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A B S T R A C T

The toxicokinetics of zinc in the earthworm Eisenia andrei was investigated following exposure for 21 days to
ionic zinc (ZnCl2) or zinc oxide nanoparticles (ZnO-NPs) in Lufa 2.2 soil, followed by 21 days elimination in
clean soil. Two concentrations were tested for both ZnCl2 (250 and 500 μg Zn g−1) and ZnO-NPs (500 and
1000 μg Zn g−1), corresponding to EC25 and EC50 for effects on reproduction. Based on the measured internal Zn
concentrations in the earthworms over time of exposure, the kinetics parameters ka – assimilation rate constant
(gsoil g−1

body weight day−1) and ke – elimination rate constant (day−1) were estimated using a one-compartment
model for either total Zn concentrations in the soil or porewater Zn concentrations. In the ZnCl2 treatments, ka
was higher for total Zn concentrations in soil, whereas in the ZnO-NP treatments, ka was higher for porewater Zn
concentrations. The value of ke did not differ between the two Zn forms (ZnCl2 vs ZnO-NPs) for either EC50 or
EC25 when related to total Zn concentrations in soil, but for EC50, ke related to porewater Zn concentrations was
significantly higher for ZnCl2 than for ZnO-NPs. It is concluded that differences in kinetic parameters between
treatments were connected with exposure concentrations rather than with the form of Zn. Zinc was efficiently
regulated by the earthworms in all treatments: a 2-fold increase in exposure concentration resulted in a less than
2-fold increase in internal concentration, and after transfer to uncontaminated soil the internal Zn concentrations
in the earthworms returned to ca 111 μg g−1 dw in all treatments.

1. Introduction

The increasing usage of engineered nanoparticles (NPs) is associated
with the risk of uncontrolled release into the environment (Caballero-
Guzman and Nowack, 2016; Ju-Nam and Lead, 2008). Once released
into the environment, NPs can enter wastewater and sewage sludge,
which may in turn be used as fertiliser on crop fields. Since ZnO-NPs are
among the most widely used nanoparticles, the risk of release into the
soil environment is high. However, due to the complex nature of the
soil, the exact amount of NPs in the environment is difficult to
determine due to various limitations (Caballero-Guzman and Nowack,
2016). After reaching the soil environment, NPs can potentially be
taken up by soil-dwelling organisms (García-Gómez et al., 2014). Thus,
to date several studies on ZnO-NPs have been performed aimed at
examining their influence on soil invertebrates, among them earth-
worms (Fernández et al., 2014). Most of these studies indicated that
ZnO-NPs are not as toxic as the ionic form of this metal (Kwak and An,
2015). Hooper et al. (2011) showed a 50% decrease in reproduction by
ZnO-NPs compared to complete inhibition by ZnCl2 treatment when

exposing Eisenia veneta to 750 μg Zn g−1 soil. Moreover, no increased
mortality was observed in comparison with control when earthworms
were exposed to 0.1, 1, 1000, and 5000 μg Zn g−1 of ZnO-NPs in sand
for 14 days (Cañas et al., 2011).

Some studies suggest that the toxicity of NPs may be connected with
ions released after their dissolution (Heggelund et al., 2014; Kool et al.,
2011), rather than with exclusive effect of nanoparticles itself. And
recent studies on the metabolomics and genotoxicity of silver nano-
particles (Ag-NPs) confirm that toxicity results from the simultaneous
action of nanoparticles and released metal ions (Garcia-Reyero et al.,
2014; Li et al., 2015). Probable differences in the pathway and mode of
action for ZnO-NPs and Zn2+ ions could be indirectly connected with
differences in the intracellular compartmentalisation of zinc in the
earthworms Eisenia fetida exposed to either nano or ionic zinc forms (Li
et al., 2011). Li et al. (2011) showed that zinc in ionic form was
distributed mainly in cell membranes and tissues, while zinc derived
from NPs was stored in organelles and cytosol. Moreover, despite the
lower toxicity of ZnO-NPs in comparison with ions, internal Zn
concentrations in earthworms were higher for the former (Heggelund
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et al., 2014; Hooper et al., 2011). Thus, different mechanisms may be
responsible for the regulation of Zn concentrations in animals exposed
to different forms of the metal.

Many toxicokinetic experiments have been conducted in order to
understand the uptake and elimination of different metals by different
earthworm species (Giska et al., 2014; Li et al., 2009; Nahmani et al.,
2009), including Eisenia andrei (Smith et al., 2010). However, the
toxicokinetics of Zn after ionic and nanoparticle exposure has rarely
been studied in earthworms (Laycock et al., 2016).

Our aim was to compare the toxicokinetics of zinc in the earthworm
E. andrei after exposure to the metal present in soil in the form of either
zinc oxide nanoparticles (ZnO-NPs) or ions derived from a soluble salt
(ZnCl2). Two different concentrations, covering the EC50 and EC25 for
effects on earthworm reproduction (Heggelund et al., 2014) were
chosen. Based on the measured internal Zn concentrations in the
earthworms over time, toxicokinetics parameters, i.e. assimilation and
elimination rate constants, were calculated and compared between
treatments.

