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Abstract  

The presented dissertation is focused on the issue of testing of engineered 
nanomaterials ecotoxicity. Specifically, on to development of a testing method that 
eliminates factors affecting the rightness and reproducibility of laboratory test results. 
The results presented in this thesis show that the proposed modifications of the 
methods for testing the ecotoxicity of nanomaterials have enabled effective monitoring 
of agglomeration behavior in the exposure media. The method proposed for the 
aquatic toxicity test has allowed testing of the ecotoxicity of nanoparticles and their 
agglomerates of precisely defined size. The agar-based exposure medium used for 
terrestrial toxicity tests allows a homogeneous dispersion of test particles, suppression 
of dynamic processes during the experiment, and provides the ability to more easily 
analyze the physico-chemical state of the particles directly in the exposure medium. 
This method, based on the use of agar exposure medium, could be used as a quick and 
simple tool in the first tier of environmental risk assessment of nanomaterials or in 
studies dealing with the effect of physico-chemical conditions on nanoparticles 
toxicity. 

 

Abstrakt  

Předložená disertační práce je zaměřena na problematiku testování ekotoxicity 
průmyslově vyráběných nanomateriálů. Konkrétně na vývoj metod testování 
ekotoxicity, které eliminují faktory ovlivňující správnost a reprodukovatelnost 
výsledků laboratorních testů. Výsledky prezentované v předložené práci ukazují, že 
námi navržené modifikace metod testování ekotoxicity nanomateriálu umožnily 
monitorovat aglomerační chování částic v expozičních médiích. Metoda navržená pro 
test akvatické toxicity umožnila testování ekotoxicity nanočástic a jejich aglomerátů o 
přesně definované velikosti. Expoziční médium na bázi agaru, které bylo v práci 
využito pro testy terestrické toxicity, umožňuje homogenní disperzi testovaných částic, 
potlačení dynamických procesů během experimentu a poskytuje možnost snadněji 
analyzovat fyzikálně-chemický stav částic přímo v expozičním médiu. Metoda 
založená na využití agarového expozičního média by mohla nalézt využití jako rychlý 



  

a jednoduchý nástroj v prvním stupni hodnocení environmentálních rizik nanomateriáů 
nebo pro studie zabývající se vlivem fyzikálně-chemických podmínek na toxicitu 
nanočástic. 

 

  



  

Table of Contents 
 

Introduction  

Aims of the Thesis 

Practical part 

1. Toxicity testing in aquatic environment  

2. Terrestrial toxicity test in agar medium 

3. Terrestrial toxicity test in modified agar medium 

Conclusion 

List of references 

List of Students’ Published Works 

 



  

Introduction 
Nanomaterials are defined as materials having at least one dimension in the range of  
1–100 nm. Nanomaterials present in the environment come from both natural (forest 
fires, volcanic activity, rock erosion) and anthropogenic sources. Due to their unique 
properties, engineered nanomaterials (ENMs) have found application in many areas, 
for example in medicine, drinking water treatment, optics and electronics. Number of 
consumer goods also contain ENMs, e.g. cosmetics and health products1. This wide 
application potential of ENMs indicates a high probability of direct or indirect 
exposure of humans and the environment. Soils and sediments, in contrast to the 
atmosphere or the aquatic environment, can serve as long-term reservoirs of ENMs2;3. 
The different properties of nanomaterials from other types of matter (soluble 
substances, larger particles) raise concerns about their effects on living organisms. 
Nanomaterials interact differently with the biotic and abiotic components of the 
environment and these specific interactions must be taken into account when assessing 
the environmental risks of nanomaterials. However, many tools, protocols and 
guidelines for the determination and evaluation of physicochemical properties, fate, 
exposure and effect used for conventional chemicals are not suitable for testing of 
nanomaterials ecotoxicity. These tools therefore need to be modified2.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

Aims of the Thesis 

The major factors which complicates the assessment of environmental risks of 
nanomaterials are changes in physicochemical properties of nanoparticles after their 
release into the environment and difficult characterization of particles in complex 
matrices. In laboratory tests where reproducibility is required, transformation 
processes such as agglomeration, aggregation, sedimentation, dissolution etc. 
complicate the interpretation of the results. Due to frequently occurring 
methodological artifacts, there is a high degree of uncertainty about the true nature of 
physicochemical properties and the effective doses of test materials (specifically micro 
and nanoparticles). Because of the above, the main aim of this thesis was to design and 
develop methods for testing the toxicity of nanomaterials, which eliminate or reduce 
the influence of mentioned factors. The main objective of the work was fulfilled 
within the framework of partial objectives: 

1. Focus on important factors affecting the reproducibility of nanomaterial 
ecotoxicity tests and optimize the method for toxicity testing in aquatic 
environment 

2. For terrestrial toxicity testing, optimize the preparation and characterization of 
the exposure medium that suppresses dynamic processes and increases 
reproducibility of results 

3. Test the toxicity of nanomaterials in exposure medium with increased 
environmental relevance – modified by addition of model soil components 
(kaolin, humic acids, peat) in order to study the effect of interactions with soil 
components on the behavior of nanoparticles in the exposure medium 



 

Practical part 
1. Toxicity testing in aquatic environment  

Fulfillment of the first partial objective of the dissertation thesis consisted in studying 
important factors influencing reproducibility of nanomaterial ecotoxicity tests, 
especially in the study of NPs agglomeration behavior. The acquired knowledge 
should then be used to modify the method of testing NPs toxicity in the aquatic 
environment in order to suppress the influence of agglomeration on the test results. 

