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Introduction
An exponential increase in the world’s population in the context of a fixed amount of
natural resources such as fossil fuels, freshwater, and arable land, makes it difficult to
meet the society's expectations towards on-going progress. Different types of (novel)
substances with beneficial properties and “green” technologies are developed to fulfil
these expectations. On the other hand, application of innovative chemicals and
materials can also bring about new types of hazards to the environment by creating
emerging contaminants. Determining the potential harmful effects of emerging
contaminants to allow safe and sustainable use of these substances is one of the
primary aims of environmental toxicology.
Engineered nanomaterials and lanthanides are considered to be emerging
contaminants for which environmental standards have not yet been established.
The regulatory directives for nanomaterial safety are currently being developed and
massive increase is expected in lanthanides’ mining and use all over the world.
Thus, information on their biological effects is urgently needed for relevant
environmental risk assessment.
Standardised toxicity test procedures are used to classify the potential hazard of new
chemicals in internationally agreed test conditions. It is known that test design can also
have a great impact on the toxicity of chemical compounds, especially on the
substances like manufactured metal-based nanoparticles and lanthanides that tend to
aggregate, settle, dissolve, precipitate, and/or adsorb to the test vessels before and
during the toxicity test.
To determine the potential artificial effects that standard test conditions can impose
on nanoparticle and lanthanide toxicity, both standard and modified toxicity test
conditions were used in the thesis. Also, additional sublethal toxicity endpoints were
included in the test design to increase the environmental relevance of the study.
Planktic (Daphnia magna, Thamnocephalus platyurus) and benthic (Heterocypris
incongruens) microcrustaceans, as one of the most vulnerable links in the aquatic food
chain, were used as test organisms.
Two new approaches for evaluation of possible adverse effects of metal-based
nanoparticles to crustaceans were applied in the thesis. These methods enable
measuring i) bioaccumulation of metal-based nanoparticles in single microcrustacean
specimen and ii) changes in the feeding activity of D. magna. The thesis also
demonstrated the methodological problems with the standardised acute toxicity test
format in toxicity testing of lanthanide salts in both artificial and natural freshwaters for
the first time.
The thesis has been published as 6 peer-reviewed scientific articles. The results have
also been presented at the following international science conferences: EcoBalt (Tartu,
Estonia, 2016; paper III), SETAC (Rome, Italy, 2018; paper V), Canadian Ecotoxicity
Workshop (Vancouver, Canada, 2018; paper V).
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United States Environmental Protection Agency
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1 Literature review
1.1 Emerging contaminants: state of the art
Emerging contaminants are characterised by the lack of relevant environmental fate
and (eco)toxicological data resulting in the absence of regulatory criteria or norms for
the protection of human health or the environment (Sauve & Desrosiers, 2014).
Potential chemicals of emerging concern can be divided into three categories: i) true
emerging contaminants, that were not previously known or that have appeared only
recently in the scientific literature, ii) contaminants of emerging interest which have
been in the environment for a while but for which concerns have been raised much
more recently, and iii) emerging issues about legacy contaminants (Sauve & Desrosiers,
2014).
Engineered nanoparticles (NP) and lanthanides (Ln), both accompanying the
advancements in modern technologies, belong to the true emerging contaminants
category along with many pesticides, pharmaceuticals, fragrances, plasticisers,
hormones, flame retardants, perfluoroalkyl compounds, chlorinated paraffins,
siloxanes, algal toxins, radionuclides, etc. (Sauve & Desrosiers, 2014). The true
emerging contaminants can be further divided into i) organic substances, ii) inorganic
compounds (trace metals such as Ln), and iii) particulate contaminants (nanoparticles,
microplastics etc.) (Geissen et al., 2015).
Search in Thomson Reuters Web of Science database (Table 1) shows that NP have
been much more extensively studied in terms of environmental toxicology compared to
Ln. The search results on NP used in this study vary considerably: Ag, Cu, and Zn based
NP toxicity to daphnids (common freshwater test organisms) has been researched
much more compared to Co and Mn based NP toxicity.
Table 1. Environmental hazard research on nanoparticles and lanthanides: bibliometric data
search results in Thomson Reuters Web of Science database (9.1.2018) omitting the publications
that are part of this thesis.