2. Materials and methods

2.1. Test species

Earthworms of the species E. andrei were obtained from a laboratory
culture at the Department of Ecological Science of Vrije Universiteit in
Amsterdam. The earthworms were fed with horse manure free of any
pharmaceuticals and cultured at 20 °C in darkness. The experiment
used 4-month old adult individuals with well-developed clitellae.

2.2. Soil spiking procedure

Loamy sand soil (LUFA-Speyer 2.2, Germany) was used. Soil came
from two deliveries with pHCaCl2 5.4± 0.2, total organic carbon
content 1.59±0.13%, cation exchange capacity 9.7±0.4 meq.
100 g−1, and maximum water holding capacity (WHC) 43.5±2.8%
(w/w). The experiment used 30 nm ZnO-NPs as powder without any
surfactant or coating (Nanosun Zinc Oxide P99/30, Microniser,
Australia). Transmission electron micrographs and particle size dis-
tribution, determined by Waalewijn-Kool et al. (2012), showed that the
primary particle size of the nanoparticles was in agreement with the
values provided by the manufacturer. Full details and results of particle
characterization can be found in Waalewijn-Kool et al. (2012). Soil
spiked with zinc chloride salt (ZnCl2, Merck, Germany) was used to
represent treatments with ionic Zn. Two concentrations of ZnO
nanoparticles (nominal: 500 and 1000 μg Zn g−1 dry soil, designated
as ZnO-NP 500 and ZnO-NP 1000, respectively), two concentrations of
ZnCl2 (nominal: 250 and 500 μg Zn g−1 dry soil, designated as ZnCl2
250 and ZnCl2 500, respectively), and one control without added zinc
were tested. Test compounds were introduced into soil using different
methods. Four days before starting the exposure (in order to obtain
equilibration), soil was spiked with ZnCl2 as aqueous solutions prepared
with an amount of water sufficient to achieve a soil moisture content of
50% of WHC. After spiking, to achieve homogenous distribution, the
soil was mixed with a kitchen robot. Shortly before starting the
exposure (day 0), ZnO nanoparticles were added to a small portion of
dry soil (i.e. 250 g which was 10% of the soil used per treatment) as dry
powder and then mixed by shaking 4e6 min in a closed jar. Subse-
quently, the remaining soil (2300 g) and enough water to reach a soil
moisture content equivalent to 50% of WHC were added and homo-
genised carefully with the kitchen robot under a fume hood. Thus, a
shorter equilibration time was used for treatments with ZnO nanopar-
ticles than for ZnCl2 to take into account differences in their solubility
(Romero-Freire et al., 2017) and to ensure that the earthworms from
the ZnO-NP treatments were exposed mainly to zinc in the form of
nanoparticles.

2.3. Toxicokinetics experiment

The toxicokinetics test followed OECD Guideline 317 (OECD, 2010),
with 21 days of exposure in Zn contaminated soil (uptake phase)
followed by 21 days of elimination in control soil (elimination phase,
also described in the literature as the decontamination phase). Three
replicates (i.e. glass jars filled with approximately 60 g of wet soil) were
prepared per sampling point for each Zn treatment and control. Food
was added at the beginning of each phase by mixing 7 mg dry weight of
horse dung per 1 g dry weight of soil prior to introducing the soil into
the test jars. Earthworms, one individual per jar, were randomly
allocated to treatments. Before starting the exposure (day 0) and after
1, 2, 4, 7, 10, 14, 17, and 21 days (uptake phase) and 22, 23, 25, 28, 31,
35, 38, and 42 days (elimination phase), three individuals were
sampled from each Zn treatment. At days 0, 7, 14, 21, 28, 35, 38,
and 42, three individuals were sampled from the control treatment.
Once a week, soil moisture content was checked by weighing the jars,
and moisture loss was replenished with deionised water when neces-
sary. The jars were also aerated by this procedure. At each sampling
point, the collected earthworms were rinsed with tap water, blotted dry
on filter paper, and weighed to the nearest 0.0001 g. Then, the animals
were kept individually in Petri dishes lined with moistened filter paper
to void the gut content. After 24 h, the earthworms were rinsed, blotted
dry and weighed again, then killed by freezing at −20 °C.

2.4. Chemical analysis

Frozen animals were freeze-dried for 48 h and then weighed to the
nearest 0.0001 g. Soil samples collected before the exposure (day 0)
from each treatment were dried for 48 h at 50 °C. For analysis of the
total zinc concentrations, both individual earthworms and soil samples
(ca 100 mg dried soil) were digested in 2 mL of a 4:1 mixture of HNO3

(65% p.a., Sigma-Aldrich) and HCl (37% p.a., Sigma-Aldrich).
Digestion was performed using Teflon bombs, closed tightly and placed
in an oven (CEM MDS 81D) at 140 °C for 7 h. To determine the level of
analytical precision, three blanks and three samples of a certified
reference material (for earthworms: Dolt-4 Dogfish Liver, National
Research Council of Canada, with a certified Zn concentration of
116± 6 μg g−1; for soil: ISE sample 989 of River Clay from
Wageningen, the Netherlands, with a certified Zn concentration of
1060 μg g−1) were run with the samples. After digestion, the samples
were complemented with demineralised water (8 mL) and Zn concen-
trations were analysed using flame Atomic Absorption Spectrometry
(AAS) (Perkin Elmer AAnalyst 100) and expressed in μg g−1 dry weight
(dw). Measured zinc concentrations in the reference materials were
within± 0.5% and±3.5% of the certified concentrations for the Dolt-4
Dogfish Liver and ISE sample 989 of River Clay, respectively.

