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Abstract: For the soluble metallic nanoparticles (NPs), which forms (particles [NP(articie)] vs. dissolved ions [NP(qn)) are the
main cause of toxicity of the NP suspension (NPotap) remains uncertain. In the present study, soybean was exposed to Cu
NPs in a hydroponic system to determine how natural organic matter (NOM; 10 mg/l) and concentration of Cu NPt
(2-50 mg/l) affect the relative contributions of Cu NP(particley and Cu NPgqn) to the overall toxicity. We found that NOM
mitigated the phytotoxicity of Cu NPanicle) more significantly than that of Cu salt. When no NOM was added, Cu NP aricie)
rather than Cu NPon was the main contributor to the observed toxicity regardless of the concentration of Cu NPotal.
However, NOM tended to reduce the relative contribution of Cu NP,.icie) to the toxicity of Cu NPqta)). Especially at a low
concentration of Cu NPyeray (2 mg/l), the toxicity of Cu NPoray mainly resulted from Cu NP in the presence of NOM
(accounting for >70% of the overall toxicity). This might be attributable to the combined effects of increased dissolution of
Cu NPs and steric-electrostatic hindrance between Cu NP(.ricie) and the soybean roots caused by NOM. Fulvic acids (FAs)
tended to reduce the role of Cu NP.qicie) in the overall toxicity more effectively than humic acids (HAs), which might partially
be due to the higher extent of Cu NP dissolution on FA treatment than in HA treatment. Our results suggest that because of
the relatively low metallic NP concentration and the presence of NOM in natural water, NP are likely problematic, which
can inform management and mitigation actions. Environ Toxicol Chem 2021;40:2825-2835. © 2021 SETAC
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INTRODUCTION

The widespread production and application of metallic
nanoparticles (NPs) have raised considerable concerns. Some
metallic NPs, like Cu, Ni, and Zn, are expected to undergo
dissolution after being released into aquatic environments
(Hedberg et al., 2019; Z. Wang et al., 2016). This makes the
toxicity mechanisms of metallic NPs complicated. Currently,
there is no consistent conclusion in terms of the main cause of
the toxicity of metallic NPs. Both NPs themselves (designated
as NP(garicle) hereafter) and dissolved ions shedding from NPs
(designated as NPy, hereafter) have been reported to be
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mainly responsible for the overall toxicity induced by NP sus-
pensions (designated as NPty hereafter; Jeong et al., 2018;
Ke et al., 2017; Qiu & Smolders, 2017; Rippner et al., 2018; Z.
Zhang et al., 2018). In general, there are two commonly used
methods for investigating the main cause underlying the tox-
icity of NPgota. One is to directly compare the toxicity of
NPqotay With that of corresponding metal salts at equivalent
metal molar concentrations (Asadishad et al., 2018; Bollyn
et al., 2018; Z. Zhang et al., 2018), and the other is to dis-
tinguish between the toxic effects of NPy and of NPgop at
merely a specific concentration of NPy (€.9., at the median
effective concentration [EC50] and the median lethal concen-
tration of NPgota); Wu et al., 2020; Xiao, Peijnenburg, et al.,
2018; Zhai et al., 2017). In the former case, the relative con-
tributions of NP5anicie) and NP to the overall toxicity cannot
be directly assessed because the corresponding dissolution
profiles of metallic NPs are not quantified, while in the latter
case the importance of the factor of NP concentration in
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altering the physicochemical characteristics of NPs (e.g., dis-
solution rate and extent of aggregation), and consequently the
roles of NPgariciey and NPgony in the observed toxicity, is ig-
nored. Thereby, the physicochemical characteristics of metallic
NPs at each individual NP concentration for exposure need to
be comprehensively determined when assessing the relative
contributions of NP(pariciey and NP(on) to the overall toxicity.
Natural organic matter (NOM) is ubiquitous in the environ-
ment and can affect the extrinsic physicochemical properties of
metallic NPs. On the one hand, NOM has the potential to
change surface properties of NPs through adsorption on the
NPs, leading to inhibition or promotion of aggregation of the
NPs (L. Wang et al., 2015; X. Wang et al., 2018; Xiao, Vijver,
et al., 2018). On the other hand, NOM can affect the dis-
solution process of the soluble metallic NPs by blocking oxi-
dation sites of the NPs after NOM adsorption and/or through
ligand exchange (Azimzada et al.,, 2017; Collin et al., 201¢;
Yang et al., 2014). Consequently, the bioavailability of
NP(particle) and NPion) to organisms may be significantly affected
by NOM. Humic acids (HAs) and fulvic acids (FAs) are the major
constitutes of NOM, accounting for approximately 50% of the
total dissolved organic matter in surface waters (Chow et al.,
2004; Hong & Elimelech, 1997; Ma et al., 2001). Moreover, HAs
and FAs have large molecular masses, and they mainly contain
aromatic carbons with phenolic structures, exhibiting a high
ability to complex metals and to adsorb hydrophobic com-
pounds (He et al., 2017; Pinchao et al., 2021). Therefore, HAs
and FAs have been widely adopted as the model NOM to
study. However, even for the same NPs, the effects of HAs and
FAs on their behaviors and toxicity may be vastly different
because HAs and FAs have different physicochemical proper-
ties (e.g., molecular weight, chemical composition, and func-
tional groups; Erhayem & Sohn, 2014; Furman et al., 2013; E. X.
Shang etal., 2017; W. Zhang et al., 2013). The different impacts
of HAs and FAs on the behaviors (e.g., aggregation and dis-
solution processes) of NPs potentially result in varying bio-
availability of NP(garicie) and NPjjon) to organisms and ultimately
alter their roles in overall toxicity induced by NP ). However,
to the best of our knowledge, none of the published studies
involved in determining the main cause of toxicity of NPgotal
have distinguished the specific effects of HAs and FAs on the
relative importance of NP(articie) and NPjory in overall toxicity.
Copper-based NPs, as one of the five most widely used NPs,
have been commonly applied in numerous products, such as
pesticides, fungicides, catalyst, inks, plastics, and fuel cells (Leitch
et al., 2012; Tegenaw et al., 2015). Meanwhile, Cu-based NPs
have been confirmed to be highly toxic to plants and may
transfer to higher trophic levels (Keller et al., 2017; Peng, Duan,
et al., 2015; Peng et al., 2017, Wang, Xie, et al., 2012). The
objective of the present study was to improve the understanding
of the roles of Cu NP(garicie) and Cu NP in the overall toxicity
induced by Cu NPty through answering the following two
questions: How do Cu NP concentrations affect the relative
contributions of Cu NP(gasicie) and Cu NP, to the overall tox-
icity? And to what extent can HAs and FAs alter the roles of Cu
NPparticle) @and Cu NP in the overall toxicity? In addition, the
physicochemical characteristics of Cu NPs on different

