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Toxicity of zinc oxide nanoparticle (ZnO-NPs) powder and water soluble salt of Zn (ZnCls) to
the annelid Enchytraeus crypticus was tested in agarose gel. Influence of the spiking method on the
resulting size of nanoparticles and on E. crypticus mortality was studied. Two methods of ZnO-NPs
powder (mean particle size diameter of 10 nm) introduction into the exposure media were used. In
the first method, the nano-powder was initially cryogenically ground with dry agar followed by an
addition of water. The second procedure began with re-suspension of nanoparticles in demineralized
water containing a dispersant (sodium pyrophosphate decahydrate). The obtained colloid was sub-
sequently mixed with hot agar gel. Relative mortality in worms observed after 96 h of their exposure
to the ZnO-NPs concentrations (all in mg of ZnO-NPs per kg of agar) of 50, 100, 200, 500 and 1000
in the cryogenically ground medium ranged between 28.9 % and 34.4 % and it did not exhibit any
concentration dependence. When the second method of exposure media preparation was applied,
the relative mortality ranged from 0 % to 66.6 % in the same concentration region depending on
the concentration. Scanning electron microscopy (SEM) revealed the presence of large agglomerates
(1-10 pm in diameter) in the media prepared by cryogenic grinding with the highest concentra-
tion of ZnO-NPs. Neither the cryogenically ground media with lower ZnO-NPs concentrations nor
any media prepared from colloidal solutions contained agglomerates exceeding 100 nm, detectable
by SEM. Hydrodynamic diameters of particles in the colloids used in the second method of agar
preparation were measured using dynamic light scattering (DLS) and ranged between 164 nm and
240 nm. The observed toxicity was thus clearly dependent on the size of ZnO-NPs agglomerates
and the technique of exposure media preparation. Experimentally detected LCso value for dissolved
Zn?" was 37.2 mg kg~! in agar. The same concentration of Zn induced an approximately 30 %
mortality of E. crypticus when administered in form of cryogenically ground ZnO-NPs with agar.
No observable effects were found at this ZnO-NPs concentration when the exposure medium was
prepared from the colloid solution.
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Keywords: terrestrial ecotoxicity test, zinc oxide nanoparticles, agar, potworm, Enchytraeus cryp-
ticus

Introduction properties, which make them attractive for a wide

range of industrial applications. The global annual

Nanoparticles of zinc oxide (ZnO-NPs) exhibit  production of ZnO-based nanomaterials was esti-
unique optoelectronic, catalytic and antimicrobial = mated to be 550t in 2010 with the European share be-
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ing approximately 55 t (Piccinno et al., 2012). A more
recent estimate of the European production was car-
ried out using probabilistic modeling. Approximately
1600 t of ZnO in the form of nanomaterials was re-
portedly produced in the European Union (EU) in
2012 (Sun et al., 2014). Expanding production and use
of ZnO-NPs naturally increase the potential of their
release into the environment. Modeled ZnO-NPs con-
centrations in the EU are in orders of 107! ug kg~!
in soils and of 1072 pg L~! in surface watersand in
the units of ug kg=! in sediments. Estimated efflu-
ents from European sewage treatment plants (STP)
are in orders of 10~!ug L~! and in tens of ug kg~ for
sludge (Gottschalk et al., 2009). It can be reasonably
assumed that a gradual increase of ZnO-NPs applica-
tions will cause further increase of their concentration
in various components of the environment. Since it is
extremely difficult to reliably predict the future trend
of this increase, it is virtually impossible to correctly
define environmentally relevant concentrations for the
ecotoxicity tests performed as an integral part of the
risk assessment procedure (Bondarenko et al., 2013).

