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a b s t r a c t

There is still no consensus over the specific effects of metal-based nanoparticles when compared with
the conventional metal salts. Here, the accumulation and toxicity of ZnO-NPs and ZnCl2 in Enchytraeus
crypticus over time (1e14 d) were investigated using a sand-solution exposure medium and applying a
toxicokinetics and toxicodynamics approach. For both Zn forms, body Zn concentration in the organisms
was dependent on both the exposure concentration and exposure time, with equilibrium being reached
after 7e14 days of exposure. Generally, the uptake and elimination rate constants (Ku and Ke1) were
smaller for ZnO-NPs (5.74e12.6mg kg�1d�1 and 0.17e0.39 d�1) than for ZnCl2 (8.32e40.1mg kg�1d�1

and 0.31e2.05 d�1), suggesting that ionic Znwas more accessible for E. crypticus than nanoparticulate Zn.
Based on external exposure concentrations, LC50s for ZnO-NPs and ZnCl2 decreased with time from 123
to 67 Zn mg L�1 and from 86 to 62 Zn mg L�1, reaching an almost similar ultimate value within 14 d.
LC50s based on body Zn concentrations were almost constant over time (except for 1 d) for both ZnO-NPs
and ZnCl2, with overall LC50body of Zn being 1720 and 1306mg kg�1 dry body weight, respectively. Body
Zn concentration, which considers all available pathways, was a good predictor of dynamic toxicity of
ZnCl2, but not for ZnO-NPs. This may be attributed to the specific internal distribution and detoxification
mechanisms of ZnO-NPs. The particles from ZnO-NPs dominated the accumulation (>75%) and toxicity
(~100%). Our results suggest that dynamic aspects should be taken into account when assessing and
comparing NPs and metals uptake and consequent patterns of toxicity.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Metal-based nanoparticles (NPs) have been extensively applied
in modern technology due to their unique physiochemical prop-
erties, e.g., small size, high surface area and high surface reactivity
(Ma et al., 2013). One of the most widely used metal oxide nano-
particles are ZnO-NPs (Bandyopadhyay et al., 2015). These NPs may
eventually enter the soil environment in high amounts during all
stages of their life cycle, including production, recycling and
disposal. Hence, there is an increasing concern about the potential
adverse effects of ZnO-NPs on environmental receptors (Khan et al.,
e by Bernd Nowack.
l Science and Engineering,
na.
2015). A thorough evaluation of the impact of ZnO-NPs on terres-
trial organisms is therefore needed for the purpose of risk assess-
ment and regulation.

ZnO-NPs may exert toxic effects on, for instance, water fleas
(Daphnia magna), zebrafish embryos (Danio rerio), and springtails
(Folsomia candida) (Adam et al., 2015; Hua et al., 2014; Kool et al.,
2011), but there is still no consistent conclusion as to what extent
the metal-based nanoparticles are more toxic than the corre-
sponding free Zn ions. For instance, the aquatic toxicity of different
zinc forms toD. magna followed the order: ZnO-NPs> ZnSO4> bulk
ZnO (Heinlaan et al., 2008), whereas Franklin et al. (2007) found
similar toxicity of ZnO-NPs, bulk ZnO and ZnCl2 to a freshwater
alga. In case of metal-based nanoparticles, both the nanoscale size
of the particles and the release of metal ions may contribute to
uptake and effects (Li et al., 2015; Tourinho et al., 2012). Miao et al.
(2010) found that ZnO-NP toxicity to marine diatoms could be
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solely explained by Zn2þ release. In contrast, when studying the
toxicity of Cu-NPs and ZnO-NPs toD. magna, Xiao et al. (2016) found
that particles rather than the dissolved ions were the major source
of toxicity. Li et al. (2015) reported that both particulate silver and
released Ag ions contributed to the toxicity of Ag-NPs to earth-
worms cultured in solution. Major uncertainties are with assessing
exposure and the role of the particles and free ions released. One
way of tackling this problem is by looking at the uptake of nano-
particles and released ions and relating toxicity not only to external
exposure concentrations but also to body burdens (Ribeiro et al.,
2015; Tourinho et al., 2016). The notion that toxic effects will only
occur when chemicals are able to enter the cells of an organism
probably will also hold for nanoparticles, although it will be a
challenge to trace the exact pathways and forms of uptake in or-
ganisms (Schultz et al., 2015).

Another important factor to consider when assessing the risk of
nanoparticles is time. Both fate of nanoparticles in the environ-
mental and their uptake and effects in organisms are prone to
change with time (Diez-Ortiz et al., 2015; Waalewijn-Kool et al.,
2013). As a consequence, a dynamic approach is warranted. Tox-
icokinetic and toxicodynamic models have been successfully used
to describe the dynamic uptake, elimination and induction of toxic
effects for conventional metals in organisms (He and van Gestel,
2013; Jager et al., 2011). However, comparative study on the up-
take and effects of metal-based nanoparticles and their counter-
parts from the perspective of toxicokinetic and toxicodynamic
processes is still limited. Insights into these dynamic processes
could help to elucidate the possible (subtle) differences between
different metal forms.