concentrations of Cu NPy and NOM treatments were in-
tegrated with the toxicity assessments to gain insight into the
possible mechanisms underlying the effects of the concentrations
of Cu NPgotay and NOM on the relative contributions of Cu
NParticley and Cu NPor to the overall toxicity. Soybean was
selected to be the representative plant because it is the fifth most
produced crop and accounts for 30% of the global production of
vegetable oil (Rossi et al., 2018).

MATERIALS AND METHODS

Materials

Copper NPs (purity 99.9%, size range 10-30nm, surface
area ~30 m?/g, shape spherical) and FAs were purchased from
Macklin Biochemical. The Cu standard solution (GSB04-1725-
2004) was obtained from the Analysis and Testing Center of the
National Nonferrous Metals and Electronic Materials. In
the present study, CuSO4-5H,0, KH,PO,4, Ca(NOs3),-4H,0,
MgSO,4-7H,0O, KNOg3, and the other chemicals used were of at
least analytic grade purity and provided by Sinopharm Chem-
ical Reagent; HAs were obtained from the Aladding Industrial
Corporation. The HAs and FAs used in the present study have
been widely characterized by other studies, and it is evident
that the chemical characteristics of HAs are significantly dif-
ferent from those of FAs (e.g., the molecular weight of HAs is
much higher than that of FAs, 2485 vs. 308 Da; Meng et al.,
2017; Q. Zhang et al., 2017).

Toxicity tests

A stock Cu NP suspension (200 mg/l) was freshly prepared in
deionized water after sonicating in a water bath for 20 min. The
stock solutions of HAs and FAs were prepared by dissolving
their powders in deionized water, adjusting the pH to 7.8 with
0.1 M sodium hydroxide solution, stirring overnight, and fil-
tering through a 0.2-pm cellulose acetate membrane. The stock
NOM solutions were stored at 4 °C before use. The concen-
trations of HAs and FAs were based on the total organic carbon
(TOC) contents, as measured by means of a TOC analyzer
(TOC-VCPH; Shimadzu).

Soybean seeds (Glycine max L. cv. Nandou 12) were provided
by Sichuan Engineering Research Center for Crop Strip Inter-
cropping System. The seeds were disinfected with 0.5% (w/v)
sodium hypochlorite solution for 20 min and then rinsed thor-
oughly with distilled water three times. Subsequently, the steri-
lized seeds were germinated on moistened filter papers in Petri
dishes, which were covered with tinfoil for blocking light and
cultured in a growth chamber at 25°C for 5 days. The germi-
nated seedlings with similar growth status were transplanted into
50-ml glass beakers filled with 20% strength Hoagland solution
(Hoagland & Arnon, 1950). Before transplanting the seedlings,
appropriate amounts of the stock suspensions of Cu NPs and
NOM were introduced into the Hoagland medium to achieve the
desired exposure concentrations of Cu NPs (i.e., 2, 5, 10, 20, and
50 mg/l) and NOM (10 mg/l). The NOM concentration of 10 mg/|
used in the present study is in the concentration range of NOM
commonly found in natural freshwaters (1-60 mg/l; Robertson
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et al., 1999). The actual exposure concentrations versus the
nominal exposure concentrations of Cu NPs are presented in
Supporting Information, Table S1. The pH of the Hoagland sol-
ution after addition of the NPs and NOM was adjusted to 6.8 by
0.1TM NaOH or HCI. The treatments with soybean seedlings
transplanted into the Hoagland solutions without the addition of
Cu NPs were regarded as the control experiments. Hence, there
were three control experiment setups (i.e., without the addition
of NOM and with the addition of either HAs or FAs). Two
seedlings were planted in each beaker filled with 25ml of the
Hoagland solution. Each treatment consisted of three replicates,
and hence, there were six seedlings in total for each treatment.
All the seedlings were cultured in the growth chamber at 25 °C
under a 6000 lux light intensity for 6 days (16: 8 hour light: dark
photoperiod). The beakers were sealed with perforated parafilm
to avoid a high extent of evaporation while maintaining air cir-
culation. The culture media were refreshed every 2 days by
transplanting the soybean plants into beakers containing the
freshly prepared growth media with Cu NPs at the desired con-
centrations. Every time before submerging the soybean roots
into the newly prepared media, the roots were thoroughly rinsed
with deionized water three times to remove the Cu adsorbed on
the root surface. After a 6-day incubation, the root length of each
seedling was measured. In the present study, the relative root
elongation rate (RRE, percentage) was employed as the toxico-
logical endpoint because RRE is a rapid and sensitive early
warning of phytotoxicity resulting from external stressors (Y. Liu
etal., 2016; Qiu & Smolders, 2017). It was determined according
to the following equation:

