-C60 and kinetic measurements for its accumulation and depuration in
Daphnia magna. Environ. Toxicol. Chem. 29, 1072-1078.

Unsworth, E.R., Warnken, K.W., Zhang, H., Davison, W., Black, F., Buffle, J., Cao, J.,
Cleven, R., Galceran, J., Gunkel, P., et al., 2006. Model predictions of metal
speciation in freshwaters compared to measurements by in situ techniques. Environ.
Sci. Technol. 40, 1942-1949.

Wang, Z., Li, J., Zhao, J., Xing, B., 2011. Toxicity and internalization of CuO
nanoparticles to prokaryotic alga Microcystis aeruginosa as affected by dissolved
organic matter. Environ. Sci. Technol. 45, 6032-6040.

Wang, Z., Chen, J., Li, X., Shao, J., Peijnenburg, W.J.G.M., 2012. Aquatic toxicity of
nanosilver colloids to different trophic organisms: contributions of particles and free
silver ion. Environ. Toxicol. Chem. 31, 2408-2413.

Wang, Z., Zhang, L., Zhao, J., Xing, B., 2016. Environmental processes and toxicity of
metallic nanoparticles in aquatic systems as affected by natural organic matter.
Environ. Sci. Nano 3, 240-255.

Wilke, C.M., Wunderlich, B., Gaillard, J.F., Gray, K.A., 2018. Synergistic bacterial stress
results from exposure to nano-Ag and nano-TiO, mixtures under light in
environmental media. Environ. Sci. Technol. 52, 3185-3194.

Wu, J., Wang, G., Vijver, M.G., Bosker, T., Peijnenburg, W.J.G.M., 2020. Foliar versus
root exposure of AgNPs to lettuce: phytotoxicity, antioxidant responses and internal
translocation. Environ. Pollut. 261, 114117.

Xiao, Y., Vijver, M.G., Chen, G., Peijnenburg, W.J.G.M., 2015. Toxicity and accumulation
of Cu and ZnO nanoparticles in Daphnia magna. Environ. Sci. Technol. 49,
4657-4664.

Xiao, Y., Peijnenburg, W.J.G.M., Chen, G., Vijver, M.G., 2018. Impact of water chemistry
on the particle-specific toxicity of copper nanoparticles to Daphnia magna. Sci. Total
Environ. 610-611, 1329-1335.

Ye, N., Wang, Z., Wang, S., Peijnenburg, W.J.G.M., 2018. Toxicity of mixtures of zinc
oxide and graphene oxide nanoparticles to aquatic organisms of different trophic
level: particles outperform dissolved ions. Nanotoxicology 12, 423-438.

Yu, R., Wy, J., Liu, M., Zhu, G., Chen, L., Chang, Y., Lu, H., 2016. Toxicity of binary
mixtures of metal oxide nanoparticles to Nitrosomonas Europaea. Chemosphere 153,
187-197.

Zhang, Y., Chen, Y., Westerhoff, P., Crittenden, J., 2009. Impact of natural organic
matter and divalent cations on the stability of aqueous nanoparticles. Water Res. 43,
4249-4257.