At the beginning (day 0) and end (day 21) of the uptake phase, three
soil samples (ca 49g) per treatment were taken, saturated to 100%WHC
and equilibrated for 48 h. Soil porewater was collected via centrifuga-
tion (Centrifuge Falcon 6/300 series, CFC Free) for 45 min with a
relative force (RCF) of 2000×g over two round filters (cat. no. 1001-
047, Ø 47 mm) and a 0.45 µm membrane filter (cellulose nitrate, cat.
no. 10401112, Lot G9942878, Ø 47 mm) placed inside the centrifuge
tubes. Approximately 10 mL of soil porewater per sample was collected
and analysed using flame AAS (Perkin Elmer AAnalyst 100) for Zn
concentration. Additionally, Zn concentration was determined after
ultrafiltration from an aliquot of the porewater: to obtain particle-free
extracted porewater, samples were centrifuged in a 3 kDa ultrafiltration
device (Amicon Ultra-15 Filters, Millipore) for 45 min at 3000×g. The
ultrafiltration was only done for soil samples taken at day 0.

To measure the pHCaCl2 of the test soils, samples (ca 5g dw) were
taken at days 0, 7, 14, and 21 and shaken in plastic tubes with 25 mL
0.01 M CaCl2 for 2 h at 2000 rpm. After overnight settling of the
floating particles, pH was measured using a pH-meter (inoLab® pH
7110, WTW).
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Soil organic matter content was determined as loss on ignition. Soil
samples were taken at days 0 and 21, dried at 50 °C in the stove for
24 h, and subsequently ashed in an ashing oven by increasing the
temperature from 200 °C (first hour) to 400 °C (second hour), and
finally up to 500 °C (an additional 6 h).

2.5. Data analysis

To describe Zn interaction between soil and porewater, the soil-
solution partition coefficient (Kd) was calculated as the ratio of the total
Zn concentration measured in soil (μg g−1 dry soil) and the correspond-
ing porewater Zn concentration (μg mL−1).

The development of internal Zn concentrations in the earthworms
with time was analysed with a one-compartment first-order model
proposed by Skip et al. (2014). Different modifications of the original
model were tested with either (1) single ka and single ke fitted to both
phases together, (2) separate estimation of the model parameters: ka1
and ke1 for the uptake phase and ka2 and ke2 for the elimination phase,
or (3) ka and ke fitted only to the uptake phase. The models were
compared according to R2 values adjusted for degrees of freedom
(R2

adj). The equation for the last model is as follows:

C C e C k
k

e1= × + ( − )t
k t

exp
a

e

k t
0( )

− × − ×e e

where:
C(t) – internal Zn concentration at time t (μg g−1 dw); C0 – internal

Zn concentration in the earthworms at t=0 (μg g−1 dw), given in the
model explicitly as the average concentration measured in earthworms
(132 μg g−1 dw) before starting the exposure (day 0); Cexp – measured
exposure concentration in the uptake phase, either in the soil (μg g−1

dw soil) or porewater (μg mL−1); ka – assimilation rate constant (gsoil
g−1

body weight day−1 or mLporewater g−1
body weight day−1); ke – elimina-

tion rate constant (day−1). The following symbols were used for
kinetics parameters estimated based on total Zn concentrations mea-
sured either in the soil: ka-S, ke-S or in the porewater: ka-PW, ke-PW.
Equations were fitted using the Marquardt method. The kinetics
parameters were checked for significance using asymptotic 95% con-
fidence intervals, which were also used to compare the parameters
between treatments. Using 95% confidence intervals for comparisons
between treatments is a conservative approach, assuming a significant
difference when the confidence intervals for two treatments do not
overlap. If the confidence intervals do overlap, it does not necessarily
mean, however, that the parameters cannot be considered significantly
different.

All models were estimated using Statgraphic Centurion XVI version
16.2.04. Based on assimilation and elimination rate constants, bioac-
cumulation factor (BAF = ka/ke) and steady-state concentration (CSS =
(ka/ke)×Cexp) were calculated for each Zn treatment.

3. Results

3.1. Soil properties

Soil pHCaCl2 varied between treatments and exposure days (Table 1).
At day 0, after 4 days of equilibration, pH values for both treatments
with ionic Zn were a bit lower (pH=5.9 and pH=5.7 for ZnCl2 250 and
ZnCl2 500, respectively) than for the control (pH=6.0). At day 0 the
soil spiked with ZnO-NPs had slightly higher pHCaCl2 (6.2 and 6.5 for
ZnO-NP 500 and ZnO-NP 1000, respectively) than for the control. After
14 days of exposure, soil pH did not change in the ZnCl2 500 and ZnO-
NP 500 treatments, while in the remaining treatments the decrease did
not exceed 0.2 units. A considerable drop in pH was noticed only at the
end of the uptake phase in all treatments except for ZnCl2 500. In
general, pH values were higher for the ZnO-NP treatments than for the
treatments with ionic Zn. Average soil organic matter content was
similar for all treatments and ranged from 4.0% to 4.2% at day 0 and
from 3.8% to 4.0% at day 21 (Table S1).