Photocatalytic activity, release of ionic Zn?*, and
particle-induced generation of reactive oxygen species
(ROS) rank among the main contemplated mecha-
nisms of the ZnO-NPs toxicity (Ma et al., 2013). Ex-
posure to ZnO nanoparticles may cause inflammatory
response (Giovanni et al., 2015) and cytotoxicity (Yin
& Casey, 2015). Several studies have demonstrated
that ZnO-NPs may contribute to DNA damage, in-
cluding clastogenicity (Dufour et al., 2006) or photo-
toxicity under UV exposure (Yin & Casey, 2015). The
contribution of particular mechanisms to the overall
toxicity depends on the nanoparticle features (surface
coating, particle size, purity, solubility, etc.), environ-
ment characteristics (pH, temperature, dissolved or-
ganic matter, etc.) and on the exposed organism. How-
ever, thus far, there is no sufficient amount of studies
on specific test species or specific physico—chemical pa-
rameters that would allow for statistical analysis of
correlation between the physico—chemical properties
and ecotoxicity. Numerous ecotoxicological studies on
ZnO-NPs toxicity for terrestrial organisms have been
conducted on nematodes and earthworms (Hu et al.,
2010; Khare et al., 2011; Li et al., 2011; Ma et al.,
2009, 2011; Wang et al., 2009). The authors reported
variable toxicity data due to different properties of the
used nanoparticles, the used test organisms and their
life stage and due to different test procedures. These
studies suggest, however, quite high acute toxicity of
ZnO-NPs. Results of toxicity and ecotoxicity studies
tend to be significantly affected by the behavior of
nanoparticles in physiological fluids or environmental
media. Agglomeration and aggregation of nanoparti-
cles are considered phenomena having a fundamental
impact on processes occurring at the nano-bio inter-
face (Nel et al., 2009). The role of nanoparticles ag-
glomeration was evaluated within several cytotoxicity
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and ecotoxicity studies (Bai et al., 2010; Everett et al.,
2014; Limbach et al., 2005; Wu et al., 2010; Zhang et
al., 2007; Zhu et al., 2009).

The main objective of our work was to develop
a simple routine method allowing for the removal of
errors in ecotoxicological tests associated with the ag-
glomeration of nanoparticles in the test medium. We
wanted to demonstrate the effect of different ways of
nanoparticles introduction into the exposure medium
on their final size. We tried to verify the suitability
of agar as the exposure medium in terrestrial ecotox-
icological tests. The applied experimental design was
inspired by the work published by Li et al. (2011),
while annelid Enchytraeus crypticus was used as the
model species instead of Eisenia fetida to extend the
possible test battery for the ecotoxicological testing in
agar-based media. Enchytraeids are ecologically rele-
vant soil organisms. The enchytraeid reproduction test
guidelines (ISO, 2004; OECD, 2004) recommend using
the species FE. albidus, although a suggested alterna-
tive is E. crypticus with shorter generation time and
the advantage of easy cultivation in agar.

The testing media preparation described by Li et
al. (2011) was based on sonication of ZnO-NPs pow-
der mixed with hot agar. Although the particle size
of primary colloid declared by the manufacturer was
(30 £ 5) nm, agglomerates with the size of several
micrometers were visible on the transmission electron
microscope (TEM) images of the resulting media. Our
intention was to find means of media preparation en-
abling to preserve the nanomaterial character of the
tested particles more efficiently. Two methods of ZnO-
NPs introduction into agar were suggested. The re-
sults of ZnO-NPs toxicity tests performed with both
above-mentioned media were compared with the re-
sults of tests with a water soluble salt of Zn.

Theoretical

The dose-response curve was obtained by fitting of
experimental data using the Boltzmann model:

Y = Ymin + (Ymax = Ymin)/(1 + exp((P1 — 2)/P2)) (1)

where y is the relative mortality (%), « is In of the
Zn concentration in agar (mg of Zn per kg of agar),
P, is the inflection point corresponding to LCsg, and
P; is the slope. The curve was characterized by high
regression rabat (RR = 99.42 %) and steep slope (P, =
0.05 + 0.025).