Because of the above, this part of the work focuses on developing and testing an 
approach where the maximum size of the agglomerates (to which the test aquatic 
organism is exposed during the test) is controlled by a concentration-dependent change 
of exposure medium during the test. In this work was used a mathematical model 
describing the dependence of agglomerate size on time in liquid medium of given 
properties (particle concentration, ionic strength of medium). Using this model, the 
medium exchange frequency was designed so that the experimental organism was 
always exposed only to agglomerates whose size did not exceed the selected limit 
value (200 and 400 nm). This approach has been validated in a modified test of silver 
nanoparticles toxicity to common carp (Cyprinus carpio) embryos. Silver 
nanoparticles are one of the most widely used nanomaterials and can be easily 
prepared under laboratory conditions. The common carp was chosen because it 
represents freshwater fish of high commercial importance in the fishing industry in 
Europe and Asia.  

Experiment I lasted 144 h, and the design included repeated periods of exposure to 
Ag-NP colloids for 6 h on days 0, 1, 2, 3, 4, and 5 followed by 18 h (overnight) 
periods when the carp embryos were transferred into fresh media without 
nanoparticles. In experiment II, the embryos were exposed on days 0, 1, 2, 3, 4, and 5, 
but the colloid media were frequently exchanged during the 6-h exposure. Frequent 
media exchanges were performed with the aim of checking for the formation of 
agglomerates. Further experiments were conducted using a modified protocol with 
variable exchange media periods. Experiment II that lasted same time like in 
experiment I with the different 6-h exposure periods was divided by freshly prepared 
media exchange. Length of every part of each period depends on selected size of 
agglomerates at specific media concentration. The periods were calculated as follows. 
First, the DLS was used for evaluation of Ag-NP agglomeration in the particular 
colloid during the time period sufficient to achieve the steady state. The obtained 
experimental data were then used for determination of the rate constant k in Eq. (1), 
which describes the growth of agglomerates (more precisely the increase in DH) over 
time4.  



  

nanoparticles. In experiment 2, the embryos were exposed on
days 0, 1, 2, 3, 4, and 5, but the colloid media were frequently
exchanged during the 6-h exposure. Frequent media ex-
changes were performed with the aim of checking for the
formation of agglomerates. The standard design correspond-
ing to OECD 212 (OECD 1998) protocol for testing of
chemicals (i.e., continuous 144-h exposure with the exchange
of colloid media every 24 h) was not conducted with respect to
the observations in 6-h exposure experiments which resulted
in complete agglomeration and sedimentation of NPs during
the 6-h period.

Experiment 1—fish, short-term toxicity test with the embryo
and Sac-Fry stages, repeated exposures for 6 h

Fish embryotoxicity tests (FETs) were carried out in a
semistatic configuration with control and experimental groups
of 50 carp embryos. The primary AgNP colloid (concentration
of total Ag 1 mM) was diluted in a liquid medium (as pre-
scribed in the OECD 203 guideline) to achieve the desired
concentration ranging 5, 10, 25, 50, 100, and 250 μM of total
Ag in the solution. The colloids were then characterized and
subsequently used for exposure of fertilized eggs and embry-
os. The experiment was performed in glass beakers. A group
of 10 embryos was placed into each beaker, and the dosed
volume of AgNP colloid was always 10 ml (one embryo per
1 ml of exposure media). The total experimental time of test
was 144 h. We start with 1-day-old healthy fertilized embryo.
Experiment with nanoparticles lasted 5 days including 6-h
exposure periods followed by 18 h in fresh media without
nanoparticle agglomerates every day of experiment.

Experiment 2—the modified FET test with the controlled
maximum average size of agglomerates

Further experiments were conducted using a modified proto-
col with variable exchange media periods. Experiment 2 that
lasted same time like in experiment 1 with the different 6-h
exposure periods was divided by freshly prepared media ex-
change. Length of every part of each period depends on se-
lected size of agglomerates at specific media concentration.
The periods were calculated as follows.

First, the DLS was used for evaluation of AgNP agglom-
eration in the particular colloid during the time period suffi-
cient to achieve the steady state. The obtained experimental
data were then used for determination of the rate constant k in
Eq. (1), which describes the growth of agglomerates (more
precisely the increase in DH) over time (Lee and Ranville
2012).

Dt
H ¼ Dinf

H þ D0
H−D

inf
H

! "
# e−kt ð1Þ

In this equation, DH
0 represents the hydrodynamic diame-

ter of particles in the tested colloid immediately after its prep-
aration (after the dilution of the primary colloid by the diluted
liquid medium 203), DH

inf is the hydrodynamic diameter in
the steady state, and t is time. The rate constant k strongly
depends on the initial AgNP concentration and thus had to
be determined for every concentration level separately. DH

t

represents the average hydrodynamic diameter in time t.
Consequently, when the desired value of this parameter is
selected, Eq. (1) can be used for calculation of the time twhen
this value will be achieved. In other words, if the exchange of
the tested colloid is performed in time t, the size of agglomer-
ates does not exceed the value DH

t calculated using Eq. (1).
Variable exchange frequency is the way to influence the size
of agglomerates occurring in the tested colloid.

FET experiments with controlled agglomerate size were
performed using the same experimental setup as in experiment
1. Five beakers were used, and each one contained 10 embry-
os in 10-ml media. The experiments were designed to check
for two sizes of agglomerates (200 and 400 nm) using Ag
concentrations ranging from 5 to 50 μM. The experiments
lasted for 144 h including 6-h exposure periods on days 0, 1,
2, 3, 4, and 5 during which the colloid media were frequently
exchanged (exchange periods ranged between 20 and 120 min
depending on the colloid concentration and the desired max-
imum size of agglomerates—see the BResults^). After the 6-h
exposure, the embryos were kept for 18 h overnight in fresh
media without nanoparticles.