3.2. Soil total and porewater concentrations

The measured Zn concentrations in the soil were in accordance with
the nominal ones (Table 2). The Zn concentration in control soil was
40.4±8 μg g−1 dw (mean± SD; n=3). Average (n=3) zinc concen-
trations in the porewater for ZnCl2 250 and both ZnO-NP treatments
were similar, at 4.0‒6.0 μg mL−1 for day 0 and 3.4–7.7 μg mL−1 for
day 21, whereas porewater Zn concentrations for the ZnCl2 500
treatment were an order of magnitude higher than for the other
treatments. In all treatments, the porewater Zn concentrations changed
only slightly over the 21-day exposure period. Porewater Zn concentra-
tions after ultrafiltration measured at day 0 ranged from 56% of the
values before filtration for both ZnO-NP treatments to 85% and 94% for
ZnCl2 250 and ZnCl2 500, respectively (Table 2).

3.3. Partition coefficients

Partition coefficients (Kd) describing the release of Zn into the
porewater were much lower for the treatments with ZnCl2 than for
those with ZnO-NPs. After 21 days of exposure, Kd decreased noticeably
for ZnO-NP 1000 while in ZnO-NP 500 a slight increase of Kd with time
could be noticed (Fig. 1).

3.4. Toxicokinetics

All earthworms gained weight during the study and no mortality
occurred. An initial rapid increase in internal Zn concentrations,
followed by a decrease to some equilibration already within the uptake
phase and by further decrease in the elimination phase, was observed in
earthworms from all treatments (Fig. 2). Average (± standard devia-
tion, SD) internal Zn concentrations reached the highest level for ZnCl2
500 (221±83 μg g−1 dw) and ZnO-NP 500 (230±53 μg g−1 dw) on
the second day of the exposure. For the lowest ionic treatment (ZnCl2
250) and highest nanoparticle treatment (ZnO-NP 1000), the highest

Table 1
pHCaCl2 (average± standard deviation, n=3) of Lufa 2.2 soil spiked with different concentrations of ZnCl2 or ZnO nanoparticles (ZnO-NPs), measured during the uptake phase in a
toxicokinetics study with the earthworm Eisenia andrei.

Treatment Nominal Zn concentration (μg g−1 dw) pH in soil

T=0 T=7 T=14 T=21

Control 0 6.0± 0.01 6.1± 0.04 5.8± 0.06 5.4±0.06
ZnCl2 250 5.9± 0.04 5.8± 0.03 5.7± 0.03 5.6±0.01

500 5.7± 0.02 5.7± 0.02 5.7± 0.04 5.8±0.005
ZnO-NPs 500 6.2± 0.01 6.3± 0.06 6.2± 0.01 5.9±0.01

1000 6.5± 0.004 6.5± 0.04 6.4± 0.02 6.1±0.01
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average internal Zn concentrations were reached on the fourth day of
exposure (196± 25 μg g−1 dw and 332±34 μg g−1 dw, respectively).
Then, the internal Zn concentrations gradually decreased in the earth-

worms from all treatments. After transferring the animals to clean soil,
a rapid decrease was observed, to on average, 111± 11 μg Zn g−1 dw
(mean± SD, n=94, calculated for the whole elimination phase and all
treatments together).

Different modifications of the original model were tested as
described in the Materials and Methods. Because the equation with
single ka and single ke fitted to both phases together yielded a very poor
fit, in the next step the model parameters ka1 and ke1 for the uptake
phase and ka2 and ke2 for the decontamination phase were estimated
separately. Even though this modification explained 60–75% of the
total variance, all estimated parameters were nonsignificant (Table S2),
making comparison between treatments impossible. Finally, the model
with single ka and single ke was fitted to the internal Zn concentrations
measured in the uptake phase only. The highest assimilation rate
constant and the lowest elimination rate constant estimated based on
total Zn concentrations in the soil (ka-S, ke-S) were found for the ZnCl2
250 treatment; the lowest ka-S and the highest ke-S were found for ZnO-
NP 1000 (Table 3). The asymptotic 95% confidence intervals around ka-
S for the different treatments did not overlap, indicating significant
differences at p< 0.05. However, this comparison should be treated
with caution, because the narrowness of the estimated confidence
intervals can stem from the specific pattern of toxicokinetics, i.e. the
rapid accumulation of Zn in the first 2 days of exposure followed by the

Table 2
Average (± standard deviation; n=3) zinc concentrations measured in Lufa 2.2 soil, soil porewater (PW), and porewater after ultrafiltration (U) (n=2) spiked with different
concentrations of ZnCl2 or ZnO nanoparticles (ZnO-NPs) and in control soil. Soil porewater was collected at day (T) 0 and day 21 (last day of the exposure phase) in the uptake phase of a
toxicokinetics experiment with the earthworm Eisenia andrei. Ultrafiltration was done at day 0. % ‒ percentage of total Zn in porewater recovered after ultrafiltration.