Experimental
Chemicals and test species
ZnO-NPs powder with the purity of 99.5 % was

purchased from Bochemie Group Bohumin, Czech Re-
public. The nominal range of particle diameters as pro-
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vided by the manufacturer was 5-50 nm with the aver-
age of 10 nm. These particles were spherical with the
hexagonal crystalline structure of zincite. ZnCls p.a.
purchased from PENTA, Czech Republic, was used in
the tests evaluating the toxicity of dissociated ZnZ*+
cations. NaCl p.a. purchased from LACHEMA, Czech
Republic, was used to evaluate the toxicity of C1~ an-
ions. NayP2O7 - 10H2O with the purity of > 99 % ob-
tained from Sigma-Aldrich (USA) served as a disper-
sant and stabilizing agent during the ZnO-NPs disper-
sion in demineralized water. Culture media were pre-
pared using high purity Bacto-Agar from BD, USA.
Experimental organisms E. crypticus were kindly pro-
vided by the Research Centre for Toxic Compounds in
the Environment (RECETOX), Czech Republic. The
culture of E. crypticus was maintained in the agar at
the temperature of (20 &+ 2)°C. Animals were fed by
finely ground oatmeal twice a week. Adults with a
well-developed clitellum were used for the tests.

Experimental design

Agarose gel was selected as the testing medium as
it is supposed to suppress nanoparticle agglomeration
and mitigate negative effects of this process on the
ecotoxicity test results. To be able to distinguish be-
tween the ZnO-NPs nanoparticle effect and the effect
of released Zn2?* ions, a test with water soluble salt
ZnCl; was first performed. Due to the potential tox-
icity of the chloride anion, also an experiment with
NaCl was performed.

Ezxposure of E. crypticus to ZnCl, and NaCl

Exposure media were prepared by adding 1 g of dry
agarose to 49 mL of ZnCl, solution in demineralized
water (one test vessel) and under subsequent vigor-
ous stirring of the mixture with a magnetic stirrer at
(85 £ 5)°C for 1 h. A preliminary test was conducted
with a wide range of tested concentrations (all in mg
of ZnO-NPs per kg of agar wet mass): 0, 50, 100, 200,
500 and 1000. Concentrations of ZnCls in water so-
lutions were selected so that the content of Zn in the
media matched the content of Zn in the tests with
ZnO-NPs. The hot agarose medium was then poured
into plastic Petri dishes (90 x 14 mm) with ventilation
of both the bottom and the lid to prevent the escape
of the test organism from the Zn containing environ-
ment. To facilitate penetration/drilling of organisms
into the medium, notches were created in the cooled
agar using a scalpel. Concentrations of Zn and disper-
sion homogeneity in the resulting media were verified
using optical emission spectrometry with inductively
coupled plasma (ICP-OES) (Integra XL, GBC, Aus-
tralia). Fifteen samples (5 X 5 x 2 mm) were collected
from different locations and depths (surface and bot-
tom of the agar in the dish and the layer on the lid) in
each tested concentration. The relative standard de-
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viation of Zn concentration in the samples was not
higher than + 3 %.

Ten adult worms, with visible eggs in the clitellum
region, were placed into each Petri dish and main-
tained in the dark inside a climate controlled (20°C)
box for the period of 96 h. For each tested concen-
tration level, including the control, three independent
replicates were performed. The end-point of the tests
was the relative mortality defined as the mortality in
the medium with a particular concentration of Zn2*t
versus the mortality in the negative control (pure
agar). After the preliminary test (0-1000 mg kg™!
agar), in which the mortality of 100 % was observed
at 100 mg of Zn?T per 1 kg of agar, concentrations
(all in mg of Zn%* per kg of agar) of 0, 2, 4, 6, 10, 20,
40 and 60 were tested.