Statistics

Differences in mortalities between exposure groups were
compared by nonparametricMann–Whitney test; p values less
than 0.05 were considered statistically significant. Data were
collected in Microsoft Excel and statistically processed with
nonparametric module within the Statistica 12 software
(StatSoft, Inc., Tulsa, OK, USA).

Results and discussion

The knowledge of the behavior of nanoparticles in liquid me-
dia typically used for ecotoxicity tests suggests that reducing
ionic strength leads to a reduction in the rate and the extent of
agglomeration (Baalousha 2009; Levard et al. 2012;
Radomski et al. 2005). That is the point whywe tested dilution
rate of medium 203 which caused no effect to embryo, and we
found most suitable point in 75 % medium 203. During the
experiments, concentrations of dissolved Ag+ in media were
tested with ICP-OES. To ensure the accuracy of the results, the
amount of dissolved silver was measured 30 min after the
preparation of the solution and after 6 h of the exposure time.
The measurement of quantities of dissolved silver was carried

Environ Sci Pollut Res (2015) 22:19124–19132 19127
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In this equation, !"#  represents the hydrodynamic diameter of particles in the tested 
colloid immediately after its preparation !"$%& is the hydrodynamic diameter in the 
steady state, and t is time. The rate constant k strongly depends on the initial Ag-NPs 
concentration and thus had to be determined for every concentration level 
separately.	!"(   represents the average hydrodynamic diameter in time t.  

In our study with the continuous 6-h exposures (experiment I), mortalities were 
observed in all tested concentration of Ag-NPs (mortalities 60–90 %). However, there 
were no statistical differences among concentrations (Mann–Whitney test, p > 0.05), 
and no apparent dose-response relationship (Fig. 1a). The following experiment II 
(Fig. 1b, c) provided variable results. The variant where the frequent exchanges of 
media controlled for a maximum 200 nm agglomerates (Fig. 1b) provided a similar 
pattern to experiment I with no differences between the doses and a slightly lower 
toxicity (mortalities 30–50 %). In contrast, the experiment checking for 400 nm 
agglomerates resulted in a dose-response (statistically different effects among the three 
tested concentrations, Mann–Whitney p < 0.05, Fig. 1c). The highest colloid 
concentration tested (50 μM) led to 90–100 % mortalities (first observed after 120 h of 
the experiment). In other words, more pronounced Ag-NPs toxicity was caused by 
higher concentrations of larger agglomerates in the water column. The continuous 
presence of the large 400 nm agglomerates (assured by frequent exchanges of media, 
Fig. 1c) was the most toxic for common carp embryos, while the same concentrations 
of Ag-NPs colloid without media exchanges led to fast sedimentation of agglomerates 
and lower toxicity (compare, e.g., effects of 25 and 50 μM Ag-NPs in Fig. 1a, c). 

 



  

 
Figure 1 Toxicity testing of silver nanoparticles (Ag-NPs): average surviving embryos of 
five replicate beakers (error bars not shown for clarity). a Semistatic exposures to four 
concentrations for 6 h followed by 18 h in fresh media without Ag-NPs, b exposure 
controlling for maximum 200 nm agglomerates, and c exposure controlling for 
maximum 400 nm agglomerates. The values in parentheses in b and c indicate the 
periods of frequent media exchanges for the given concentrations; ***Statistically 
significant differences among all three concentrations 10 vs 25 vs 50 μM (Mann–
Whitney test, p < 0.05) 

experimental beaker which substantially affects the exposure
conditions. The formation of agglomerates is determined by
the interactions between particles and the total energy of the
system. This approach is described in traditional DLVO theo-
ry (Derjaguin and Landau 1941). Correspondingly, the rate
and the speed of agglomeration are strongly dependent on
the concentration and valence of ions in the liquid media tra-
ditionally used for toxicity tests. The addition of NPs into the
solution leads to a temporary increase in the speed of agglom-
eration and formation of larger initial agglomerates which
sediments faster in a medium with a higher initial concentra-
tion and vice versa—smaller agglomerates are formed in so-
lutions with lower concentrations (Quik et al. 2014). This has
also been confirmed in the present study (Fig. 3).

As described in the BMaterials and methods^, the observed
formation of agglomerates can be modeled using Eq. (1). The
time-dependent decrease in initial particles, i.e., the agglom-
eration rate, was expressed by the first-order kinetics (Lee and
Ranville 2012), and the kinetics of the agglomeration forma-
tion for 5, 10, 25, and 50μMof the initial AgNPs are shown in
Fig. 4. The experimental values of agglomerate distributions
are also shown for 25 μM as an example (bottom panel in
Fig. 4).

Using the models described, we have calculated times of
liquid media exchange which would control the formation of
agglomerates of the sizes of 200 and 400 nm. These valued
(DH times) are presented in Table 1 and cover the technically
feasible range of intervals between 9 and 120 min (for AgNP
concentration range 5–50 μM, controlling formation of small-
er 200 nm agglomerates) or 34–300 min (for AgNP concen-
tration range 10–50 μM, controlling for 400 nm agglomer-
ates). The following FET experiments were then conducted
using the calculated periods when the medium with agglom-
erates was completely removed and replaced with the fresh
AgNP colloid containing media.