Treatment Zn concentration in soil (μg g−1) Zn concentration in soil porewater (μg mL−1)

Nominal Actual T=0 T=21

PW U % PW

Control 0 40.4± 8 0.3±0.3 0.03± 0.01 12 0.04± 0.01
ZnCl2 250 287±11 6.0±0.1 5.1± 0.01 85 7.7± 0.3

500 520±56 53.7± 5.9 50.5± 7.8 94 33.4± 2.4
ZnO-NPs 500 511±39 4.0±0.1 2.2± 0.3 56 3.4± 0.5

1000 940±82 5.5±0.3 3.1± 0.3 56 7.3± 0.8

Fig. 1. Partition coefficients (n=3) (Kd in mL g−1) of Zn in Lufa 2.2 soil spiked with two
different concentrations of ZnCl2 or ZnO nanoparticles (in µg Zn g−1 dw). Kd is expressed
as the total Zn concentration in soil divided by the Zn concentration in porewater, and
was determined before the exposure (day 0) and after 21 days of the exposure in a
toxicokinetics study with earthworms (Eisenia andrei).

Fig. 2. Uptake and elimination kinetics of Zn in Eisenia andrei exposed to Lufa 2.2 soil contaminated with different concentrations (µg Zn g−1 dw) of ZnCl2 (a, b) and ZnO nanoparticles (c,
d) in relation to total Zn concentration in the soil. Dots represent measured internal Zn concentrations (solid dots ‒ uptake phase; open dots ‒ elimination phase). Kinetics curves (solid
line) were estimated according to a one-compartment model applied to the 21-day uptake phase only. See Table 3 for the estimated model parameters.
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stabilization of the earthworm body concentrations in the uptake phase.
Only parameters within a very narrow range are able to describe such a
pattern, hence the estimated confidence intervals are extremely narrow,
despite the variance between individual data points (Table 3). The
value for ke-S for the ZnCl2 250 was significantly lower than those for
ZnCl2 500 and ZnO-NP 1000, which did not differ between each other;
ke-S for ZnO-NP 500 was significantly lower than that for ZnO-NP 1000
(Table 3). Kinetics parameters estimated based on the measured pore-
water Zn concentrations are presented in Table 4. Similar to ka-S, ka-PW
also differed significantly between all treatments, but again notice the
narrow confidence intervals. Regarding the elimination rate constant
(ke-PW), only ZnCl2 500 differed significantly from other treatments. The
percentage of the total variance of internal Zn concentrations explained
by the models and fitted either to the total Zn concentrations in soil or
Zn concentrations measured in porewater was similar: R2

adj values
ranged from 0.12 for ZnCl2 500 to 0.29 for ZnO-NP 1000 treatment.

4. Discussion

The present study showed that zinc, irrespective of form (NPs vs
ions) or exposure concentration, is regulated efficiently by the earth-
worm E. andrei (Fig. 2). Differences between ionic Zn and ZnO-NP
treatments as well as between different exposure concentrations were
found for the assimilation rate constant (but see the limitations
described in Methods section 2.5). The elimination kinetics of Zn
differed only between exposure concentrations for either ionic Zn or
ZnO-NP treatments when related to total Zn concentrations in soil and
for ionic Zn only when related to Zn porewater concentrations. Thus, it
is the exposure concentration rather than the form of Zn which
influences the process of Zn regulation by earthworms: with increasing
exposure concentration, Zn was accumulated to higher levels by
earthworms and was eliminated from their bodies more rapidly.

4.1. Zinc availability in soil

The characteristics that determine the fate of nanoparticles in the
environment comprise intrinsic and extrinsic factors (Caballero-
Guzman and Nowack, 2016). The intrinsic factors relate to inherent
properties of NPs such as size, shape, or coating (Garner and Keller,
2014), which were determined before our experiment. The extrinsic
factors refer to the characteristics of the system, e.g. pH and organic
matter content (Cornelis et al., 2014), which were monitored during the
exposure. The measured total soil and porewater Zn concentrations
enabled estimates of partition coefficients (Kd) for comparison of the
availability of Zn to earthworms between different treatments. Previous
studies showed that Kd is most affected by total metal concentration,
pH, and organic matter content (Sauvé et al., 2000), with pH being the
most important factor regulating zinc availability in soil (McBride et al.,
1997; Rutkowska et al., 2015). In our study, partition coefficients were
much lower for ZnCl2 than for ZnO-NP treatments (Fig. 1), most
probably because of different physicochemical properties of studied
compounds. Romero-Freire et al. (2017) also found that Kd values in
LUFA 2.2 soil contaminated with either ZnCl2 or ZnO-NPs differed
when measured after ageing for 1, 3, 56 and 168 days. The authors
suggested that lower porewater Zn concentrations obtained for ZnO-NP
than for ZnCl2 treatments, especially at the beginning of the experi-
ment, indicated agglomeration of NPs and their staying in particulate
form. During the exposure, slight decreases in Kd and pH values were
observed for the ZnCl2 250 treatment, resulting in a slight increase in
Zn concentrations in the porewater. Conversely, in the ZnCl2 500
treatment, pH values were, in general, the lowest among all treatments
and did not change much during the exposure. The ZnCl2 500 treatment
was also characterised by the lowest Kd values at the beginning and end
of the exposure. Relatively low Kd values for both ZnCl2 treatments
indicate high solubility of Zn, which may be due to the lower adsorptive
capacity of the soil solid surfaces and pronounced competition between
Zn and other cations, such as H+ ions (Rutkowska et al., 2015).