Preparation of exposure media with NaCl and also
the experimental conditions were the same as for the
previously described test with ZnCly. Concentrations
of the chloride anion in the medium corresponded to
the concentration of Cl™ in the preliminary test with
ZnCly (all in mg Cl™ per kg of agar): 43.56, 87.12,
174.28, 435.60, 871.20.

Ezxposure of E. crypticus to ZnO-NPs

Cryogenic grinding of dry agar with ZnO-NPs pow-
der and dispersion of the obtained mixture in water
were the key steps of the first method of nanoparticle
insertion into the agarose gel. A polycarbonate grind-
ing vial of a cryogenic mill (6970EFM Freezer/Mill,
SPEX SamplePrep) was loaded with 1 g of dry agarose
and the appropriate amount of ZnO-NPs powder. The
following operational conditions in the cryogenic mill
were applied: precooling time of 10 min; grinding time
of 1 min; recooling time of 1 min; three working cycles;
impactor frequency of 12 Hz. The obtained powder
was transferred into an Erlenmeyer flask followed by
an addition of 49 mL of demineralized water. The mix-
ture was then continuously stirred at (85 + 5)°C for
1 hour. Model organisms of E. crypticus were exposed
to the ZnO-NPs concentration (all in mg of ZnO-NPs
per kg of agar) of 0, 50, 100, 200, 500 and 1000 for
96 h. The remaining experimental conditions were the
same as for the previously described test with ZnCla.

The second method of experimental medium pre-
paration was based on a stabilized colloidal solution of
nanoparticles in demineralized water in the presence
of a dispersant. Ultrasonically assisted suspension of
ZnO-NPs powder in demineralized water proved to
be inefficient; therefore, a dispersion agent was ap-
plied. After optimization of individual steps, the fol-
lowing procedure was thus adopted: 4 mg of the dis-
persant (NayP207-10H20) were dissolved in 20 mL
of demineralized water, the appropriate amount of
ZnO-NPs was added and the obtained suspension was
sonicated (Bandelin, Sonorex) for 45 min. Then, 6 mg
of the dispersant were added to 1 g of dry agarose
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and the obtained mixture was stirred in 29 mL of wa-
ter and heated to (85 % 5)°C. This temperature was
maintained for 45 min and the ZnO colloidal solu-
tion was then added dropwise for 15 min. Exposure
of the model organisms to ZnO-NPs was carried out
as described in the preceding paragraph with the only
difference being that the experimental medium for the
negative control contained the corresponding concen-
tration of the dispersant.

Characterization of ZnO-NPs in colloidal so-
lution and exposure media

Samples of the agar media with concentration
of (mg of ZnO-NPs per kg of agar): 50 and 1000
prepared by both procedures were characterized by
scanning electron microscopy (SEM; JSM-5500LV,
JEOL, Japan) using energy dispersive X-ray micro-
analyzer IXRF systems (detector GRESHAM Sirius
10). Within the process of sample preparation, the
hot agarose gel was poured between two glass slides
and cooled. The top slide was then carefully removed
and the agar layer with the thickness of 3 mm was
lyophilized at a temperature below —50°C and pres-
sure below 60 Pa for 6 h. The gilded samples were
subsequently scanned under the accelerating voltage
of 10 kV.

Particle size distribution in the stabilized colloidal
solutions with the concentration of (mg of ZnO-NPs
per kg of agar): 50 and 1000, prepared using sonication
for 45 min with the addition of NayP>O7-10HO as a
dispersant was measured using dynamic light scatter-
ing (DLS) (Zetasizer Nano ZS, Malvern, UK).

In order to determine the stabilization effect on
the amount of the released zinc cation, stabilized
and non-stabilized series with tested concentrations of
ZnO-NPs (50-1000 mg kg~!) were prepared. The
amount of dissolved Zn?* ions in the non-stabilized
and stabilized ZnO-NPs colloids was examined 10 min
and 96 h after the sonication. Then, 20 mL of the col-
loidal solution were centrifuged for 120 min at 11000g

and the supernatant was consequently analyzed using
ICP-OES.