RLs
oY) = — >
RRE (%) RLe x 100 Q)]
In Equation 1, RLs (centimeters) represents the taproot length of
soybean seedling exposed to Cu NPs on different NOM treat-
ments and RLc (centimeters) is the taproot length of soybean
seedling planted in the corresponding control solution.

Characterization of Cu NPs

Characterization of Cu NPs in the growth medium without
plants was conducted. The morphology and primary size of the
Cu NPs in MilliQ water and in the Hoagland solution were
analyzed via transmission electron microscopy (TEM; JEOL
1010; JEOL). Nnano Measure 1.2 software (Fudan University,
China) was used to analyze the particle distribution of the Cu
NPs. Because the culture medium for soybean growth was re-
freshed every 48 hours, the incubation duration for character-
ization of the Cu NPs was also 48hours. Hydrodynamic
diameters of the Cu NPs with an initial concentration range
from 2 to 50 mg/l in the culture media on various NOM treat-
ments were determined in triplicate immediately after prepa-
ration (~1 hour for the preparation of Cu NP suspensions, which
was therefore referred to as 1 hour hereafter) and after 2, 12,
and 48 hours by dynamic light scattering analysis (Zetasizer HS
3000; Malvern Instruments). Meanwhile, zeta-potentials of the
Cu NP suspensions were measured with a Zetasizer Nano
apparatus at each sampling time point.

The concentration of Cu NPy (including both Cu
NP particley and Cu NPjior)) remaining in the water column and
dissolution kinetics of Cu NPs at each individual concentration
on various NOM treatments were determined during the
48 hours of incubation. At each sampling time point (1, 12, 24,
and 48 hours after preparation), three independent Cu NP
suspensions with the same Cu NP concentration and NOM
treatment were performed as triplicates to analyze the con-
centrations of Cu NPtaly remaining in the water column and
of Cu NPon). Specifically, a 5-ml suspension was carefully
sampled from the position approximately 2cm below the
surface of each Cu NP suspension, which was then digested
by concentrated nitric acid (65%) at room temperature for at
least 1 day. After the digestion, the concentration of Cu
NPota)y remaining in the water column was measured by in-
ductively coupled plasma optical emission spectrometry (ICP-
OES; iCAP 6300 DUO; Thermo). Moreover, a 10-ml sample
was drawn from the water column of each Cu NP suspension,
which was subsequently centrifuged at 16 089 g for 30 min;
and then the supernatant was filtered through a syringe filter
with a 0.02-pm pore diameter (Anotop 25; Whatman). The
filtrates were digested by concentrated nitric acid and ana-
lyzed by ICP-OES for the Cu concentration, which represented
the portion of Cu NPpn). For quality assurance/control, Cu
standard solution (GSB04-1725-2004), reagent blanks, and
triplicate samples were measured every 25 samples. Fur-
thermore, the Cu standard solution was also used to check the
recovery of Cu after the filtration step, and the Cu recovery
was in the range of 96 to 101%, confirming that there was no
loss of Cu NPy, after passing through the syringe filter. After
determining the concentration of Cu NP in the filtrates, the
concentration of Cu NP(garicle) remaining in the water column
could be derived by subtracting the concentration of Cu
NP iony from the concentration of Cu NPty measured at each
sampling point.

Data analysis and statistics

In general, the observed toxicity of NPty can be determined
from both the NPpanicie) and NP(ior). The response-addition and
the concentration-addition models are commonly used to
predict the combined toxicity of mixed chemicals. The
concentration-addition model is valid for the mixture of chem-
icals with a similar mode of action, while the response-addition
model is fit for modeling the joint effects of chemicals with dis-
similar modes of action. Although the precise mechanisms un-
derlying the toxicity of NP and NParticle) remain unclear, an
increasing number of studies have found that the mode of action
of NP(article) differs from that of NP, (Poynton et al., 2011;
Rainville et al., 2014; Wan et al., 2019). Accordingly, the additive
effects of Cu NPganiciey @and Cu NPony were fitted using the
response-addition model on the basis of the assumption that the
modes of action of Cu NParicley and Cu NP were dissimilar
(Gong et al., 2019; Wang, Chen, et al., 2012):

RRE(Ion) x RRE(particle)
100

RRE(total)(%) = (2)
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© 2021 SETAC



2828

Environmental Toxicology and Chemistry, 2021,40:2825-2835—Y. Xiao et al.