Against this background, this study aimed to evaluate the dy-
namic uptake and toxicity of ZnO-NPs in comparison to ZnCl2 for an
ecologically important soil species Enchytraeus crypticus. Special
emphasis was put on 1) identifying the differences between the
two forms of Zn from the angle of toxicokinetics and toxicody-
namics; 2) determining whether the body Zn concentration rep-
resented a better dose descriptor for predicting the effects of ZnO-
NPs and ZnCl2; 3) determining the relative contribution of nano-
particulate Zn and ionic Zn to the overall accumulation and toxicity.

2. Materials and methods

2.1. Chemicals and characterization

ZnO-NPs (Sigma-Aldrich, nominal size <50 nm) and ZnCl2
(Sigma-Aldrich, >99%) were selected as the target toxicants. The
morphology and size of the ZnO-NPs were characterized by scan-
ning electron microscopy (SEM, JSM-6330F, JEOL Ltd, Japan). The
size distribution and zeta potential of ZnO-NP suspensions of 10, 40
and 160 Zn mg L�1 after 0 he168 h incubation were determined
with dynamic light scattering (DLS, Omni, Brookhaven, America).

2.2. Test organism

Enchytraeus crypticus (class Oligochaeta, family Enchytraeidae)
were selected as the test organism because they are widespread in
various soil types and sensitive to both inorganic and organic
chemicals (Castro-Ferreira et al., 2012). E. crypticuswere cultured in
a climate chamber at 20 �C, relative humidity of 75%, and complete
darkness. They were regularly fed with oat meal and yolk powder.
Adults with white spots in the clitellum region were used for the
toxicity and bioaccumulation tests.

2.3. Exposure medium

Basic solution (composed of 0.2mM Ca2þ, 0.05mM Mg2þ,
2.0mM Naþ and 0.078mM Kþ) was prepared to simulate the
composition of soil solution. The ZnO nanoparticles were added to
the basic solution to obtain a stock suspension, which was shaken
and sonicated for 15min in a water bath sonicator. The ZnO-NP
stock suspension was further diluted to prepare the test suspen-
sions. The pH of the test suspensions was adjusted to 6.5 (±0.1)
with MOPS (3-[N-morpholino] propane sulfonic acid) and MES (2-
[N-morpholino] ethane sulfonic acid) buffers. Similar procedures
were followed to obtain ZnCl2 solutions of different concentrations.

A sand-solution system was used as the test medium in the
present study. Quartz sand was combusted at 600 �C and washed
with 0.1M HNO3 to get rid of organic and inorganic matter (He and
van Gestel, 2013). For each replicate, 5.5mL of test suspension/so-
lution was added to 20 g quartz sand and equilibrated for one day
before starting the toxicity and bioaccumulation tests.
2.4. Toxicity and accumulation tests

The dynamic toxicity and uptake tests with ZnO-NPs and ZnCl2
were performed with five sets of exposure times: 1, 4, 7, 10 and 14
days. Each set contained a concentration gradient of ZnO-NPs (0,10,
20, 30, 40, 60, 90, 120, 150, 180, 240 Zn mg L�1) and ZnCl2 (10, 20,
30, 40, 60, 90 and 120 Zn mg L�1). For each treatment, 10 adult test
organisms were exposed to the sand-solution system, and three
replicates were used for each exposure concentration and time. The
test was conducted in the climate chamber at 20 �C, 75% relative
humidity, and 16 h light/8 h dark. At the end of the test, mortality of
the test organisms was determined. Depending on the number of
surviving animals, for each replicate 2 to 5 individuals were
collected and washed with deionized water to remove the surface-
bound Zn. The collected animals were frozen at �18 �C for further
analysis.
2.5. Metal analysis

The ZnO-NP suspensions and freeze-dried animals were diges-
ted with concentrated HNO3. The actual total concentrations of Zn
in the ZnO-NP suspensions, ZnCl2 solution, and test animals were
measured with inductively coupled plasma optical emission spec-
trometry (ICP-OES, Optima 5300DV, PE), with the detect limit of the
ICP-OES analysis being 0.001mg L�1. The certified reference mate-
rial DOLT-4 (Dogfish liver) was used as quality control, and
measured Zn concentrations never differed more that 10% from the
certified value, showing the good recovery of Zn. The mean value of
the measured Zn body concentrations and survival fraction of three
replicates was used for data analysis and model fitting.
2.6. Dynamic accumulation and toxicity modeling

The accumulation of Zn in the test organisms with time was
described with a one-compartment model, which considers the
balance between assimilation and excretion.