The characteristic of NPs to form agglomerates is a major
problem for systematic studies of NP toxicity in aqueous me-
dia. As shown in Figs. 3 and 4, the 6-h exposure treatments
differed not only in NP concentrations (5–250 μM) but also in

other characteristics such as size of particles or agglomerates,
which makes the interpretation of the toxicity observations
extremely difficult. Similarly, it is complicated to compare
the results of different studies because of the variable compo-
sitions of the exposure media used in different assays (e.g.,
algae vs Daphnia vs fish) which substantially differ among
one other (Seo et al. 2014). Kaewamatawong group attributed
the largest part of toxicity in zebrafish FET to dissolved silver
ion, and they publish value of EC50 in the range 2–126 μg L

−1

(Kaewamatawong et al. 2012). In study with tilapia
(Oreochromis niloticus), LC50 value was set at 53 μg L−1

Table 1 Rate constants and corresponding times of liquid media
exchange for checking the average maximum size of agglomerates on
the level of 200 and 400 nm

c AgNPs (μM) k (h−1) DH 200 nm (min) DH 400 nm (min)

5 0.84 120 –

10 0.58 45 300

25 0.94 20 90

50 0.99 9 34

c AgNPs concentration of Ag in colloid, k rate constant in Eq. (1), DH 200

and DH 400 nm resp. time when the hydrodynamic diameter measured in
the particular colloid reaches the value 200 or 400 nm
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Fig. 5 Toxicity testing of silver nanoparticles (AgNPs): average
surviving embryos of five replicate beakers (error bars not shown for
clarity). a Semistatic exposures to four concentrations for 6 h followed
by 18 h in fresh media without AgNP, b exposure controlling for
maximum 200 nm agglomerates, and c exposure controlling for
maximum 400 nm agglomerates. The values in parentheses in b and c
indicate the periods of frequent media exchanges for the given
concentrations; ***Statistically significant differences among all three
concentrations 10 vs 25 vs 50 μM (Mann–Whitney test, p<0.05)
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The size-specific effects of particles were also confirmed by the observations of 
individual embryos in the study with apparent sorption of larger Ag agglomerates into 
the exposed embryos (Fig. 2). This could dramatically increase the actual Ag 
concentrations locally at the biological surface and lead to mechanical disruption and 
blocking of biological functions. The latter phenomenon has also been suggested in 
other studies5;6. 

 

 
Figure 2 Example of the influence of Ag-NPs on the development of carp embryos after 
144 h of the experiments. a Control embryo, b embryo with apparent spine curvature 
and pericardial edema (exposure to media with Ag-NPs concentration 5 μM) in the 
experiment controlling for 200 nm agglomerates), and c embryo with a chorion covered 
by Ag-NPs agglomerates (exposure to 25 μM Ag-NPs in the experiment controlling for 
400 nm agglomerates) 

 

2. Terrestrial toxicity test in agar medium 

The second partial goal of this thesis was to develop a method for testing ecotoxicity 
of NPs on soil organisms. Fulfillment of the objective consisted mainly in optimizing 
the preparation and characterization of the exposure medium. The properties of the 
exposure medium were intended to suppress the dynamic processes, that occur after 
the addition of NPs during the whole experiment, which affect the reproducibility of 
the tests. The proposed procedure should also allow for more homogeneous dispersion 
of particles in the medium and easier characterization of the dispersed particles. 

In the terrestrial environment, agglomeration of nanoparticles is a frequent 
phenomenon too. Nonhomogeneous dispersion of the test material in the exposure 
medium in combination with the escape behavior typical for some soil organisms 
further leads to nonmonotonic dose-response curves. Also, characterization of 
nanoparticles dispersed in the soil matrix is a very difficult task. Because of the above, 
this part of the thesis deals with the verification of the usability of agar as an exposure 
medium in acute terrestrial toxicity tests. Because the toxic concentrations (lethal) of 

(Srinonate et al. 2015), for Eurasian perch (Perca fluviatilis),
EC50 value is lower than 30 μg L

−1 (Bilberg et al. 2010), and
for fathead minnow (Pimephales promelas), EC50 values were
94 and 106 μg L−1 for stirred and 125 and 136 μg L−1 for
sonicated NPs, respectively (Laban et al. 2010). With this
respect, comparisons of Bsensitivity^ of different organisms
to NPs (expressed, e.g., in ICx concentrations) is meaningless
because the exposures are broadly different in multiple param-
eters, namely the size and distribution of particles or
agglomerates.

In our study with the continuous 6-h exposures (exper-
iment 1), mortalities were observed in all AgNP concen-
trations—between one and four embryos out of 10 sur-
vived after 144 h in individual experimental beakers (mor-
talities 60–90 %). However, there were no statistical dif-
ferences among concentrations (Mann–Whitney test,
p>0.05), and no apparent dose–response relationship
(Fig. 5a). The following experiment 2 (Fig. 4b, c) provided
variable results. The variant where the frequent exchanges
of media controlled for a maximum 200 nm agglomerates
(Fig. 5b) provided a similar pattern to experiment 1 with no
differences between the doses and a slightly lower toxicity
(30–50 % mortalities in individual beakers in all AgNP
concentrations tested). In contrast, the experiment
checking for 400 nm agglomerates resulted in a dose–re-
sponse (statistically different effects among the three tested
concentrations, Mann–Whitney p<0.05, Fig. 5c). The
highest colloid concentration tested (50 μM) led to pro-
nounced 90–100 % mortalities (first observed after 120 h
of the experiment). In other words, more pronounced
AgNP toxicity was caused by higher concentrations of
larger agglomerates in the water column. The Bcontinuous^
presence of the large 400 nm agglomerates (assured by
frequent exchanges of media, Fig. 5c) was the most toxic
for common carp embryos, while the same concentrations
of AgNP colloid without media exchanges led to fast sed-
imentation of agglomerates and lower toxicity (compare,
e.g., effects of 25 and 50 μM AgNPs in Fig. 5a, c).