In Equation 2, RRE(cta), RRE(on), and RRE(aricie) represent the
RRE values of soybean plants after exposure to Cu NPgota), Cu
NPiory, and Cu NP(aricie), respectively. In the present study,
RRE(iotaly could be determined experimentally (Equation 1), and
RRE(on) Was derived from the dose-response curves of CuSO4
toward RRE values of soybean plants on various NOM treat-
ments (Equation 1). This allows us to directly calculate the
RRE(particle) at any individual concentration of Cu NPs applied. It
is worth noting that the concentrations of NP(garticie) and NPion)
in the water column are not constant over time because they
are subject to change along with exposure time. Even though
in most cases the toxicological response of organisms to con-
taminants cannot be expected to be a linear function of time
and concentration (Atherley, 1985; Watanabe et al., 2018), the
time-weighted average (TWA) concentration has been widely
recommended to be a practical expedient to integrate the time
and concentration of exposure cycles (Xiao, Peijnenburg, et al.,
2018; Zhai et al., 2017). Hence, the expression of the exposure
concentrations of Cu NPotay, Cu NParticle), and Cu NPjon) was
based on the TWA concentrations, which can be calculated
according to the following equation (Belgers et al., 2011):

N Ch-1+Cy
oo (aT =5 )

3
zﬁ= 1ATn ( )

Gwa =

In Equation 3, Crwa is the TWA concentration for exposure
duration of T,, n is the number of time interval, N is the total
number of time intervals, and C,4 and C, are the analyte
concentrations observed at the start and end of a time interval,
respectively.

The EC50 values with the corresponding 95% confidence
intervals (Cls) for CuSOa, Cu NP, and Cu NPpanicle) Were
calculated using the log (inhibitor) versus normalized response-
variable slope function in GraphPad Prism 5. Statistical analysis
was conducted using SPSS 16.0 for Windows (SPSS). One-way
analysis of variance (ANOVA) with Tukey's post hoc test was
used to examine the statistical differences of the measured
hydrodynamic diameters and zeta-potentials of the Cu NP
suspensions on different NOM treatments; the concentrations
of Cu NPion), Cu NPgorap, and Cu NParicle) remaining in the
water column at each individual Cu NP concentration on dif-
ferent NOM treatments; and the EC50 values of CuSQ,, Cu
NPiotayy and Cu NPgaricley on different NOM  treatments.

Normality and homogeneity of variance were checked by
Levene's test before one-way ANOVA. Statistical significance
was accepted at a=0.05. The results were expressed as mean
values + standard deviation.

RESULTS AND DISCUSSION

Behaviors of Cu NPs

The TEM image of Cu NPs prepared in MilliQ water shows
that the Cu NPs were spherical and 10 to 30 nm in size (Sup-
porting Information, Figure S1A). In addition, it was clear that
the Cu NPs aggregated drastically in the growth medium
(Supporting Information, Figure S1B). The aggregation profiles
of Cu NPs at 2 and 50 mg/I within 48 hours of incubation in the
exposure medium on varying NOM treatments are presented
in Table 1. Consistent with the conclusions reported by the
majority of other studies (Kteeba et al., 2017; H. Shang et al.,
2019), we found that both HAs and FAs at 10 mg/I significantly
inhibited the aggregation of Cu NPs at an initial concentration
of 2mg/l (Table 1). The hydrodynamic diameter of the Cu NPs
at 2mg/l was maintained at approximately 450nm after
48 hours of co-exposure with NOM, which was significantly
lower than the hydrodynamic diameter of the Cu NP suspen-
sion without the addition of NOM (p < 0.05; Table 1). The zeta-
potential of the Cu NP suspension was significantly decreased
with the addition of NOM (p < 0.05; Table 1). Steric and elec-
trostatic repulsions exerted by NOM absorbing on NPs might
account for the enhanced stability of the Cu NPs (Li et al., 2018;
Romanello & Fidalgo de Cortalezzi, 2013; W. Zhang et al.,
2013). Interestingly, the zeta-potential of the Cu NP suspension
at 2mg/l with HAs was significantly lower than that with FAs
within 48 hours of incubation (p < 0.05; Table 1). Other studies
have commonly reported HAs to have a higher molecular
weight and aromaticity than FAs, leading to a higher propen-
sity for HAs to adsorb on NPs via hydrophobic and m— inter-
actions (Erhayem & Sohn, 2014; H. Shang et al., 2019; W.
Zhang et al., 2013). This might consequently result in the lower
zeta-potentials of Cu NP suspensions in the presence of HAs
than in the presence of FAs. When the concentration of Cu NPs
reached 50 mg/l, the stabilizing effect of NOM on the Cu NPs
seemed to be reduced compared to the stabilizing effect of
NOM on the Cu NPs at 2mg/l. Similar to the Cu NPs without
the addition of NOM, the Cu NPs at 50 mg/l with the addition

TABLE 1: Hydrodynamic diameter and zeta-potential of Cu nanoparticles (NPs) on different natural organic matter treatments

Hydrodynamic diameter (nm)?

Zeta-potential (mV)?