Results and discussion
Ezxposure of E. crypticus to ZnCl, and NaCl

The dose-response curve describing acute toxic-
ity of Zn?* ions originating from ZnCly is shown
in Fig. 1. After 96 h of exposure in pure agar, the
worm mortality in the control group did not exceed
the value of 20 %. Mortality in the exposure medium
supplemented with ZnCl, increased with the increas-
ing ZnCls concentration. The calculated value of 96 h
LCs¢ (with a corresponding 95 % confidence interval)
was 37.2 (35.5-38.8) mg of Zn per kg of agar. For com-
parison, Lock and Janssen (2003) reported LCsg of Zn
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Fig. 1. Relative mortality of E. crypticus exposed for 96 h to
ZnClz and ZnO-NPs in agar expressed as a ratio of
mortality in a particular experimental group to the neg-
ative control (pure agar). ZnO-NPs-Cryo describes the
experiment, where the nanoparticles were inserted into
the agar using cryogenic grinding. ZnO-NPs-Colloid de-
notes the experiment, where nanoparticles were intro-
duced in form of colloidal solution; € — ZnCls, — ZnO-
NPs-Cryo, X — ZnO-NPs-Colloid.

to E. albidus to be 603 mg of Zn per kg of soil. Novais
et al. (2011), in contrast, reported LCsq of Zn to E.
albidus to be only 72.6 mg of Zn per kg of soil. The
different values result from the different properties of
the used soil. In the first case, toxicity was tested in
OECD soil while in the latter case, the authors chose
standard natural soil (LUFA 2.2) because it promotes
the bioavailability of metals. The differences indicate
that soil properties and physico—chemical processes in
soil significantly influence the toxicity of zinc.

Regarding the effect of the chloride anion (Schrader
et al., 1998), a test with NaCl was performed. After
96 h of exposure in agar, mortality was not observed
in any of the tested concentrations. Also, no repro-
duction effect was observed up to the concentration
of 1380 mg Cl~ kg~ ! of soil for E. crypticus and the
ECs¢ for reproduction was 2270 mg of Cl per kg of
soil (Posthuma et al., 1997). The highest tested con-
centration in this study was approximately 870 mg of
Cl per kg of agar, which is far below the expected
threshold effect.

The ability of agar-based media to ensure fairly
close contact of the experimental organism with the
tested chemical substance without interferences decel-
erating its absorption into the body can explain the
shape of the dose-response curve (Fig. 1). Oral up-
take is also an important route of exposure because
E. crypticus feeds on the agar during the test.

Characterization of ZnO-NPs in exposure me-
dia

SEM images of samples with concentrations (mg
of ZnO-NPs per kg of agar) of 1000 and 50 prepared
by cryogenic grinding are shown in Figs. 2a and 2b.
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3 = bubbles
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Fig. 2. Objects observed using SEM in exposure media with (mg of ZnO-NPs per kg of agar): 1000 (a, c) and 50 (b, d) prepared
by procedure 1 (a, b) and procedure 2 (c, d) — large (1) and small (2) agglomerates; bubbles (3) and flat surface (4) of agar
and ED XRF spectra (e) corresponding to locations highlighted in image (a); signal of gold (Au) visible on the spectra
originates from sample gilding.
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Energy dispersive X-ray fluorescence (ED XRF) spec-
tra, showing the chemical composition of particular
objects on SEM images, are presented in Fig. 2e.

Four types of objects with different intensities of
Zn and C analytical lines occurring in the corre-
sponding ED XRF spectra (Fig. 2e) can be discov-
ered in Fig. 2a. Although objects (1) and (2) signifi-
cantly vary in size, the Zn/C intensity ratio is approx-
imately 3 for both of them. This indicates that these
objects contain high concentrations of Zn and were
therefore described as large and small agglomerates of
ZnO-NPs. The Zn/C intensity ratio for objects (3) and
(4) was around 1/3, which indicates the dilution of
ZnO-NPs with the carbon-containing medium. These
objects were very likely bubbles (3) and flat surface
(4) of agar with dispersed ZnO nanoparticles or Zn%+
ions.