Table 3
Parameters describing the uptake and elimination kinetics of Zn in the earthworm Eisenia andrei exposed in Lufa 2.2 soil contaminated with different concentrations of ZnCl2 or ZnO
nanoparticles (ZnO-NPs) (see Fig. 2). Kinetics parameters are related to total Zn concentrations measured in the soil (Cexp). Assimilation (ka-S) and elimination rate constants (ke-S) are
given with corresponding asymptotic 95% confidence intervals (CI). Also included are the bioaccumulation factor (BAF= ka-S/ke-S), steady-state concentration (CSS = Cexp ka-S/ke-S), and
R-squared adjusted for degrees of freedom (R2

adj). Kinetics parameters were estimated by fitting a one-compartment model to data for the uptake phase of the experiment.

Treatment Nominal Zn concentration (μg g−1) Estimated parameters

ka-S CI ke-S CI BAF CSS R2
adj

(g soil g−1
body weight day−1) (day−1) (μg g−1 dry body weight)

ZnCl2 250 11.3 (11.3060–11.3062)a 19.4 (18.3–20.6)a 0.58 167 0.18
500 8.1 (8.0534–8.0538)b 22.8 (20.9–24.8)bc 0.35 183 0.12

ZnO-NPs 500 7.1 (7.1396–7.1399)c 19.6 (18.1–21.1)ab 0.36 186 0.19
1000 7.0 (7.0025–7.0039)d 24.0 (21.7–26.3)c 0.29 274 0.29

a,b,c,d ‒ these letters next to CI values indicate no differences between treatments for the parameter, i.e., the asymptotic 95% confidence intervals overlapped.

Table 4
Parameters describing the kinetics of Zn in the earthworm Eisenia andrei exposed in Lufa 2.2 soil contaminated with different concentrations of ZnCl2 or ZnO nanoparticles (ZnO-NPs) with
kinetics parameters related to the porewater Zn concentrations determined at day 0 (Cexp). The assimilation (ka-PW) and elimination rate constants (ke-PW) are given with the corresponding
asymptotic 95% confidence intervals. Also given are the bioaccumulation factor (BAF= ka-PW/ke-PW), steady-state concentration (CSS = Cexp ka-PW/ke-S), and R-squared adjusted for degrees
of freedom (R2

adj). Kinetics parameters were estimated by fitting a one-compartment model to data for the uptake phase of the experiment.

Treatment Nominal Zn concentration (μg g−1) Estimated parameters

ka-PW CI* ke-PW CI BAF CSS R2
adj

(mL porewater g−1
body weight day−1) (day−1) (μg g−1 dry body weight)

ZnCl2 250 531 (531–531)a 19.1 (18.0–20.3)a 27.8 167 0.18
500 86.7 (86.7–86.7)b 25.4 (23.2–27.6)b 3.4 183 0.12

ZnO-NPs 500 892 (892–892)c 19.2 (17.7–20.6)a 46.5 186 0.19
1000 899 (899–899)d 18.0 (16.3–19.8)a 49.9 274 0.29

a,b,c,d ‒ these letters next to values indicate no differences between treatments for the parameter, i.e., the asymptotic 95% confidence intervals overlapped.
* The upper and lower asymptotic 95% confidence intervals are not different even at the third decimal place which is the method's accuracy in Statgraphic Centurion XVI.
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In accordance with previous studies, Zn concentrations in the
porewater were lower for ZnO-NP than for ZnCl2 treatments
(Heggelund et al., 2014; Kool et al., 2011) and increased only slightly
during 21 days of exposure in ZnO-NP 1000. The increase of porewater
Zn concentration over time was previously demonstrated by Waalewijn-
Kool et al. (2013). These authors observed that after three months of
equilibration, zinc concentrations in porewater were 4 and 8 times
higher, respectively, than those measured directly after spiking soil
with uncoated ZnO-NPs at 400 and 800 mg Zn kg−1 (Waalewijn-Kool
et al., 2013). In our experiment we used the same nanoparticles as
Waalewijn-Kool et al. (2013), but measured porewater Zn concentra-
tion after much shorter exposure time. We found higher porewater Zn
concentrations after 21 days of exposure for the ZnO-NP 1000 treat-
ment than for the ZnO-NP 500 treatment. It is possible that at the
higher exposure concentration more NPs could have interacted with
different components of the soil, affecting their speciation and trans-
formation and resulting in dissolution and ion release (Cornelis et al.,
2014). This might also have led to a saturation effect, i.e. not all ions
could find binding sites and, as a consequence, we found higher Zn
concentrations in the porewater for ZnO-NP 1000 than for ZnO-NP 500.
However, our ultrafiltration results contradict those obtained by
Waalewijn-Kool et al. (2013). Directly after spiking soil with different
concentrations of uncoated ZnO-NPs, Waalewijn-Kool et al. (2013)
found more than 90% of the total porewater zinc concentration in
ultrafiltrates (indicating that only 10% of Zn stayed in the NP form), in
comparison with only 56% recorded for the ZnO-NPs treatments in our
study. More zinc ‒ above 80% of the total Zn concentration ‒ was found
in the porewater following ultrafiltration for ZnCl2 treatments
(Table 2). It must be stressed, however, that, Waalewijn-Kool et al.
(2013) collected porewater, and thus ultrafiltrates, after one week of
saturation of the soil, while in our study only 48-h equilibration was
used. Thus, the time of equilibration after the soil saturation might have
an impact on speciation and dissolution of ZnO-NPs.