CbodyðtÞ ¼ C0 � e�Ke1�t þ Ku � Cw
Ke1

� ð1� e�Ke1�tÞ (1)

where Cbody(t) is the body Zn concentration after different exposure
times (mg kg�1), t the exposure time (d), C0 is the initial or back-
ground body Zn concentration (mg kg�1); Cw the exposure con-
centration (mg L�1), Ku the uptake rate constant (mg kg�1d�1), and
Ke1 the bioaccumulation-based elimination rate constant (d�1).

The relationship between the fraction of surviving animals (S)
and Zn exposure concentration was described with a logistic dose-
response model.



Fig. 1. TEM images of the ZnO-NPs tested in this study under a scale range of 100 nm.

Fig. 2. Relative dissolved Zn ion release (in% of total Zn concentration) from ZnO-NP
suspensions at concentrations of 9.99, 40.6 and 174 Zn mg L�1 after different incu-
bation times.
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S ¼ Smax

1þ ð x
x50
Þb

(2)

where Smax is survival fraction of control (%), x the dose descriptor
(i.e., total Zn concentration in the test solution ([Zn], mg L�1) and in
the animals ([Zn]body, mg kg�1), x50 the corresponding effective
concentration that causes 50% mortality (i.e., LC50 and LC50body),
and b the slope parameter.

The relationship between toxicity and exposure time was
explained in terms of Zn elimination kinetics.

LC50 ðtÞ ¼ LC50∞
1� e�Ke2�t (3)

where LC50(t) is the LC50 value after different exposure times (mg
L�1), LC50∞ the ultimate LC50 value (mg L�1), and Ke2 toxicity-
based elimination rate constant (d�1). The parameters were esti-
mated by the nonlinear regression analysis using Origin 2016
(OriginLab, USA).

2.7. Determining the relative contribution of nanoparticulate and
ionic Zn

To investigate the dynamic release of Zn2þ from ZnO-NPs, ZnO-
NP suspensions with initial concentrations of 10, 40 and 160 Zn mg
L�1 were prepared with basic solution. For each concentration, five
sampling time points (1 h, 24 h, 48 h, 96 h, 168 h, 240 h and 336 h)
were selected. The amount of released Zn ions was determined by
ultrafiltration of the suspensions over a 30 KDa ultrafilter (Sarto-
rius) and centrifugation for 25min at 4000 rpm, 20 �C, until most of
the solution had passed the filter. In this way, the particulate ZnO
(ZnO-NP(particle)) could be retained on the filter, while the released
Zn2þ (ZnO-NP(ion)) could be determined by measuring the Zn
concentration in the ultrafiltrate.

The response addition (RA) model is often used for predicting
the effects of mixtures of toxicants that are believed to have dis-
similar modes of action (Qiu et al., 2016). Several studies have
suggested that metal ions and metal-based nanoparticles possess
dissimilar modes of action (Hua et al., 2014; Xiao et al., 2015).
Hence, in the present study, the RA model was chosen for calcu-
lating the relative contribution of NP(particle) and NP(ion) to the
toxicity of ZnO-NP suspensions.

EðtotalÞ ¼ 1� ½ð1� EðionÞÞ � ð1� EðparticleÞÞ� (4)

where E(total) and E(ion) represent the toxicity caused by the sus-
pension and the corresponding released ions. In the present study,
E(total) and E(ion) were experimentally determined. This makes
E(particle) the only unknown, allowing for direct calculation of the
effects caused by the NP(particle).

By incorporating the estimated Ku and Ke of ZnCl2 into Eq. (1),
the contribution of ZnO-NP(ion) to the bioaccumulation of Zn after
different exposure times was calculated, using the concentrations
of released Zn ions in ZnO-NP suspensions as inputs. Because the
total body concentration was measured experimentally, the
contribution of ZnO-NP(particle) to Zn bioaccumulation could be
derived. The definitions of all parameters in Eq. (1) to Eq. (4) are
shown in Table S1.

3. Results

3.1. Physicochemical properties and ion release of ZnO-NPs

The SEM analysis demonstrated that the ZnO-NPs used in this
study mainly existed as spherical particles with diameters between
24 and 48 nm (Fig. 1). The size distributions of the ZnO-NPs after 0,
1, 5, 24, 96 and 168 h of suspension are shown in Table S2. The NPs
aggregated as soon as they were spiked into the test solutions.
Generally, particle size of the ZnO-NPs in the suspensions increased
with increasing total concentration and incubation time. From 0 to
168 h, mean (±SD, n¼ 5) particle size increased from 385 (±20.5)
nm at 0 h to 1500 (±275) nm at 168 h for 9.99 Zn mg L�1 of ZnO-
NPs, from 258 (±11.7) to 1450 (±98.4) nm for 40.6 Zn mg L�1 of
ZnO-NPs, and from 497 (±12.9) to 1539 (±83.2) nm for 174 Zn mg
L�1 of ZnO-NPs. The initial zeta potential was 28.6, 33.2, and
29.1mV, respectively, for ZnO-NPs in solutions at concentrations of
9.99, 40.6 and 174 Zn mg L�1.