The size-specific effects of particles were also confirmed
by the observations of individual embryos in the study with
apparent sorption of larger Ag agglomerates into the exposed
embryos (Fig. 6). This could dramatically increase the actual
Ag concentrations locally at the biological surface and lead to
mechanical disruption and blocking of biological functions.
The latter phenomenon has also been suggested, e.g., by
(Chen et al. 2013) which found significantly elevated bioac-
cumulation of iron in medaka fish in exposed to agglomerat-
ing nFe3O4. In contrast, lower Fe bioaccumulation was re-
corded at stable colloid of Fe0 (Chen et al. 2013). Similarly,
(Zhu et al. 2012) demonstrated that agglomerates of iron oxide
nanoparticles had more pronounced effects on developing em-
bryos of zebrafish Danio rerio by inducing both higher mor-
talities and higher rates of morphological malformations.

The importance of the particulate form of Ag was recently
demonstrated in another study with Daphnia magna (Seo
et al. 2014), where both particulate and dissolved fractions
were responsible for the toxicity of AgNPs. In contrast, toxic-
ities of NPs of other metals compared in the same study (CuO,
ZnO) were primarily caused by the dissolved fractions exclu-
sively (Seo et al. 2014). Correspondingly, (Stensberg et al.
2014) revealed that silver nanoparticles had greater impacts
on mitochondrial functions in D. magna (in comparison with
the effects of dissolved Ag+), which could mechanistically
explain the observed higher toxicities of Ag nanoparticles.

The importance of careful monitoring of nanoparticle ag-
glomeration in ecotoxicological assays was also recently
highlighted by (Auffan et al. 2013). In their study of CeO2

particle toxicity to Daphnia, the authors identified that the
actual aquatic exposure duration was only 2 h. After this pe-
riod, there was no relevant exposure of daphnids to particulate
material which was removed from the water column by rapid
agglomeration and sedimentation (Auffan et al. 2013).
Agglomeration of metal nanoparticles may also have other
effects such as changes in the bioavailability of other toxicants
(Hartmann et al. 2012) or modifications of the conditions dur-
ing chronic exposure conditions. For example, (Campos et al.

Fig. 6 Example of the influence of AgNPs on the development of carp
embryos after 144 h of the experiments. aControl embryo, b embryowith
apparent spine curvature and pericardial edema (exposure to media with
AgNP concentration 5 μM) in the experiment controlling for 200 nm

agglomerates), and c embryo with a chorion covered by AgNP
agglomerates (exposure to 25 μM AgNP in the experiment controlling
for 400 nm agglomerates)

19130 Environ Sci Pollut Res (2015) 22:19124–19132



  

NPs for terrestrial organisms are generally higher than for aquatic organisms, we were 
unable to prepare Ag-NPs colloids at toxicologically significant concentration levels. 
Therefore, zinc oxide nanoparticles (ZnO-NPs) with wide range of applications 
representing another significant environmental contaminant were selected. 
Ecologically relevant soil organism Enchytraeus crypticus was chosen as the test 
organism. The main advantages of this organism are fast generation time, high natality 
and easy cultivation on agar.  

The E. crypticus were exposed in the acute toxicity test for 96 hours, in the dark, at a 
temperature of (20 ± 2) ° C. 10 enchytraeids were transferred to each test vessel. Each 
test concentration and control group were prepared in triplicate. Toxicity testing was 
performed in ventilated plastic Petri dishes filled with 2% agar. The end-point of the 
test was the mortality of the test organisms compared to the control group.  

Influence of different spiking techniques on the ecotoxicological effects of ZnO-NPs 
was evaluated based on physico-chemical characterization of ZnO-NPs in exposure 
medium. The two techniques employed in dispersion of ZnO-NPs in the medium were 
dry method (cryogenic grinding of ZnO-NPs with the agar powder) and wet method 
(adding the aqueous dispersion of stabilized ZnO-NPs to the hot liquid agar). The 
relationship between the agglomerate size and the toxicity of ZnO-NPs was studied 
and the toxicity of nanoparticles was compared to the toxicity of Zn2+ ions originating 
from water soluble salt of zinc. The dose-response curve was obtained by fitting of 
experimental data using the Boltzmann model: 

y = ymin + (ymax − ymin)/(1 + exp((P1 − x)/P2))    (2) 

where y is the mortality (%), x is ln of the Zn concentration in agar (mg of Zn per kg of 
agar), P1 is the inflection point corresponding to LC50, and P2 is the slope.  

For the soluble zinc salt test, a 96h LC50 (with corresponding 95% confidence interval) 
of 37.2 (35.5-38.8) mg Zn kg-1 agar was calculated. Because of the possible 
contribution of chlorides to zinc toxicity, a test with NaCl was also performed. No 
mortality was observed in any of the tested concentrations. As seen in Fig. 3 depicting 
the results of the experiments, the toxicity of zinc cation was higher than the toxicity 
of ZnO-NPs. The dispersion homogeneity played an important role in the toxic effect 
of ZnO-NPs. Scanning electron microscopy (SEM) revealed poorly dispersion of       
ZnO-NPs spiked into agar exposure medium via dry method. On the other hand, in the 
case of wet spiking, nanoparticles were homogenously dispersed and the size of found 
agglomerates did not exceed 1 µm. This observation was reflected in nonmonotonic 
dose-response relationship in agars spiked via dry method, while in the case of wet 
spiking there was relationship between mortality and concentration of zinc in agar. In 



  

the experiment where nanoparticles were introduced via dry method                              
(Fig. 3 ZnO-NPs-Cryo) observed mortality was in the range 29-34 % and in the 
experiment where nanoparticles were introduced via wet method                                    
(Fig. 3 ZnO-NPs-Colloid) observed mortality was in the range 0-67 %.  