As it can be seen in Figs. 2a and 2e, a significant
portion of ZnO-NPs in the more concentrated sample
was present in form of large agglomerates (1-10 pm)
although particles with the size below the equipment
resolution (< 100 nm) or maybe even dissolved Zn?*
ions were also present. The exposure medium with
ZnO-NPs concentration of 50 mg of ZnO-NPs per kg
of agar (Figs. 2b and 2d) did not contain any large ag-
glomerates and the entire dose of ZnO-NPs was appar-
ently in form of dispersed nanoparticles or dissolved
ions.

SEM images of samples with concentrations (mg
of ZnO-NPs per kg of agar) of 1000 and 50 prepared
from the colloidal solution are shown in Figs. 2c and
2d. The SEM image for 1000 mg of ZnO-NPs per kg
of agar (Fig. 2¢) only contains small agglomerates and
no visible Zn containing particles can be observed on
the SEM image for 50 mg of ZnO-NPs per kg of agar
(Fig. 2d).

Characterization of ZnO-NPs in colloidal so-
lution

Results of particle size distribution evaluation in
colloidal solutions presented in Fig. 3 indicate a rel-
atively narrow particle size range for both measured
concentrations while the mean hydrodynamic diame-
ters were 164 nm and 240 nm for colloids with con-
centrations (mg of ZnO-NPs per kg of agar) of 50 and
1000, respectively.

The amount of dissolved Zn2?* ions in the non-
stabilized and stabilized ZnO-NPs colloids was exam-
ined 10 min and 96 h after the sonication (Fig. 4.).
Concentrations of Zn in the non-stabilized samples
analyzed 10 min after the preparation ranged be-
tween 2.2 and 8.1 mg L~! and after 96 h between
2.9 mg L~! and 6.8 mg L=!. The Zn concentration in-
creased with the increasing ZnO-NPs concentration.
7Zn concentrations in the stabilized samples analyzed
10 min after the colloid preparation ranged between
17.7 mg L~! and 20.3 mg L', which does not corre-
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Fig. 3. Particle size distribution of colloidal solutions with con-
centration (mg of ZnO-NPs per kg of agar) of 50 (solid
line) and 1000 (dashed line) prepared using sonication
for 45 min with the addition of NayP2O7 - 10H20 as a
dispersant.
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Fig. 4. Concentration of released zinc ions from non-stabilized
(a) and stabilized (b) ZnO-NPs measured after 10 min
and 96 h in the supernatant; bars represent the stan-
dard deviation of the average value from 3 experiments.

late with the total amount of ZnO-NPs in the colloids
(50-1000 mg L—1). Similar concentrations in the range
from 15.3 mg L~! and 19.2 mg L~! were measured
also after 96 h. These results indicate that dissolution
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is apparently particle size dependent (Franklin et al.,
2007). A higher amount of ions was released from sta-
bilized particles with a smaller size and at the lowest
tested concentration. Agglomeration of non-stabilized
nanoparticles decreased the dissolution, which is in
line with the findings of Li et al. (2011).

Based on the above SEM and DLS data it was
estimated that most Zn was present in form of ag-
glomerates smaller than 500 nm in the medium with
the ZnO-NPs concentration of 1000 mg per kg of agar
and in form of agglomerates smaller than 200 nm in
the medium with the ZnO-NPs concentration of 50 mg
per kg of agar.