The ion release profiles of the ZnO-NPs from 1 h to 336 h (14d)
are shown in Fig. 2. The ZnO-NPs gradually dissolved with
increasing incubation time, with the percentage of released Zn ions
in ZnO-NP suspensions of 9.99, 40.6, and 174 Zn mg L�1 increasing
from 19.3% to 31.5%, from 7.14% to 14.8%, and from 1.38% to 2.40%,
respectively. The higher ZnO-NP concentrations therefore resulted
in a lower ion release rate. However, the total amounts of released
ions at each time point were similar, e.g., the concentrations of
released Zn ions after 336 h were 3.15, 4.35, and 4.17mg L�1 for the



Fig. 3. Relationship between body Zn concentration (Zn mg kg�1 dry body weight) and exposure time in Enchytraeus crypticus exposed to different concentrations of ZnO-NPs and
ZnCl2 in test solutions embedded in a quartz sand matrix. Data points show the mean values of observed data with standard error, solid lines show the fit of the one-compartment
model (Eq. (1)) to the body metal concentration data at different Zn exposure levels separately.
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9.99, 40.6, and 174 Zn mg L�1 ZnO-NPs treatments, respectively.
3.2. Dynamic accumulation of ZnO-NPs and ZnCl2 in E. crypticus

For both the ZnO-NP and ZnCl2 treatments, body Zn concen-
trations in E. crypticus increased with increasing exposure level and
exposure time (Fig. 3). After 10e14 days of exposure, the body Zn
concentrations reached steady state. The maximum body Zn con-
centrations were 2191 (±172) mg kg�1 for the ZnO-NP series and
1434 (±83.8) mg kg�1 for the ZnCl2 series. At similar Zn exposure
levels, body Zn concentration was higher for ZnO-NPs than for
ZnCl2 treatments, e.g. for ZnO-NP (37.4 Zn mg L�1) and ZnCl2 (37.6
Zn mg L�1) treatments, after 14 d exposure body Zn concentrations
reached 1220 (±244) mg kg�1 and 861 (±33.9) mg kg�1,
respectively.

When fitting data for each exposure concentration separately
using Eq. (1), with increasing Zn exposure levels, for ZnO-NPs the
uptake rate constant Ku peaked at 12.6mg kg�1d�1 at 37.4 Zn mg
L�1 and significantly decreased to 5.74mg kg�1d�1 at 111 Zn mg
L�1 (p < 0.01). For ZnCl2, Ku decreased from 40.1 to
8.32mg kg�1d�1 with exposure concentrations increasing from
5.27 to 25.4 Zn mg L�1, and then leveled off (p¼ 0.06) (Table 1).
The estimated bioaccumulation-based elimination rate constant
Ke1 values for ZnO-NPs (0.17e0.39 d�1) and ZnCl2 (0.31e0.42 d�1)
remained almost constant across the different Zn exposure levels,
except for the two lowest exposure concentrations of ZnCl2.
Generally, compared with ZnO-NPs, ZnCl2 exposure resulted in a
higher Zn uptake and elimination rate constants in E. crypticus.
The body Zn concentrations estimated using the one-
compartment model (Eq. (1)) with Ku and Ke1 are shown in
Fig. 3 (solid lines).
Table 1
Kinetic parameters (uptake rate constant Ku, bioaccumulation-based elimination rate con
one-compartment model (Eq. (1)) to the body Zn concentrations under different exposu

ZnO-NP treatments

Zn (mg L�1) Ku (mg kg�1d�1) Ke1 (d�1)

9.50 12.0 0.31
19.5 11.1 0.22
35.4 9.47 0.32
37.4 12.6 0.32
59.9 9.01 0.33
78.3 5.19 0.17
111 5.74 0.39
3.3. Dynamic toxicity of ZnO-NPs and ZnCl2 to E. crypticus

The relationships between the survival of E. crypticus and the
measured Zn concentrations in ZnO-NP and ZnCl2 treatments at
different exposure times are shown in Fig. 4. Generally, enchytraeid
survival decreased with increasing Zn exposure level. At the same
Zn exposure concentration, the survival decreased with time in the
ZnO-NP treatments. In the ZnCl2 treatments, a similar trend was
only observed within 7 d of exposure, but after that survival did not
further decrease with exposure time.