 

 

Figure 3 Mortality of E. crypticus exposed 96 h to ZnCl2 and ZnO-NPs introduced into 
the exposure media via dry spiking procedure (ZnO-NPs-Kryo) and wet spiking 
procedure (ZnO-NPs-Colloid) 

 

The assessment of the pollutants uptake by the organism is also important part in 
ecotoxicological studies. Following a previous study, it was necessary to develop a 
method for analyzing the elements in samples of E. crypticus biomass and samples of 
agar exposure medium. The quantitative analysis of the elements contained in 
enchytraeid tissues, which are often used in terrestrial toxicity tests, is complicated by 
the low weight of these organisms. The most common expression of internal pollutant 
contents is a concentration per fresh or dry biomass weight or content per number of 
organisms. Taking into account a very small weight less than 1 mg per worm and 
water content of more than 80%, there are obvious problems with accuracy both in 
weighing and determination of dry weight (DW) and results related to it7;8;9.  
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Because of the above, a simple, reliable and routinely applicable procedure for 
analysis of samples from the ecotoxicological experiments was developed. A fast and 
fairly simple sample preparation procedure was based on dissolution of E. crypticus in 
25% tetramethyamoniumhydroxide and dissolution of agar in 65% HNO3. The 
samples were then analyzed using the inductively coupled plasma optical emission 
spectrometry (ICP-OES) method. The fresh, wet mass of the E. crypticus organism 
was determined. The content of analytes was then referred to wet biomass. This 
allowed the simplification of developed method. 

The mean wet weight value 0.64 mg per E. crypticus individual was obtained from 
repeated measurement of 100 E. crypticus individuals. Considering target elements, 
this procedure is usable in connection with other detection analytical techniques. The 
ICP-OES method is sufficiently sensitive and suitable for zinc determination in the 
E. crypticus and agar test gel. The LOD 0.90 mg kg−1 was estimated for 10 mg of the 
E. crypticus biomass dissolved in a final volume of 10 mL. Even in the case of 
analysis of one worm (weight 0.64 mg, 38 ng background zinc in one body, final 
volume 10 mL), the zinc signal can be reliably distinguished from the background.  

 

3. Terrestrial toxicity test in modified agar medium 

The third part of the thesis aimed to test the toxicity of nanoparticles on E. crypticus 
cultivated in agar exposure medium with increased environmental relevance. Studying 
the transformation processes of NPs in soils and describing the interaction of NPs with 
inorganic and organic soil components should be an integral part of ecotoxicity 
studies. These processes affect the fate of NPs and strongly depend on environmental 
conditions. The proportion of inorganic and organic constituents significantly affects 
the bioavailability of NPs in soil and thus toxicity10. For the study of the influence of 
specific soil components on the fate of NPs it is more convenient to use a less complex 
medium. In view of the above, in terrestrial toxicity test was used our optimized 
method based on using agar as an exposure medium. The agar was modified with 
kaolin, humic acids and peat within two studies. These agar modifications should 
allow us to easily observe how the soil components interact with the tested ZnO-NPs 
and how these interactions affect the resulting material state and the associated 
changes in observed toxicity. The toxicity of nanoparticles was compared to the 
toxicity of Zn2+ ions originating from water soluble salt of zinc. For creating of          
dose-response curves and for calculation of LC50 values, the module of nonlinear 
regression in GraphPad Prism 7 software was used. 

 



  

The E. crypticus were exposed in the acute toxicity test for 96 hours, in the dark, at a 
temperature of (21 ± 2) ° C. Twenty adult individuals were transferred to each test 
vessel. Each test concentration and control group were prepared in triplicate. Toxicity 
testing was performed in ventilated plastic Petri dishes filled with 1.5% agar. The end-
point of the test was the percent mortality of the test organisms compared to the 
control group.  

In the first study zinc toxicity was tested in pure agar and in three agar modifications: 
in the presence of 1% kaolin, 0.1% humic acids derived from weathered brown coal 
called oxyhumolite and in the presence of both components. As seen from the Fig. 4 
and Tab 1. toxicity of zinc originating from ZnCl2 after 96 h of exposure was highest 
in pure agar (LC50 = 13.2 mg kg−1) followed by agar with HA (LC50 = 28.8 mg kg−1) 
and agar with kaolin and HA (LC50 = 39.4 mg kg−1) and the lowest toxicity was 
observed in agar with kaolin (LC50 = 75.4 mg kg−1). Toxicity of zinc originating from 
ZnO-NPs (Fig. 4b) was highest in agar with HA (LC50 = 15.8 mg kg-1), lower toxicity 
was found in pure agar (LC50 = 43.5 mg kg-1), followed by agar with kaolin                
(LC50 = 111 mg kg-1) and the lowest toxicity was observed in agar with both 
components (LC50 = 122 mg kg-1). In this case HA even increased the bioavailability 
and toxicity of zinc. On the contrary, the presence of kaolin reduced the toxicity of 
zinc originating from ZnO-NPs. In the presence of both soil components, the effect of 
kaolin was shown to be dominant. 