Ecotoxicity of NP

No. of
results
286

NP effects on daphnids
general

314

bioaccumulation

27

Ag NP toxicity
Cu NP toxicity
Zn NP toxicity
Co NP toxicity

69
28
34
1

Mn NP toxicity

1

Search phrases in Title
1.

2.
ecotoxic* OR
nano*
“environmental* toxic*” OR
“environmental* hazard*”
1.
2.
3.
*accumulation OR
“body burden”
*daphni* OR
Ag OR silver
"D. magna"
nano* OR cladocera* OR
CuO OR copper
zooplankton OR
ZnO OR zinc
microcrustacea*
Co3O4 OR cobalt
Mn2O3 OR
manganese
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Table 1 continued.

Ecotoxicity of Ln

7

Ln effects on daphnids

6

1.
lanthanide* OR “rare
earth” OR lanthanum OR
cerium OR
praseodymium OR
neodymium OR
samarium OR europium
OR gadolinium OR
terbium OR dysprosium
OR holmium OR erbium
OR thulium OR ytterbium
OR lutetium

2.
ecotoxic* OR
“environmental* toxic*”
OR “environmental*
hazard*”
*daphni* OR
"D. magna" OR
cladocera* OR
zooplankton OR
microcrustacea*

NP ‒ nanoparticles; Ln ‒ lanthanides

1.1.1 Metal-based nanoparticles
Nanoparticles (NP) are defined as particles with one or more dimensions in the range of
1‒100 nm (European Commission, 2013). NP occur naturally as both organic (proteins,
viruses, etc.) and inorganic (iron oxyhydroxides, aluminosilicates, metals, etc.)
compounds and are products of weathering, volcanic eruptions, wildfires, etc. (Lead &
Wilkinson, 2006; Schaming & Remita, 2015). People have non-intentionally produced
NP since gaining control of fire and have utilised metal-based NP for up to 16,000 years,
mainly as a colorant in the glass and ceramic industries (Schaming & Remita, 2015).
Deliberate engineering of NP started in the 1980s with the discovery of the quantum
size effect (Heiligtag & Niederberger, 2013) and fullerenes (Kroto et al., 1985). The new
chemical, optical, electric, and magnetic properties appearing in materials at nano scale
have brought about a paradigm shift in industrial research sometimes referred to as
nano-revolution (Alivisatos, 2004; Wonglimpiyarat, 2005).
Engineered NP can be carbon-based (e.g. fullerenes, carbon nanotubes, graphene),
organic (e.g. polymers, dendrimers, liposomes), inorganic (e.g. metal, metal oxide, and
ceramic NP), or composites (combination of two or more types of NP) (Sudha et al.,
2018). This thesis focuses on the biological effects of metal-based NP and more
precisely, on ecotoxicologically more studied Ag, CuO and ZnO NP and less studied
Mn2O3 and Co3O4 NP (Table 1).
Metal-based NP are valued for their optical, electronic, and catalytic properties
(Alivisatos, 2004) and can be applied in a wide variety of fields from the energy sector
to cosmetics (Keller et al., 2013). In addition, Ag NP provide antimicrobial protection in
variety of consumer products such as textiles, medical products, domestic appliances,
paints, cosmetics, and plastics (Hansen et al., 2016; McGillicuddy et al., 2017; Vance
et al., 2015). ZnO NP are common in sun lotions since they strongly absorb ultraviolet
rays and also make the emulsion transparent (Cross et al., 2007). CuO NP are most
often used as inexpensive alternatives to the rare and expensive noble-metal catalysts
suitable for many chemical processes (Gawande et al., 2016; Keller et al., 2013)
including the removal of environmental contaminants (Khalaj et al., 2018). Mn2O3 and
Co3O4 NP are both promising lithium ion battery anode materials (Shi at al., 2018;
Zhang et al., 2017).
Metal-based NP can reach aquatic ecosystems through several pathways, for
example from waste water treatment plants and with surface runoff of biosolids or
fertilisers, but also by leaching from coatings and paints, or from cosmetic products,