In the ZnO-NP series, LC50 (95% C.I.) values of Zn declined from
123 (115e131) Zn mg L�1 at 1 d to 67.4 (64.8e69.9) Zn mg L�1 at
14 d. In the ZnCl2 series, the LC50 reduced from 86.4 (76.6e96.3) Zn
mg L�1 at 1 d to 61.6 (57.9e65.4) Zn mg L�1 at 7 d and reached
equilibrium afterwards (Table 2). The LC50 values were higher for
ZnO-NPs than for ZnCl2, indicating a higher toxicity of the ionic Zn.
The differences in LC50s between ZnO-NPs and ZnCl2 reduced with
the increased exposure time, with the estimated LC50∞ values
being similar at 73.5 (57.1e90.3) Zn mg L�1 and 63.4 (57.2e69.6) Zn
mg L�1, respectively. The estimated Ke2 value was higher for ZnCl2
(1.31 d�1) than for ZnO-NPs (0.90 d�1).
3.4. Relationship between accumulation and toxicity

The survival of E. crypticus exposed to ZnO-NPs and ZnCl2 as a
function of body Zn concentration is plotted in Fig. 5. For both ZnO-
NP and ZnCl2 exposures, a higher Zn level in the organisms corre-
lated with a stronger toxic effect. When relating the survival to
body Zn concentration at individual exposure times, using the lo-
gistic model (Eq. (2)), the R2 varied from 0.18 to 0.92 for ZnO-NPs
and from 0.78 to 0.99 for ZnCl2 (Table 3). The better model
stant Ke1) of ZnO-NPs and ZnCl2 in Enchytraeus crypticus estimated by applying the
re concentration separately.

ZnCl2 treatments

Zn (mg L�1) Ku (mg kg�1d�1) Ke1 (d�1)

5.27 40.1 2.05
11.1 24.3 1.26
25.4 8.32 0.31
37.6 12.0 0.58
50.2 9.07 0.38
66.1 8.44 0.42



Fig. 4. Survival (%) of Enchytraeus crypticus after different times of exposure to different concentrations of ZnO-NPs (A) and ZnCl2 (B) in test solutions embedded in a quartz sand
matrix. Data points show the mean values of observed survival data with standard error for each treatment, solid lines show the fit of logistic dose-response model (Eq. (2)) to the
survival data at each exposure time separately.

Table 2
LC50 values (95% confidence intervals) for the toxicity of ZnO-NPs and ZnCl2 to Enchytraeus crypticus after different exposure times related to measured Zn concentrations in
test solutions. LC50s were calculated using a logistic dose-response model (Eq. (2)). The relationship between LC50 and exposure time was described with Eq. (3), with the
ultimate LC50 value (LC50∞) and toxicity-based elimination rate constant (Ke2) estimated.

LC50 (mg L�1) LC50∞ (mg L�1) Ke2 (d�1)

1d 4d 7d 10d 14d

ZnO-NPs 123 (115e131) 90.9 (88.9e93.1) 71.9 (68.9e75.0) 68.9 (62.2e75.5) 67.4 (64.8e69.9) 73.5 (57.1e90.3) 0.90 (±0.16)
ZnCl2 86.4 (76.6e96.3) 69.5 (67.0e72.1) 61.6 (57.9e65.4) 61.3 (61.2e61.3) 61.8 (60.3e63.3) 63.4 (57.2e69.6) 1.31 (±0.15)

Fig. 5. Survival (%) of Enchytraeus crypticus exposed to ZnO-NPs (A) and ZnCl2 (B) in test solutions embedded in a quartz sand matrix as a function of body Zn concentrations after
different exposure times. Data points show the measured body concentration data, solid line shows the fit of a logistic dose-response curve (Eq. (2)) to all data at different exposure
times together.

Table 3
LC50 values (95% confidence intervals) for the toxicity of ZnO-NPs and ZnCl2 to Enchytraeus crypticus related to body Zn concentrations at different exposure times separately
and all data together. Data were fitted to logistic dose-response model (Eq. (2)). R2 shows the correlation between survival and body Zn concentration.

Exposure time ZnO-NPs R2 ZnCl2 R2

LC50body (Zn mg kg�1 dry body wt) LC50body (Zn mg kg�1 dry body wt)

1 d 461 (369e552) 0.27 448 (419e476) 0.78
4 d 1341 (291e2391) e 1153 (1113e1193) 0.98
7 d 1590 (913e2268) 0.19 998 (812e1174) 0.98
10 d 1608 (1500e1717) 0.92 1316 (1315e1316) 0.99
14 d 1679 (634e2724) 0.18 1270 (1165e1375) 0.99
All together 1720 (1283e2156) 1306 (1179e1433)

E. He et al. / Environmental Pollution 245 (2019) 510e518514



Table 4
Relative contribution of NP(particle) and NP(ion) to the overall toxicity and Zn bioaccumulation in Enchytraeus crypticus exposed to low (9.50 Znmg L�1), medium (37.4 Znmg L�1),
and high (111 Zn mg L�1) concentrations of ZnO-NPs after different exposure times, calculated using Eq. (4) with the concentrations of released Zn ions in the ZnO-NP
suspensions as inputs.