Treatment 1h 2h 12h 48 h 1h 2h 12h 48 h

2 mg Cu NPs/L 461 + 60 785+194 1193 + 369 1516 + 221 -14+2 -14 +1 -13+1 =11 +1

2 mg Cu NPs/L + HA 355+33 423 + 50* 428 + 54* 433 + 30* =26 + 1*** —24 + 0*** —22 + 0*** =22 & 1***
2 mg Cu NPs/L + FA 386 +23 437 + 24* 488 + 34* 468 + 85* -23+1* -22+0* -18+1* =17 +1*
50 mg Cu NPs/L 785+79 2348 + 406 1880 + 304 2016 + 376 -20+2 -18+1 16 +1 16 +1

50 mg Cu NPs/L+HA 682 + 63 1373 +402* 1226 + 252* 1119 £ 274* —28 & 2% ** 27 +2* =26 & 1*** =25 & 1***
50 mg Cu NPs/L+FA 742 + 67 1454 + 295* 1321 +234 1495 + 221 =25+ 1* 24 + 2* -21+1* -20+1*

“Hydrodynamic diameter and zeta-potential are presented as mean =+ standard deviation (n= 3).
*Significant difference between treatments with and without the addition of natural organic matter at each time point (p < 0.05).
**significant difference between treatments of humic acids and fulvic acids (10 mg/L) at each time point (p < 0.05). HA = humic acid; FA =fulvic acid.
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of NOM also formed aggregates with sizes in the micrometer
scale (Table 1). Especially for the treatment with FAs, there was
no statistically significant difference of the hydrodynamic di-
ameter from that in the absence of NOM after 12 hours of in-
cubation (Table 1). The reduced stabilizing effect of NOM on
the Cu NPs at a high concentration (i.e., 50 mg Cu NPs/l) was
likely caused by a high frequency of collision for NPs, which
consequently resulted in the swift homoaggregation of Cu NPs.
In fact, Markus et al. (2015) found by means of modeling that
for metallic NPs at a high concentration (>10 mg/l), homoag-
gregation between NPs was the most important transformation
process. Our results confirm that the stabilizing effect of NOM
on metallic NPs depends on the NP concentration and the type
of NOM.

It is clear that the dissolution profile of Cu NPs could be
affected by the concentration of the Cu NPs and the type of
NOM (Figure 1). On increasing the concentration of Cu NPs
from 2 to 50mg/l in the treatments without the addition of
NOM, the percentage of Cu NP relative to the Cu NPyota)
concentration decreased from 23.6 to 4.6% (Figure 1). Fur-
thermore, the concentration of Cu NP, after 48 hours was
significantly increased by NOM at any Cu NP concen-
trations applied in the present study compared to the con-
centration of Cu NP, on the treatment without the addition
of NOM (p < 0.05; Figure 1). Specifically, the percentages of Cu
NP on) relative to the Cu NPta)) concentrations at 2, 5, 10, 20,
and 50 mg/l were increased by 30.4, 15.8, 10.4, 6.9, and 2.8%,
respectively, after 48 hours of incubation in the presence of
HAs at 10 mg/l compared to the percentages of Cu NPy in
suspensions to which no NOM was added (Figure 1). The
promoting effects of NOM on the dissolution of metal-based
NPs have been widely reported (Rippner et al., 2018; L. Wang
etal., 2015). It has been reported that the dissolution of Cu NPs

in the water compartment is an oxidative process following the
reaction in Equation 4 (Z. Wang et al., 2016):

1 1
Cuo + Zoz(aq) + H*(aq) < Cu'(aq) + EHZO (4)

The mechanisms for NOM to enhance the dissolution of Cu
NPs might include 1) the Cu NP has a strong potential to
complex with functional groups of NOM through intra- and
intermolecular chelation (L. Wang et al., 2015), which de-
creases the free Cu-ion concentration on the right-hand side
of Equation 4 and further drives the particle dissolution (Zhao
et al., 2017); 2) the deprotonation of carboxyl and phenolic
groups of NOM increases the H* content in water (L. Wang
et al., 2015; Zhao et al., 2017), which will consequently pro-
mote the dissolution rate of Cu NPs (Equation 4); and 3) NOM
could inhibit the aggregation of Cu NPs and in turn enhance
the dissolution of Cu NPs by maintaining the available surface
area of Cu NPs for interaction with chemicals (e.g., organic
matter, dissolved oxygen, and H*; Arenas-Lago et al., 2019).
Nonetheless, currently no consistent result in terms of the
specific effect of NOM on the dissolution of metallic NPs can
be drawn from the existing literature. In fact, promotion, in-
hibition, and even no effects of NOM on the dissolution of
NPs have all been reported (Arenas-Lago et al., 2019;
Rippner et al., 2018; E. X. Shang et al., 2017; L. Wang et al.,
2015; Xiao, Vijver, et al., 2018; Zhao et al., 2017). These ap-
parent conflicting results of different studies imply that more
research in terms of the specific effects with the underlying
mechanisms of NOM on the dissolution process of metallic
NPs is needed. It is worth noting that the FAs induced a 2 to
12% higher dissolution of the Cu NPs than the HAs (Figure 1).
Especially with the Cu NPs at 5 and 10 mg/I, the discrepancy

(A) (B) (C)
2.0q CuNPs=2 mg/L, HA=10 mg/L, FA=10 mg/L 5 "