SEM analysis of particles in exposure media revealed that in agar containing 1 % of 
kaolin, nanoparticles were better dispersed than in the case of pure agar. Nanoparticles 
were coated with kaolin during agar preparation, which in all probability prevented the 
formation of larger ZnO agglomerates. The behavior of ZnO was completely different 
in the presence of 0.1 % HA. Larger agglomerates of ZnO (> 1 μm) were observed in 
these samples, however, in a smaller amount in the same area than in pure agar. EDX 
analysis showed that the Zn/C intensity ratio in the flat surface was higher than in the 
case of pure agar, indicating that a larger amount of zinc was dispersed in the agar 
containing HA.  



  

 

Figure 4 Dose-response curves describing the acute toxicity of zinc originating from 
ZnCl2 (a) and ZnO-NPs (b) for E. crypticus in four different agar-based exposure media 

 

Table 1 LC50 values for both form of zinc in four different agar-based exposure media 
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extremely low amount of soil components reduced the toxicity
of zinc. For comparison, in our previous work (Hrda et al.
2016), where 2% Bacto-Agar was used, a LC50 value 37.2
(35.5–38.8) mg Zn kg−1 of pure agar was found. Higher zinc
toxicity (LC50 13 mg kg−1 of agar) may be caused by the use
of agar from another manufacturer and due to a different
concentration of agar. Phipps et al. (1995) studied the toxicity
of the zinc cation for Lumbriculus variegatus in the natural
water. The LC50 value after 10-day exposure was only
3 mg l−1. Posthuma et al. (1997) reported an LC50 value 336
(266–425) mg Zn kg−1 of modified dry OECD soil for E.
crypticus after a 4-week exposure. Garcia-Gomez et al.
(2014) observed 98% inhibition of Eisenia fetida cocoon pro-
duction after 28-day exposure to ZnCl2 at a concentration of
1000 mg kg−1 of natural soil in which experiments were per-
formed. The toxicity of zinc cation for soil organisms cultivat-
ed in the aquatic environment is typically higher than that in
the agar medium or soil. The agar medium contains polysac-
charides (agarose, agaropectin) that can interact with zinc ions
and reduce their bioavailability. Soil is a far more complex
medium where components and physicochemical processes
affect the toxicity of chemicals. The influence of soil compo-
sition may result in major differences in LC50 values. Novais

et al. (2011), for example, reported LC50 toE. albidus 72.6 mg
of Zn kg−1 of artificial OECD soil. Lock and Janssen (2003),
in contrast, reported LC50 to E. albidus 603 mg of Zn kg−1of
natural soil LUFA 2.2.

During experiments with high concentrations of ZnCl2
(500 and 1000 mg Zn kg−1 of agar) in modified agar, where
larger volumes of buffer were used to adjust pH of the mix-
tures, we observed the effect of the buffer on the test endpoint.
The mortality was 100% in test vessels with a concentration
250 mg Zn kg−1 of agar in all three modified environments,
while live worms were discovered in test vessels with higher
Zn concentrations (see Suppl. Mat. Tabs. 2–4). Increase in Zn
concentration from 500 to 1000mg Zn kg−1 caused a decrease
in the mortality in all modified media (mortality 100 vs. 57%
in agar with HA; 42 vs. 33% in agar with kaolin; and 95 vs.
82% in agar with both supplements). The mortalities observed
from these concentrations levels were consequently not in-
cluded in the dose-response curves and calculations of LC50.
To verify the assumed origin of the phenomenon, an experi-
ment with different volumes of the buffer and the same con-
centration of zinc was performed. The tested concentration of
zinc was 250 mg kg−1 of agar. The tested volumes of phos-
phate buffer were 3.7, 37, 74, 111, and 148 ml l−1 of exposure
media. The experiment was performed with the addition of
both constituents (0.1% HA and 1% kaolin) with 20 adults
per test vessel. The pH in all test vessels was 6 ± 0.2. At the
lowest tested volume of buffer, the mortality was 100%, sur-
vival increased with increasing volume of buffer, and at the
highest tested volume mortality was only 10% (see Suppl.
Mat. Fig. 7). The two highest concentrations of zinc (500
and 1000 mg Zn kg−1 of agar) were also tested in all three
modifications without using a buffer. The pH of agars without
buffer was in the range 5–6. To exclude the effect of pH on the
survival of worms, another experiment was carried out. The
worms were placed for 96 h into vessels filled with agar with

Fig. 1 Dose-response curves
describing the acute toxicity of
zinc originating from ZnCl2 in
four different exposure media. cZn
expressed in 10−3 mg Zn kg−1 of
agar (curves with the original data
are showed at Suppl. Mat. Fig. 5)

Table 1 LC50 values for both forms of zinc obtained in all four agar-
based environments

Exposure media LC50 (mg kg−1)

ZnCl2 ZnO-NPs

Pure agar 13.2 (12.1–14.3) 43.5 (23.8–60.1)

Agar with kaolin 75.4 (65.8–86.5) 111 (73.6–157)

Agar with HA 28.8 (27.7–30.0) 15.8 (3.3–36.9)

Agar with kaolin and HA 39.4 (36.7–42.2) 122 (80.1–171)

Environ Sci Pollut Res (2018) 25:22702–22709 22705

a) 

b) 



  

In the second study zinc toxicity was tested in pure agar and in the agar exposure 
medium modified by two sources of humic substances, namely sodium humate and 
peat. The effect of HA on the behavior and acute toxicity of ZnO-NPs for E. crypticus 
was studied. Experimental conditions were the same as for previous described study. 