4.2. Toxicokinetics

In many studies on earthworms, models for Zn toxicokinetics either
could not be fitted at all or parameters could not be estimated properly
(Ardestani et al., 2014). The main reason is that zinc, as an essential
metal, is regulated efficiently by earthworms, even when they are
exposed to concentrations exceeding those in their natural environment
(Giska et al., 2014; Lock and Janssen, 2001a). In most cases, regardless
of soil type (artificial/field), either initial rapid accumulation and then
elimination as early as within the exposure period (Smith et al., 2010;
Vijver et al., 2005) or steady state within 2–3 days (Peijnenburg et al.,
1999) were observed. In another study, Zn uptake and elimination were
barely observable in earthworms, even though Zn exposure concentra-
tions in soil greatly exceeded natural background concentrations,
making it impossible to fit the classic one-compartment model (Giska
et al., 2014). Similarly, in our study the classic one-compartment model
could not be fitted to the data from both phases simultaneously, and
was thus fitted only to the uptake phase. The model with two different
sets of parameters, ka1 and ke1 for the uptake phase and ka2 and ke2 for
the elimination phase (Skip et al., 2014), could not be fitted satisfacto-
rily to our data due to its complexity; the model required estimation of
so many parameters that it was not possible to obtain meaningful
confidence intervals, and thus significance levels, with the available
data (Table S2).

4.2.1. Uptake and elimination kinetics related to total Zn concentrations in
the soil

The differences in ka (in gsoil g−1
body weight day−1) were significant

between all treatments, although more pronounced for ionic zinc (ka-S
ZnCl2 250=11.3 and ka-S ZnCl2 500=8.1) than for nanoparticles (ka-S
ZnO-NP 500=7.1 and ka-S ZnO-NP 1000=7.0), indicating that ka
depends on both the exposure concentration and form of Zn in the

exposed soil. However, ke-S was different only for the earthworms
exposed to different effect concentrations (EC25 vs EC50) within both
ionic and NP treatments. The lack of differences in ke-S between the
same nominal exposure concentrations (ZnCl2 500, ZnO-NP 500)
suggests similar elimination kinetics regardless of the form of Zn in
soil. Because elimination rates were the same for treatments with
different forms of Zn in the Lufa 2.2 soil and, at the same exposure
concentration, ke depended rather on internal concentration in the
earthworms, it is probable that Zn in the body of the earthworms was
present in a single (i.e. ionic) form regardless of its form in the test soil.
A similar conclusion was drawn previously for the potworm Enchytraeus
crypticus exposed to different forms of Ag by Topuz and van Gestel
(2015), who suggested that the form in which Ag was present in the test
organisms may have been the same regardless of the different Ag
compounds (citrate- or polyvinylpyrrolidone-coated Ag-NPs or AgNO3)
in the sand-solution test medium. Moreover, ZnO nanoparticles along
with Ag and CuO nanoparticles, are the most soluble ones (Bondarenko
et al., 2016). In a multi-laboratory evaluation of 15 bioassays,
Bondarenko et al. (2016) showed that toxicity patterns of ZnO to
different organisms were almost identical for respective metal salts,
suggesting that the toxicity of ZnO was due to dissolution. On the other
hand, an in-depth study of Ag NP internalisation in the earthworm
Lumbricus rubellus (after 7 days of exposure to 500 μg g−1 as Ag-NPs),
demonstrated that the NPs presumably were taken up by the animals as
intact Ag-NPs via the endocytosis pathway (Diez-Ortiz et al., 2015).
Taking into account the results obtained by Diez-Ortiz et al. (2015) we
cannot exclude the possibility that some nanoparticles had been
internalized and/or regulated by earthworms in their pristine form.
Thus the lack of differences in the elimination rate could be the result of
either similar or different mechanisms of regulation for ions and NPs,
but these mechanisms cannot be distinguished from each other on the
organismal level and only an in-depth study done at cellular level
would help to identify the exact mechanism. In our study, regulation of
different forms of Zn depended on exposure concentration: the higher
the exposure concentration, the lower the value of ka-S and the higher
ke-S. Exposure concentration-dependent kinetics was observed pre-
viously in the cricket Gryllus assimilis exposed to elevated concentra-
tions of ionic Zn (164‒2620 mg Zn kg−1) via food (Bednarska et al.,
2015).