CuNPs=5 mg/L, HA=10 mg/L, FA=10 mg/L = A= ,FA=
= -~ Without NOM & With HA & With FA - 2 2 2 _ CuNPs=10 mg/L, HA=10 mg/L, FA=10 mg/L
%15 =4 %3
g E £
= 3 -

Ce S S,
b = -
> L2 1
2 0s Z, R
[ a8 a8

Time (h)

T T T 1

0 12 24 36 48
Time (h)

5-  CuNPs=50 mg/L, HA=10 mg/L, FA=10 mg/L

Dissolved Cu (mg/L)
Dissolved Cu (mg/L)

-6~ Without NOM
-8 With HA
-4 With FA

Time (h)

Time (h)

FIGURE 1: Concentration profiles of Cu ion nanoparticles (NPon) within 48 hours on different concentrations of Cu NPs and natural organic matter
(NOM) treatments. (A-E) Dissolution profiles of Cu NPs with the initial concentrations of 2, 5, 10, 20, and 50 mg/l, respectively. Data are presented
as mean = standard deviation (n=3). *Significant difference between treatments with and without the addition of NOM at 48 hours (p < 0.05),
**significant difference between treatments of humic acids and fulvic acids (p < 0.05). HA = humic acid; FA = fulvic acid.
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of dissolution between the treatments on the addition of FAs
and HAs reached a statistically significant level (p<0.05;
Figure 1B and C). Similarly, Rippner et al. (2018) also found
that the presence of FAs (60 mg C/l) induced an 11% higher
extent of dissolution of CuO NPs (1.6 mg Cu/l) than the same
concentration of HAs. H. Shang et al. (2019) concluded that
NOM with a lower molecular weight would induce a higher
extent of dissolution of CuO NPs because at an equivalent
molar concentration NOM with a lower molecular weight had
a higher number of functional groups (e.g., carboxylic and
phenolic groups) devoted to ligand-assisted dissolution. The
HAs and FAs used in the present study have been charac-
terized by other studies, and it was found that the HAs had a
much higher molecular weight than the FAs (2485 vs. 308 Da;
Meng et al.,, 2017; Q. Zhang et al., 2017). Therefore, the
lower extent of dissolution of Cu NPs on addition of the HAs
likely resulted from the combined effects of lower binding
affinity of the HAs with Cu NP, and higher coating capa-
bility of the HAs for blocking oxidation sites on the Cu NPs
compared to those of the FAs.

The concentrations of Cu NPgeta)y remaining in the aqueous
phase on different Cu NP, concentrations and NOM treat-
ments are shown in Figure 2. For the treatment without the
addition of NOM, the percentage of Cu NPty remaining in
the water phase relative to the concentration of Cu NPyora)
after 48 hours gradually decreased from 48 to 9% on an in-
crease of the concentration of Cu NPy from 2 to 50 mgl/l
(Figure 2). The copresence of NOM increased the concen-
tration of Cu NPty remaining in the aqueous phase after
48 hours by 2- to 3-fold in comparison with the case where no
NOM was added (Figure 2). The concentration of Cu NP(article)
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maintaining in the aqueous phase was calculated by sub-
tracting the concentration of Cu NP from the concentration
of Cu NPgotapy in the aqueous phase. The percentage of the
concentration of Cu NP particley remaining in the suspension
without NOM relative to the concentration of Cu NP after
48 hours was gradually reduced from 24% when the concen-
tration of Cu NPota) was 2 mg/l to 5% when the concentration
of Cu NPgotay equaled 50 mg/l (Figure 3). Moreover, NOM
greatly increased the concentration of Cu NPgarice) in the
aqueous phase after 48 hours (Figure 3). The concentration of
Cu NP(garticley remaining in the aqueous phase with the NOM
after 48 hours was approximately two to four times higher than
in the exposure without the addition of NOM (Figure 3), with
the exception of the co-exposure of Cu NPty at 2mg/l and
the FAs, where the concentration of Cu NP(.riciey remaining
in the aqueous phase was similar to that without the addition of
NOM (Figure 3A).

Toxicity of Cu NPs on different NOM treatments

The dose-response curves of Cu NPyotay and CuSO4 on
different NOM treatments are presented in Figure 4. According
to the dose-response relationships, the EC50 values of the Cu
NP otaly and CuSO,4 were calculated (Table 2). The EC50 values
for CuSO,4 were 6.36, 8.51, and 8.24 mg/l on the exposure
scenarios without the addition of NOM and with the addition of
10mg/l HAs and FAs, respectively. The dynamics of the ex-
posure concentrations of Cu NPgota, Cu NPgarticie), and Cu
NPgony within 48 hours of exposure were analyzed using the
TWA approach (Supporting Information, Table S2). The EC50
values for Cu NPy based on the TWA concentrations were
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FIGURE 2: Concentrations of Cu total nanoparticles (NPyoa) maintaining in the aqueous phase on different natural organic matter (NOM)
treatments within 48 hours. (A—E) Concentrations of Cu NPtay remaining in the water column with the initial concentrations of Cu NPs at 2, 5, 10,
20, and 50 mg/l, respectively. Data are expressed as mean + standard deviation (n = 3). *Significant difference between treatments with and without
the addition of NOM at 48 hours (p < 0.05), **significant difference between treatments of humic acids and fulvic acids (p < 0.05). HA = humic acid;

FA = fulvic acid.
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FIGURE 3: Concentrations of Cu particle (NP(aricie)) suspending in the aqueous phase on different natural organic matter (NOM) treatments within
48 hours. (A-E) Initial concentrations of Cu NPs at 2, 5, 10, 20, and 50 mg/l, respectively. Data are expressed as mean + standard deviation (n=3).
*Significant difference between treatments with and without the addition of NOM at 48 hours (p < 0.05). HA = humic acid; FA = fulvic acid.