Time Relative contribution to accumulation (%) Relative contribution to toxicity (%)

Low ZnO-NP Medium ZnO-NP High ZnO-NP Low ZnO-NP Medium ZnO-NP High ZnO-NP

NP(particle) NP(ion) NP(particle) NP(ion) NP(particle) NP(ion) NP(particle) NP(ion) NP(particle) NP(ion) NP(particle) NP(ion)

1 d 90.5 9.50 95.8 4.20 96.7 3.30 100 0 100 0 100 0
4 d 82.1 17.9 94.2 5.80 93.6 6.40 100 0 100 0 100 0
7 d 81.4 18.6 94.1 5.90 94.1 5.90 100 0 100 0 100 0
10 d 74.7 25.3 94.1 5.90 94.3 5.70 100 0 100 0 100 0
14 d 88.6 11.4 94.0 6.00 92.5 7.50 100 0 100 0 100 0
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performance for ZnCl2 than for ZnO-NP treatments demonstrates
that body Zn concentration is a good indicator of toxicity for ZnCl2
but not for ZnO-NPs.

From 4 to 14 d of exposure, the estimated LC50body (95% C.I.)
values were almost constant, ranging from 1341 (291e2391) to
1679 (634e2724) Zn mg kg�1 dry body wt for ZnO-NPs and from
998 (812e1174) to 1270 (1165e1375) Zn mg kg�1 dry body wt for
ZnCl2 (Table 3). When fitting all data together, the estimated
LC50body for ZnO-NPs and ZnCl2 were 1720 (1283e2156) and 1306
(1179e1433) Zn mg kg�1 dry body wt, respectively. Although the
overall LC50body is higher for ZnO-NPs than for ZnCl2, the difference
is not significant considering the overlap of the 95% confidence
intervals.

3.5. Contribution of ZnO-NP(particle) and ZnO-NP(ion) to Zn
accumulation and toxicity

The relative contributions of ZnO-NP(particle) and ZnO-NP(ion) to
the overall accumulation and toxicity of ZnO-NPs in E. crypticus
after different exposure times are shown in Table 4. At low ZnO-NP
concentration (9.50 Zn mg L�1), the contribution of ZnO-NP(particle)
to the overall Zn accumulation varied from 75% to 91%. Accordingly,
the contribution of ZnO-NP(ion) ranged from 9.5% to 25% during the
entire exposure duration. At medium (37.4 Zn mg L�1) and high
(111 Zn mg L�1) ZnO-NP concentrations, the contribution of ZnO-
NP(ion) to the overall accumulation was below 7.5%. For toxicity, the
relative contributions of the ions released from ZnO-NPs were
negligible, approximately 0% for all treatments. This indicates that
in the ZnO-NP suspensions particles rather than the released ions
were the major source of toxicity.

4. Discussion

4.1. Dissolution of ZnO-NP

Our study showed that the ZnO nanoparticles underwent
gradual dissolution with increasing incubation time, with fast
dissolution being observed during the first 24 h. It has been shown
that the percentage of ZnO-NP(ion) increased from 59% after 1 h of
incubation to 65% after 48 h of incubation in a test medium spiked
with 1e10 Zn mg L�1 of ZnO-NP (Xiao et al., 2015). Adam et al.
(2014) reported that a large portion of dissolution occurred
immediately after introducing ZnO-NPs into an aqueous test me-
dium, with 60% dissolution within 1e2 h incubation. This is
consistent with our findings. In the present study, the potential of
ion release declined with increasing ZnO-NP level in suspension.
Previous studies reported that the ion release percentage decreased
from 58% to 44% and from 69% to 37% when ZnO-NP concentration
ranged from 0.2 to 5.0 Zn mg L�1 and from 1.0 to 10 Zn mg L�1,
respectively (Bai et al., 2010; Brun et al., 2014). Exposure conditions,
including exposure concentration, exposure time, and
characteristics of test solutions are important factors influencing
the dissolution behavior of metal-based NPs.

4.2. Accumulation and toxicity patterns of ZnO-NPs and ZnCl2

Our results showed that body Zn concentration and survival of
the enchytraeids in ZnO-NP and ZnCl2 treatments were dependent
on both exposure concentration and exposure time, with equilib-
rium being reached within 14 d of exposure. A similar trend of Zn
bioaccumulation was found for the earthworm Eisenia andrei
exposed to ZnO-NPs, with an initial rapid increase in internal Zn
concentrations, followed by a slight decrease to equilibration
within the uptake phase (Swiatek et al., 2017). Formetals that could
be regulated and excreted by the organism, body metal concen-
tration would reach a stable value, while for metals that cannot be
eliminated the accumulation pattern would be linear
(Crommentuijn et al., 1994). The present study indicated that Zn,
either ionic or in nanoparticulate form, was efficiently regulated by
the enchytraeids.