As seen from the Fig. 5a and Tab 2. toxicity of zinc originating from ZnCl2 after 96 h 
of exposure was highest in pure agar (LC50 = 13.2 mg kg-1) followed by agar with SH 

(LC50 = 28.8 mg kg-1), whereas the lowest toxicity was observed for agar with peat 

(LC50 = 161 mg kg-1). Toxicity was slightly decreased by adding SH but, in the 
presence of peat, the toxicity decreased by one order of magnitude. From such results, 

it is obvious that the addition of soluble SH did not reduce the bioavailability of zinc 

as much as the solid peat. Chemical and compositional differences of HA originating 

from different sources could lead to different interactions HA-NPs. 

In case of ZnO-NPs (Fig. 5b), the toxicity was the highest in agar with SH                 

(LC50 = 15.8 mg kg–1) followed by pure agar (LC50 = 43.5 mg kg–1) and the lowest 

toxicity was observed in agar with peat  (LC50 = 304 mg kg–1). As in the case of ZnCl2, 
different composition of HA and the solid phase of peat reduced toxicity of zinc 

almost by one order of magnitude compared to pure agar. Interestingly, there was even 

an increase in the toxicity of nanoparticles in the presence of SH compared to pure 

agar. SEM analysis showed that more zinc was dispersed in the volume of agar in the 
presence of SH. Apparently, HA stabilized ZnO-NPs which resulted in the increase of 

amount of well-dispersed nanoparticles and Zn2+ ions. Ability of HA to increase 

dissolution of zinc (or other metals) was shown in other studies11;12. Zinc was very 
well dispersed throughout the volume of the area in the presence of peat when very 
small amounts of ZnO-NPs agglomerates (< 1 μm) were found in the sample with                                       
1 000 mg ZnO-NPs kg–1 agar.  
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Fig. 2 Dose-response curves describing the acute toxicity of zinc given by ZnCl2 (a) 
and ZnO-NPs (b) in different exposure media 
Concentration of Zn expressed in 10–3 mg Zn kg–1 of agar 

 
Table 1 LC50 values for both form of zinc in three different exposure media 

Exposure media 
LC50 [mg kg–1] 

ZnCl2 ZnO-NPs 

Pure agar 13.2 (12.1–14.3) 43.5 (23.8–60.1) 

Agar with SH 28.8 (27.7–30.0) 15.8 (3.3–36.9) 

Agar with peat 161 (140–287) 304 (255–365) 
 

Toxicity of zinc originating from ZnCl2 was the highest in pure agar 
(13.2 mg kg–1) followed by agar with SH (28.8 mg kg–1), whereas the lowest 
toxicity was observed for agar with peat (161 mg kg–1). Toxicity could be slightly 
decreased by adding SH but, in the presence of peat, the toxicity decreased by one 
order of magnitude. From such results, it is obvious that the addition of soluble 
SH did not reduce the bioavailability of zinc as much as the solid peat. Besides 
possible zinc complexation with humic acids, the solid portion of peat played an 
important role in influencing the fate of zinc in the agar. Also, structural and 
compositional differences of HA originating from different sources could lead to 
different features of HA [18]. For comparison, Koukal et al. [19] studied the 
influence of NOM presence on the toxicity of zinc to algae Pseudokirchneriella 
subcapitata. The three humic substances [soil and peat HA and Suwannee River 
Fulvic Acids (FA)] were used. Humic substances were added at two 
concentrations: 1 and 5 mg L–1. It was found that HA markedly decreased the zinc 
bioavailability and toxicity to P. subcapitata, especially at 5 mg L–1, whereas FA 
showed no significant effect at both concentrations. The authors have explained 
this difference so that the FA-metal complexes are far more labile, and dissociation 
may occur. 
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Figure 5 Dose-response curves describing the acute toxicity of zinc originating from 
ZnCl2 (a) and ZnO-NPs (b) for E. crypticus in three different agar-based exposure 
media. Concentration of Zn expressed in 10–3 mg Zn kg–1 of agar 

 

Table 2 LC50 values for both form of zinc in three different agar-based exposure media 
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Conclusion 

The results of our modified methods for ecotoxicity testing highlighted the importance 
of assessment of physico-chemical properties of nanomaterials during the ecotoxicity 
tests. The method for testing aquatic toxicity of nanoparticles based on an approach 
where the maximum size of agglomerates to which the test organism is exposed during 
the test is controlled by a concentration-dependent variable medium exchange was 
developed. This method was successfully published in the journal Environmental 
Science and Pollution Research (IF – 2.914). However, the probability of using our 
method for the practical evaluation of the ecotoxicity of nanomaterials for aquatic 
organisms is rather low, because the experiment without flow-through system or 
automatization of the colloid exchange is very time consuming and very demanding in 
terms of personnel. 

The method for testing terrestrial toxicity based on using agar instead of soil was 
developed. An integral part of the proposed methodology was an optimized procedure 
for introducing NPs into the exposure media, procedure for preparation of exposure 
media samples for NPs secondary characterization and procedure for quantitative 
analysis of samples from ecotoxicological experiments. This method was successfully 
published in the journal Chemical Papers (IF – 1.246) and Environmental Science and 
Pollution Research. Highly artificial character of the proposed agar system, which is 
connected with reduced degree of its environmental relevance, obviously prevents the 
use of this method as a substitute of assays performed in a real soil matrix. On the 
other hand, application of the proposed cheap and simple approach as a tool in a first 
tier of environmental risk assessment or for studies dealing with an influence of 
physicochemical conditions on the nanoparticle toxicity could be beneficial. 
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