http://refhub.elsevier.com/S0269-7491(21)01995-3/sref21
http://refhub.elsevier.com/S0269-7491(21)01995-3/sref21
http://refhub.elsevier.com/S0269-7491(21)01995-3/sref22
http://refhub.elsevier.com/S0269-7491(21)01995-3/sref22
http://refhub.elsevier.com/S0269-7491(21)01995-3/sref22
http://refhub.elsevier.com/S0269-7491(21)01995-3/sref23
http://refhub.elsevier.com/S0269-7491(21)01995-3/sref23
http://refhub.elsevier.com/S0269-7491(21)01995-3/sref23
http://refhub.elsevier.com/S0269-7491(21)01995-3/sref24
http://refhub.elsevier.com/S0269-7491(21)01995-3/sref24
http://refhub.elsevier.com/S0269-7491(21)01995-3/sref24
http://refhub.elsevier.com/S0269-7491(21)01995-3/sref25
http://refhub.elsevier.com/S0269-7491(21)01995-3/sref25
http://refhub.elsevier.com/S0269-7491(21)01995-3/sref25
http://refhub.elsevier.com/S0269-7491(21)01995-3/sref26
http://refhub.elsevier.com/S0269-7491(21)01995-3/sref26
http://refhub.elsevier.com/S0269-7491(21)01995-3/sref26
http://refhub.elsevier.com/S0269-7491(21)01995-3/sref27
http://refhub.elsevier.com/S0269-7491(21)01995-3/sref27
http://refhub.elsevier.com/S0269-7491(21)01995-3/sref28
http://refhub.elsevier.com/S0269-7491(21)01995-3/sref28
http://refhub.elsevier.com/S0269-7491(21)01995-3/sref28
http://refhub.elsevier.com/S0269-7491(21)01995-3/sref29
http://refhub.elsevier.com/S0269-7491(21)01995-3/sref30
http://refhub.elsevier.com/S0269-7491(21)01995-3/sref30
http://refhub.elsevier.com/S0269-7491(21)01995-3/sref30
http://refhub.elsevier.com/S0269-7491(21)01995-3/sref31
http://refhub.elsevier.com/S0269-7491(21)01995-3/sref32
http://refhub.elsevier.com/S0269-7491(21)01995-3/sref32
http://refhub.elsevier.com/S0269-7491(21)01995-3/sref32
http://refhub.elsevier.com/S0269-7491(21)01995-3/sref33
http://refhub.elsevier.com/S0269-7491(21)01995-3/sref33
http://refhub.elsevier.com/S0269-7491(21)01995-3/sref33
http://refhub.elsevier.com/S0269-7491(21)01995-3/sref33
http://refhub.elsevier.com/S0269-7491(21)01995-3/sref34
http://refhub.elsevier.com/S0269-7491(21)01995-3/sref34
http://refhub.elsevier.com/S0269-7491(21)01995-3/sref34
http://refhub.elsevier.com/S0269-7491(21)01995-3/sref34
http://refhub.elsevier.com/S0269-7491(21)01995-3/sref35
http://refhub.elsevier.com/S0269-7491(21)01995-3/sref35
http://refhub.elsevier.com/S0269-7491(21)01995-3/sref36
http://refhub.elsevier.com/S0269-7491(21)01995-3/sref36
http://refhub.elsevier.com/S0269-7491(21)01995-3/sref36
http://refhub.elsevier.com/S0269-7491(21)01995-3/sref36
http://refhub.elsevier.com/S0269-7491(21)01995-3/sref37
http://refhub.elsevier.com/S0269-7491(21)01995-3/sref37
http://refhub.elsevier.com/S0269-7491(21)01995-3/sref37
http://refhub.elsevier.com/S0269-7491(21)01995-3/sref38
http://refhub.elsevier.com/S0269-7491(21)01995-3/sref38
http://refhub.elsevier.com/S0269-7491(21)01995-3/sref38
http://refhub.elsevier.com/S0269-7491(21)01995-3/sref38
http://refhub.elsevier.com/S0269-7491(21)01995-3/sref39
http://refhub.elsevier.com/S0269-7491(21)01995-3/sref39
http://refhub.elsevier.com/S0269-7491(21)01995-3/sref39
http://refhub.elsevier.com/S0269-7491(21)01995-3/sref40
http://refhub.elsevier.com/S0269-7491(21)01995-3/sref40
http://refhub.elsevier.com/S0269-7491(21)01995-3/sref40
http://refhub.elsevier.com/S0269-7491(21)01995-3/sref41
http://refhub.elsevier.com/S0269-7491(21)01995-3/sref41
http://refhub.elsevier.com/S0269-7491(21)01995-3/sref41
http://refhub.elsevier.com/S0269-7491(21)01995-3/sref41
http://refhub.elsevier.com/S0269-7491(21)01995-3/sref42
http://refhub.elsevier.com/S0269-7491(21)01995-3/sref42
http://refhub.elsevier.com/S0269-7491(21)01995-3/sref42
http://refhub.elsevier.com/S0269-7491(21)01995-3/sref43
http://refhub.elsevier.com/S0269-7491(21)01995-3/sref43
http://refhub.elsevier.com/S0269-7491(21)01995-3/sref43
http://refhub.elsevier.com/S0269-7491(21)01995-3/sref44
http://refhub.elsevier.com/S0269-7491(21)01995-3/sref44
http://refhub.elsevier.com/S0269-7491(21)01995-3/sref44
http://refhub.elsevier.com/S0269-7491(21)01995-3/sref45
http://refhub.elsevier.com/S0269-7491(21)01995-3/sref45
http://refhub.elsevier.com/S0269-7491(21)01995-3/sref45
http://refhub.elsevier.com/S0269-7491(21)01995-3/sref46
http://refhub.elsevier.com/S0269-7491(21)01995-3/sref46
http://refhub.elsevier.com/S0269-7491(21)01995-3/sref46
http://refhub.elsevier.com/S0269-7491(21)01995-3/sref47
http://refhub.elsevier.com/S0269-7491(21)01995-3/sref47
http://refhub.elsevier.com/S0269-7491(21)01995-3/sref47
http://refhub.elsevier.com/S0269-7491(21)01995-3/sref48
http://refhub.elsevier.com/S0269-7491(21)01995-3/sref48
http://refhub.elsevier.com/S0269-7491(21)01995-3/sref48
http://refhub.elsevier.com/S0269-7491(21)01995-3/sref49
http://refhub.elsevier.com/S0269-7491(21)01995-3/sref49
http://refhub.elsevier.com/S0269-7491(21)01995-3/sref49
http://refhub.elsevier.com/S0269-7491(21)01995-3/sref50
http://refhub.elsevier.com/S0269-7491(21)01995-3/sref50
http://refhub.elsevier.com/S0269-7491(21)01995-3/sref50
http://refhub.elsevier.com/S0269-7491(21)01995-3/sref51
http://refhub.elsevier.com/S0269-7491(21)01995-3/sref51
http://refhub.elsevier.com/S0269-7491(21)01995-3/sref51

	Effects of natural organic matter on the joint toxicity and accumulation of Cu nanoparticles and ZnO nanoparticles in Daphn ...
	1 Introduction
	2 Materials and method
	2.1 Test materials
	2.2 Physicochemical characterizations
	2.3 Experimental outline
	2.3.1 Single and joint toxicity tests
	2.3.2 Relative contributions to toxicity of MNPparticle and MNPion
	2.3.3 Accumulation tests


	3 Results and discussion
	3.1 Characterization of CuNPs and ZnONPs in the absence and presence of SR-NOM
	3.2 Single and joint acute toxicity of CuNPs and ZnONPs to D. magna in the absence and presence of SR-NOM
	3.2.1 Single and joint toxic effects
	3.2.2 Relative contribution of MNPion and MNPparticle to overall toxicity

	3.3 Single and joint accumulation of CuNPs and ZnONPs in D. magna in the absence and presence of SR-NOM

	4 Conclusions
	Declaration of competing interest
	Acknowledgments
	Appendix A Supplementary data
	Author statement
	References