For the exposure to metals in the form of metal chloride (e.g.
NiCl2, CoCl2 and CdCl2), toxic effects will occur when body metal
concentration exceeds a critical level, the critical body residue
(Sauv�e et al., 1998), hence toxicity is closely correlated with expo-
sure time (Broerse and van Gestel, 2010; He and van Gestel, 2013;
Jager et al., 2011). The mortality of Daphnia magna increased with
time of NiO-NP exposure (Gong et al., 2016) and the LC50 of AgNPs
for E. crypticus decreased over time and reached steady state after
7 d (Topuz and van Gestel, 2015). These results are consistent with
our finding that the toxicity of ZnO-NPs was influenced by both the
exposure time and exposure concentration. Therefore, the influ-
ence of time should be considered to avoid underestimation of
toxicity, especially in the case of long-term exposures to relatively
low concentrations.

4.3. Toxicokinetic and toxicodynamic parameters of ZnO-NPs and
ZnCl2

The dynamic Zn accumulation patterns in E. crypticus exposed to
ZnO-NPs and ZnCl2 were well described by the one-compartment
model. The estimated Ku and Ke values can be used to quanti-
tively compare the differences of toxicokinetic and toxicodynamic
processes of Zn in ionic and particulate form. In both ZnO-NP and
ZnCl2 treatments, the estimated Ku values were higher than the Ke
values. It has been widely accepted that when the rate of metal
uptake exceeds the rate of detoxification and elimination, the metal
will accumulate in the organisms and subsequently toxic effects
will be induced when the body metal concentration reaches the
critical body burden (Broerse et al., 2012; Rainbow, 2007a). More-
over, metal detoxification itself is an energetically costly process,
which also causes indirect physiological effects, e.g. on respiration,
body size, reproduction and survival (Bednarska and Stachowicz,
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2013; Sibly and Calow, 1989).
The estimated Ku values for Zn uptake from ZnO-NPs and ZnCl2

tended to decline at high exposure concentrations. Consistent with
the finding in the present study, Lock and Janssen (2001) found that
the uptake rate constant of Cd in Enchytraeus albidus decreased
from 0.214 to 0.104 d�1 when exposed to 10 and 100 Cd mg kg�1

dry soil. He and van Gestel (2013) and Zhang and Van Gestel (2017),
investigating the toxicokinetics of Ni and Pb in E. crypticus,
respectively, showed that uptake rate constants decreased with
exposure concentration after the peak was reached. The decreased
uptake rates at high exposure concentration may result from the
limitation of carriers, through which metal ions could be trans-
ported through the cell membrane (Li et al., 2009). At high metal
exposure concentration, cell death rate increased, and subse-
quently resulted in reduced toxicant absorption ability (Argasinski
et al., 2012). The estimated value of Ku was higher for ZnCl2 than for
ZnO-NPs, indicating that ionic Zn was more accessible for
E. crypticus than nanoparticulate Zn. Consistent with our results,
the uptake rate constants were also found to be higher for ionic Zn
than for nanoparticles in E. andrei (Swiatek et al., 2017). Diez-Ortiz
et al. (2015) estimated the toxicokinetic parameters of Agþ ions and
AgNPs for earthworms (Lumbricus rubellus), finding significantly
higher uptake rates for the Agþ treatments. The aggregation of NPs
in test suspensions may inhibit their uptake, as the accumulation
for small ZnO-NPs was significantly than for larger ones (Kaya et al.,
2016).

Compared to the uptake rate constant, the elimination rate
constant is determined to a large extent by the test organism itself,
and therefore is less dependent on exposure concentration
(Crommentuijn et al., 1994; He and van Gestel, 2013). Overall, the
bioaccumulation-based elimination rate constant (Ke1) and the
toxicity-based elimination rate constant (Ke2) were above zero,
meaning that E. crypticus was able to excrete the Zn internalized
from ZnO-NP and ZnCl2 exposures. Compared with ZnO-NPs, ZnCl2
exposure resulted in higher elimination rates based on body con-
centration or survival data. Khan et al. (2015) and Topuz and van
Gestel (2015), investigating the toxicokinetic and toxicodynamics
of different Ag forms in Lumbriculus variegatus and E. crypticus,
respectively, demonstrated that elimination rate was slower for
AgNP treatments than for AgCl. However, Carbone et al. (2016)
showed that the excretion rates of Ce in Eisenia fetida were
similar when exposed to Ce ions and CeO2-NPs, withmore than 99%
of Ce in the organism being excreted in five days.

The toxicokinetic and toxicodynamic patterns of Zn in ionic and
particulate form were different because their uptake and elimina-
tion rates in E. crypticus differed from each other.