4.10, 11.04, and 11.69 mg/l on the treatments without the ad-
dition of NOM and with the addition of 10 mg/l HAs and FAs,
respectively. The mitigating effects of HAs and FAs at 10 mg/I
on the Cu-associated toxicity were similar (Table 2 and
Figure 4). The specific effects of NOM on the toxicity induced
by metallic NPy can result from the combined effects of
NOM on the toxicity of NParticley and NP(on). The dose-res-
ponse curves expressed as the TWA concentrations for Cu
NP(particle) derived from the response-addition model are shown
in Figure 4C. Evidently, Cu NPanicle) exerted concentration-
dependent toxicity (Figure 4C). It is interesting to note that
NOM was much more effective at mitigating the toxicity of Cu
NP(article) than mitigating the toxicity of CuSO4 (Table 2 and
Figure 4A and C). Specifically, the addition of NOM markedly
reduced the toxicity of Cu NPparicie), With the EC50 value de-
creasing from 5.46 mg/l (95% Cl 3.49-8.55mg/l) without the
addition of NOM to 13.57 mg/l (95% CI 10.51-17.53 mg/l) and
26.38 mg/l (95% Cl 12.50-55.65 mg/l) with the additions of HAs
and FAs, respectively (Table 2 and Figure 4C). The marked
reduction of the toxic effects of Cu NP saicie) ON soybean root
elongation when NOM was present might be attributed to the
mechanism that NOM could reduce the bioavailability of
NP(particle) to organisms through increasing electrostatic and
steric repulsions between them (Peng, Zhang, et al., 2015;
Z. Wang et al., 2016). To the best of our knowledge, very few
studies have attempted to fit the dose-response curves for
metallic NParticle)-

Relative contributions of Cu NP ,+icie) and Cu
NP ion) to toxicity

The combined effects of Cu NP concentrations and NOM on
the relative contributions of Cu NP(articiey and Cu NP to the

observed toxicity of Cu NPgota) are presented in Table 3. When
no NOM was added to the exposure medium, Cu NParticie)
was the main contributor to the toxicity of Cu NPy to soy-
bean seedlings, accounting for 63 to 74% of the overall toxicity
(Table 3). Our results are consistent with the findings of several
other studies, which reported that the phytotoxicity of Cu-
based NPs mainly resulted from the presence of NP(aricie) in
the exposure medium in case no NOM was added (Ke et al.,
2017; Margenot et al., 2018; Shi et al., 2014, Z. Zhang et al.,
2018). Copper-based NPs can strongly adsorb on the root
surface of plants (Nath et al., 2018; Peng et al., 2018; Z. Zhang
et al., 2018). Some adsorbed NPs can enter into the inter-
cellular space directly through cell wall pores and/or by in-
ducing the formation of new and larger pores on cell walls
(Vishwakarma et al., 2017; Yuan et al., 2016; P. Zhang et al.,
2012). Schwabe et al. (2013) even found that CeO, NPs with a
size >1 pm could accumulate in pumpkin root cells. Even
though the accumulation profile of Cu NPs in the soybean
seedlings was not determined in the present study, it is rea-
sonable to deduce that the interactions between suspending
Cu NPs and root cells may result in adsorption and even ac-
cumulation of Cu NPs in the soybean roots. The Cu NPs ac-
cumulating in plant roots may induce oxidative stress, resulting
in damage and growth inhibition of the plants (Peng, Zhang,
etal., 2015; Z. Zhang et al., 2018). The Cu-based NPs adhering
to the plant root surface have the potential to block or clog the
pores of cell walls, which could also inhibit plant growth by
reducing the transport efficiency of water and nutrients from
the exposure environment to the roots (Asli & Neumann, 2009;
Dietz & Herth, 2011; Margenot et al., 2018; Servin & White,
2016). Consequently, Cu NParicle) Might induce toxic effects
on soybean root elongation through the above-mentioned
mechanisms.
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FIGURE 4: Dose-response curves of relative root elongation of soybean seedlings after 48 hours of exposure to different concentrations of CuSO4
(A), Cu NP(otap (B), and Cu NP (panicie) (C). The concentrations used for plotting the dose-response relationships of Cu NP .y and Cu NP were
expressed as time-weighted average concentrations. Data are expressed as mean + standard deviation (n = 6). HA = humic acid; FA =fulvic acid.