Ezxposure of E. crypticus to ZnO-NPs

Dependence of the E. crypticus mortality on the
ZnO-NPs dose for experiments, where nanoparticles
were introduced into the agar using cryogenic grind-
ing and pre-prepared colloidal solutions, is shown in
Fig. 1. Relative mortality obtained for cryogenically
treated agar ranged between 28.9 % and 34.4 % and
exhibited a low reproducibility (wide error bars). Data
describing the test end-point showed no dependence
on the ZnO-NPs dose. The observed mortality was
probably induced by a factor which remained more
or less constant within the entire concentration range
tested or by a factor whose effect decreased with the
increasing concentration of ZnO-NPs. The content
of large agglomerates increased with the increasing
ZnO-NPs concentration for this method of the expo-
sure medium preparation. As found by measuring the
amount of released zinc cations from non-stabilized
nanoparticles, maximum amount was 8 mg of Zn2+
per L in the highest tested concentration. Thus the
expected concentrations of dissolved Zn?*t cations in
agar were so low that they could not induce the ob-
served effect. Li et al. (2011) found that the highest
concentration of zinc released from ZnO-NP in agar
was only 1.4 mg L~!. The recorded mortality was
thereby probably induced by smaller agglomerates and
well dispersed nanoparticles.

The second way of exposure media preparation
based on colloidal solutions led to a narrower parti-
cle size distribution with a substantially lower mean
size of particles. This fact was reflected in a mono-
tonically increasing relationship between the applied
ZnO-NPs dose and the observed mortality, which
ranged from 0 % to 66.7 %. In this case, the observed
mortality primarily resulted from the intake by inges-
tion of small particles instead of dissolved Zn%* ions.
This is in conformity with the findings of Li et al.
(2011). The concentrations of dissolved Zn?* ions orig-
inating from colloids showed a very narrow distribu-
tion range in the entire region of tested concentrations
(50-1000 mg of ZnO-NPs per kg of agar). The amount
of dissolved Zn2" ions was below the expected thresh-
old, which it resulted from the experiment described
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in the section “Exposure of E. crypticus to ZnCly”.
However, the amount of Zn dissolved during the heat-
ing of agar remains questionable.

In our case, the spiking procedure significantly in-
fluenced the resulting size and ecotoxicity of
ZnO-NPs. The results presented in the study of
Waalewijn-Kool et al. (2012), in contrast, demon-
strated that the spiking method did not influence the
distribution of ZnO-NPs in soil and also that the eco-
toxicity of nanoparticles to collembola Folsomia can-
dida was size-independent.

Toxicity of Zn administered in form of ZnO-NPs
was found to be substantially lower than the toxicity of
this element administered in form of water soluble salt.
Toxicity of zinc salt to collembolan Folsomia candida
in artificial soil (Kool et al., 2011) and to earthworm
Eisenia fetida in natural soil (Garcia-Gémez et al.,
2014) was higher than that of ZnO-NPs.

Conclusions

Agar was used as the exposure medium for testing
of the ZnO-NPs toxicity to the annelid E. crypticus.
Crucial influence of the method used for nano-powder
introduction into the agar on the resulting particle size
distribution and consequently on the test results was
demonstrated. The amount of zinc cations released
from ZnO-NPs during the dispersion of particles in
the primary colloid used for agar preparation was de-
termined. However, to elucidate the contribution of
Zn?* to the overall toxicity to the test organism, an
analytical technique for quantitative determination of
Zn?* in agar would be required. The results obtained
by SEM and DLS nevertheless allowed for a reliable es-
timate of the particle size distribution and the particle
types present in the exposure media. These measure-
ments demonstrated the crucial role of small agglom-
erates and well dispersed ZnO nanoparticles in the
overall toxic effect. The present study is the first steps
in the investigation of the ecotoxicity of NPs to soil or-
ganisms in agar-based media. The use of agar instead
of soil or sediment provides an advantage particularly
in terms of the nanoparticle analysis/characterization
in exposure media, reduction of agglomeration and ex-
clusion of the interactions with soil constituents in or-
der to focus on the effects of nanoparticles.
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