When comparing our results with other studies on Zn toxicokinetics
in earthworms, both the uptake and elimination rates derived from this
study were one or two orders of magnitude higher than previously
reported values. For instance, Nahmani et al. (2009) derived uptake
rate constants of 0.06 and 0.02 gsoil g−1

body weight day−1, and elimina-
tion rate constants of 0.37 and 0.09 day−1 when E. fetida were exposed
to field soil with total Zn concentrations of 1050 and 902 μg Zn g−1,
respectively. Smith et al. (2010), who exposed E. andrei to 106 μg Zn
g−1 in artificial soil spiked with zinc chloride, also obtained low values
for ka-S (0.44 gsoil g−1

body weight day−1) and ke-S (0.45 day−1). To the
best of our knowledge, to date only one toxicokinetics study has been
performed on earthworms with ZnO-NPs, showing that accumulation
and elimination kinetics were the same for both forms of zinc in the test
soil (Laycock et al., 2016). Laycock et al. (2016) investigated the
kinetics of isotopically enriched zinc (dissolved 68Zn and 68ZnO-NPs)
applied to soil at a concentration of 5 μg of enriched 68Zn per gram of
soil. Since the exposure lasted only 72 h, the kinetics parameters
obtained by Laycock et al. (2016) are not comparable with our study.
Nevertheless, from the calculated kinetics, the authors estimated a BAF,
for a 30-day exposure period, of 3.4 for the treatment with 68ZnO-NPs
and 4.9 for dissolved 68Zn. The previously mentioned study by Smith
et al. (2010) reported a BAF of 0.98, and even lower values were found
in our study (between 0.29 and 0.58). Because Zn, as an essential metal,
is regulated efficiently by earthworms, BAF should decrease with
increasing exposure concentration (Lock and Janssen, 2001b). The
steady-state Zn concentrations (Css) in the earthworms (from 167 to
274 μg g−1) at the end of the uptake phase were similar to the values
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obtained by Nahmani et al. (2009) for earthworms exposed to either
1050 or 902 μg Zn g−1 dry soil (either 167 μg g−1 or 162 μg g−1 dry
body weight, respectively). The fact that a 2-fold increase in exposure
concentration resulted in a less than 2-fold increase in internal
concentration confirmed the efficient regulation of Zn by the earth-
worms. Although higher internal Zn concentrations in the NP than in
the ionic treatments had already been observed in earthworms exposed
to elevated ZnO-NP levels and explained by direct internalisation of
ZnO-NPs by the organism (Heggelund et al., 2014; Hooper et al., 2011),
we found no such differences in our study: the values of Css for ZnO-NP
500 and ZnCl2 500 treatments were very similar.

4.2.2. Uptake and elimination kinetics related to Zn concentration in
porewater

The actual risk of NPs exposure in soil is connected with the
bioavailability of the NPs and/or the released metal ions (Cornelis
et al., 2014). The bioavailable fraction of the metal in soil is mainly
related to its concentration in the liquid phase (Van Gestel, 1997).
Therefore, we calculated kinetic parameters based not only on total Zn
concentrations in soil, but also on porewater concentrations. Similar to
the results for ka-S, ka-PW also differed significantly between all
treatments; the biggest difference was found between ZnCl2 500, for
which ka-PW was the lowest, and the other treatments. At the same time,
the ke-PW for ZnCl2 500 was the lowest, and only this treatment differed
significantly from the other treatments. Generally, the lowest pH values
in soil were found for the ZnCl2 500 treatment; this might reduce
sorption and promote competition between metal ions and cations,
leading to higher porewater concentrations (Alloway, 2013). Even
though the Biotic Ligand Model (BLM) was not formally tested in our
study, the assimilation rate for ZnCl2 500, 6‒10 times lower than for the
other treatments, is in agreement with the BLM principle (Ardestani
et al., 2015): competition with other cations (i.e. H+) might reduce the
binding of Zn to biotic ligands and, as a consequence, limit uptake of
metal by soil organisms, thus reduced assimilation could occur. For the
ZnO-NP treatments the reverse effect might occur: since porewater Zn
concentrations were lower in both NP treatments, lower uptake was
expected. However, higher pH values, and therefore less competition
between Zn and other ions for binding sites, might have contributed to
high uptake rates related to porewater concentrations in the NP
treatments. It should be noted, however, that Zn enters an earthworm's
body by means of oral ingestion and through the skin. For example,
Vijver et al. (2003) exposed L. rubellus for 6 days to field-contaminated
soils (2092 or 732 μg Zn g−1 dw) and showed that 21‒30% of Zn
uptake was attributed to the oral route. When L. rubellus was exposed to
labelled 68Zn (5 μg g−1 soil) in nanoparticle form, only 5% of the total
uptake was attributed to the dermal route (Laycock et al., 2016). Thus,
uptake cannot be linked exclusively to porewater concentrations, as is
done in BLM (Li et al., 2008; Thakali et al., 2006), which assumes that
uptake occurs only via porewater and therefore a metal reaches
earthworms mostly through the body wall and only partly with ingested
soil which also contains porewater phase. The rest however, is digested
from the solid part of the soil matrix.

5. Conclusion

Assimilation but not elimination rate constants differed significantly
between different forms of Zn (ZnO-NPs vs Zn ions) when the kinetics
model was fitted to total soil Zn concentrations. Regulation of different
forms of Zn depended on exposure concentration; in general, the higher
the exposure concentration, the lower the value of ka-S and the higher
ke-S. Lower assimilation rate constants at higher exposure concentra-
tions may be connected with intrinsic factors related to characteristics
of the compounds (i.e. solubility), extrinsic factors related to soil
properties (i.e. pH), and the physiology of the animals.
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