On the other hand, when NOM was added into the ex-
posure medium, the relative contribution of Cu NP(g.ricie) to the
observed toxicity exhibited a decreasing trend compared to
the case in which no NOM was added. Especially when the
concentration of Cu NPgoray was 2mg/l, the relative con-
tribution of Cu NParicie) to the overall toxicity decreased from
69% without NOM to 30 and 23% on the addition of HAs and
FAs, respectively. At 2mg/l of Cu NPgcta), approximately 20,
54, and 66% of the Cu NPs were dissolved on the treatments
without and with the addition of HAs and FAs after 48 hours,

respectively (Figure 1A). Furthermore, NOM was much more
effective at mitigating the toxicity of Cu NP(aricle) than miti-
gating the toxicity of CuSQy4. Hence, the marked reduction of
the relative contribution of Cu NParicie) to the overall toxicity
caused by NOM when Cu NPty was 2 mg/l might be attrib-
uted to the combined effects of the significantly increased
concentration of Cu NP, and the higher degree of mitigation
of the toxic effects of Cu NP(ganicie) than Cu NPy by NOM.
When the concentration of Cu NPty was higher than 2 mg/l,
the relative contribution of Cu NP(aricie) to the overall toxicity
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TABLE 2: Median effective concentration values of CuSO4,, Cu NPotal,
and Cu NParicie) €xpressed as time-weighted average concentrations

EC50 (95% confidence intervals, mg/l)

Treatment CuSOy4 Cu NPotal Cu NP(particle)
No NOM 6.36 4.10 5.46
(5.16-7.84) (3.46-4.86) (3.49-8.55)
With HAs 8.51 11.04 13.57
(7.33-9.89) (9.90-12.30)* (10.51-17.53)
With FAs 8.24 11.69 26.38
(7.17-9.46) (9.70-14.09)* (12.50-55.65)

*Significant difference between treatments with and without the addition of
natural organic matter at each time point (p < 0.05).

NP = nanoparticle; EC50 =median effective concentration; NOM =natural or-
ganic matter; HA = humic acid; FA =fulvic acid.

increased, which might be due to the fact that the extent of
promoted dissolution of Cu NPs by NOM decreased at the
higher concentrations of Cu NP (Figure 1). It is interesting
to note that the relative contribution of Cu NP, to the overall
toxicity on the addition of FAs tended to be higher than that
with the addition of HAs (Table 3). This might partially be due
to the promoting effect of FAs on the dissolution of Cu NPs
being higher than the promoting effect of HAs (Figure 1).
Moreover, the binding strength between the NOM with a lower
molecular weight and metal ions has been reported to be
weaker than the binding strength between the NOM with a
higher molecular weight and metal ions (S. Liu et al., 2020). This
may also assist in the explanation of the higher relative con-
tribution of Cu NPen complexed by FAs to toxicity than the
relative contribution of Cu NP, in case of the addition of HAs.
Our results highlight the important role of NP, in the overall
toxicity when NOM was copresented, especially at a lower in-
itial concentration of Cu NPs (<2 mg/l).

Overall, the dose-response curves for Cu NPariciey on dif-
ferent NOM treatments were fitted based on the TWA con-
centrations using the response-addition model. Evidently,
NOM reduced the phytotoxicity of Cu NParticley much more
markedly than that of Cu NPg.n. Moreover, the observed

TABLE 3: Relative contributions of Cu NP(rticie) and Cu NP to the
overall toxicity at different concentrations of Cu NP0ty and natural
organic matter treatments analyzed by the response-addition model

Relative toxic contribution (%)

Initial Cu NPota)

conc. (mg/l) No NOM  With HAs  With FAs
2 Particle 69+12 30+24 23+23
lon 31+£12 70+ 24 77 £23
5 Particle 74+ 8 52 +26 56 +11
lon 26+8 48 £ 26 44 £ 11
10 Particle 63+9 57+8 43 +24
lon 379 43+8 57 +24
20 Particle 69+3 65+4 55+6
lon 31+3 35+4 45+ 6
50 Particle 66+3 63+4 5443
lon 34+3 37+4 46 +3

Data are expressed as mean + standard deviation (n = 6). Concentrations of both
humic acids and fulvic acids in the present study were 10 mg/l.

NP = nanoparticle; NOM = natural organic matter; conc. = concentration; HA=
humic acid; FA = fulvic acid; Particle = Cu NPricie); lon = Cu NPopn).

toxicity of Cu NPty mainly resulted from Cu NP (particle) When
no NOM was added. However, when NOM was present, the
relative contribution of Cu NP saricie) to the overall toxicity was
decreased. Especially at a low concentration of Cu NPcta)
(2mg/l), Cu NP(qp, rather than Cu NP(aricie), Was the major
contributor to the overall toxicity. The alteration of the relative
contributions of Cu NP(ricie) and Cu NPgqp,) to the observed
toxicity of Cu NPyotay might result from the combined effects of
the significantly increased dissolution of Cu NPs and steric-
electrostatic hindrance between Cu NP ,aricie) and the soybean
roots as caused by NOM. Compared to HAs, tended to induce
a higher contribution of Cu NP, to the observed toxicity,
which might partially be due to the dissolution degree of Cu
NPs on the FA treatment being higher than that on the HA
treatment. Our results suggest that the metallic NP concen-
tration and the type of NOM need to be considered when
assessing the roles of NP(.ricley and NPjon in the observed
toxicity. The results of the present study also emphasize the
importance of integrating the physicochemical characteristics
of NPs into the interpretation of the toxicity pathways and
mechanisms of metallic NPs.

Supporting Information—The Supplemental Data are avail-
able on the Wiley Online Library at https://doi.org/10.1002/
etc.5172.
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