4.4. Body metal concentration versus toxicity

In the present study, at similar total Zn exposure concentrations,
the body Zn concentration of E. crypticus was higher for ZnO-NPs
than that for ZnCl2, but the toxicity of ZnO-NPs was lower than
that for ZnCl2. It has been recognized that dissolved metals are
more toxic than metal nanoparticles (Hooper et al., 2011; Lopes
et al., 2014). However, despite the lower toxicity of NPs in com-
parisonwith ions, internal metal concentrations in organisms were
higher for NP treatments (Heggelund et al., 2013; Topuz and van
Gestel, 2015). Previously, we noticed that body metal concentra-
tion was a better predictor of toxicity as it incorporates the influ-
ence of environmental factors, including exposure conditions and
exposure time (He et al., 2015; He and van Gestel, 2013). This is in
accordancewith the finding of the present study for ZnCl2 whenwe
linked toxicity to body Zn concentration. However, body Zn con-
centrationwas a poor predictor of the dynamic toxicity of ZnO-NPs.
Bioavailability has been considered to be a dynamic process in
which environmental availability of a metal causes exposure,
resulting in actual uptake and subsequent effects due to the metal
interacting with a biological target (Peijnenburg et al., 2007; Van
Straalen et al., 2005). The metal accumulated in an organism can
be metabolized and excreted, accumulated in different tissues,
sequestered internally or transported to non-toxic action sites
(Vijver et al., 2004). The relationship between toxicity and metal
bioaccumulation may be influenced by such internal interactions,
which hinder the use of body metal concentration to predict
toxicity (Rainbow, 2007b). Li et al. investigated the subcellular
distribution pattern of Zn in the earthworm E. fetida, showing that
ionic Zn was distributed mainly in cell membranes and tissues,
while Zn derived from NPs was stored mainly in organelles and the
cytosol (Li et al., 2011). Unrine et al. (2010) and Hooper et al. (2011)
showed that part of the accumulated Cu and Zn remained as par-
ticles and did not dissolve in the worm tissue. This may explain the
reduced toxicity of ZnO-NPs compared to ZnCl2 at similar body
concentrations. Insights into the intracellular distribution and
speciation of the metal are meaningful for understanding the dif-
ference in toxicity between metal-based nanoparticles and dis-
solved ions.

4.5. Relative contribution of ZnO-NP(particle) and ZnO-NP(ion)

Currently there is no consistent information regarding the
contribution of metal-based nanoparticles and their released ions
to the overall toxicity and accumulation. Several studies showed
that the toxicity of metal-based NPs is mainly caused by their
released metal ions (Franklin et al., 2007; Heinlaan et al., 2008). For
Danio rerio and D. magna the relative contribution to lethality was
found to be higher for the particles than for the ions in ZnO-NP
suspensions (Hua et al., 2014; Xiao et al., 2015). In the present
study, we found that rather than ZnO-NP(ion) it was ZnO-NP(particle)
that acted as the major source of Zn bioaccumulation and toxicity
during the whole 14 d exposure period. Santo et al. (2014) and
Wang et al. (2015) demonstrated that themaximum concentrations
of released ions in suspensions of ZnO-NPs and Ag2S-NPs were well
below the NOEC of their ionic form for cowpea and wheat. In these
cases, despite the relatively high intrinsic lethality of the metal in
ionic form, the particulate metal form was the main factor causing
bioaccumulation and lethality in organisms as the amount of ion
released from metal-based NPs was too low to induce any signifi-
cant effect.

It has been shown that ZnO-NPs and AgO-NPs can be readily
taken up by earthworms (E. fetida) in soil (Hu et al., 2010). Similar
bioaccumulation potential of Zn was found for ZnO-NPs and ZnCl2
in the terrestrial isopod (Porcellio scaber) (Pipan-Tkalec et al., 2010).
Small sized NPs can easily penetrate into embryos of zebrafish via
the chorion pore canals cross the cell membrane (Lee et al., 2012).
Furthermore, scanning electron microscopy analysis of earthworm
tissues proved that ZnO-NPs can be taken up in particulate form by
earthworms (Heinlaan et al., 2008; Hooper et al., 2011). Hence, the
metals in particulate form could accumulate in organisms and
subsequently cause toxicity.

5. Conclusions

In the present study, the dynamic toxicity and Zn bio-
accumulation in E. crypticus differed greatly between ZnO-NPs and
ZnCl2. The estimated uptake and elimination rates of Zn were
higher for ZnCl2 than for ZnO-NPs, suggesting that the ionic Znwas
easier to be accumulated and eliminated by E. crypticus. By
measuring the released Zn ions in ZnO-NP suspensions, the
contribution of particles and released ions to the dynamic bio-
accumulation and toxicity were calculated. It was found that ZnO
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particles rather than Zn ions dominated uptake and toxicity. Body
Zn concentration, which integrates all steps in the toxicokinetic
process, well described the dynamic toxicity of ZnCl2, but not of
ZnO-NPs. This may be attributed to internal distribution and
detoxification mechanisms. Our study suggests that the risk
assessment of ZnO-NPs cannot be conducted with the existing
frameworks for conventional Zn salts. Further research on internal
interactions of nanoparticles within the animals is warranted to
obtain the full picture of the adverse effects of nanoparticles.
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