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such as sunscreen worn by bathers (Adeleye et al., 2016; Garner et al., 2017; Keller
et al., 2013). Cu based nanoparticles are also widely present in micronised copper wood
preservatives (Gottschalk et al., 2015) but the leaching of Cu in NP form from wood is
still debatable (Parks et al., 2018). Co and Mn based NP could become water pollutants
due to the insufficient recycling of electronic waste such as spent lithium ion batteries
(Kang et al., 2013; Zeng et al., 2015). Despite the low estimated global production
volumes (< 500 t/year; Keller et al. (2013)), Ag NP have already been detected in the
natural waterbodies in concentrations up to 2.5 ng/L (Peters et al., 2018).
NP can have a very different fate (e.g. homo- and heteroaggregation, dissolution) in
the waterbodies, depending on the characteristics of the NP and the chemical
composition of the water (Garner & Keller, 2014; Garner et al., 2017). The abundance
of organic matter and water hardness are of major importance (Bian et al., 2011;
Conway et al., 2015; Gao et al., 2009). Ag and CuO NP are predicted to dissolve over
days to weeks, while ZnO dissolves over hours to days, the aggregation of all NP being
slower in freshwater compared to sea water (Garner & Keller, 2014). The fate of the NP
is difficult to study due to the lack of analytical methods to detect and quantify
nanoparticles in complex environmental matrices and the fact that natural
(metal-based) NP are present in all ecosystems (Holden et al., 2016; Kahru &
Dubourguier, 2010). A similar methodological problem occurs in laboratory toxicity
testing of NP where the dose of the NP affecting the test organism is difficult to
determine and the adverse effects of NP exerted as particles and as ions shed from the
particles, are difficult to differentiate (Holden et al., 2016; McGillicuddy et al., 2017).
NP-specific
guidelines
have
been
just
recently
published
in
EU
(https://echa.europa.eu/-/reach-guidance-for-nanomaterials-published; 18.01.2019),
covering some aspects of ensuring reliable NP toxicity testing.
Regardless of the methodological challenges, it can be generalised that the main
toxicity mechanism of metal-based nanoparticles is the shedding of metal ions
(Bondarenko et al., 2013; Heinlaan et al., 2008). In fact, nanoecotoxicology gained
widespread attention after it appeared that many metal-based NP are (partly) soluble
and impose higher toxicity to aquatic biota than the respective (insoluble) bulk
particles. NP are considered to be more toxic the more they dissolve, as the ionic form
of a metal can be much more toxic than the NP (Garner & Keller, 2014; Notter et al.,
2014). However, this does not mean that particle-induced toxicity of NP is irrelevant.
For example, ZnO and Mn3O4 NP toxicity can be higher than the toxicity of the
respective soluble salts (Aruoja et al., 2015; Notter et al., 2014) suggesting
particle-dependent toxic effects in addition to ion-induced toxicity. Particle-specific
toxicity causes high localised metal concentrations and physical effects after ingestion
by or adsorption on the organism (Dabrunz et al., 2011; Golobič et al., 2012), induction
of oxidative stress (Zhao et al., 2016) and membrane damage (Otero-González et al.,
2013) along with entrapment of unicellular organisms (Aruoja et al., 2015).
Invertebrates, especially filter-feeding crustaceans, are technically suitable,
ecologically relevant, and well-studied (Figure 2) test organisms ideal for NP ecotoxicity
assessment (Baun et al., 2015). Ag NP are considered hazardous (defined as
L(E)C50 < 1 mg metal/L by European Commission (2008)) to the crustaceans while ZnO
and CuO NP are borderline non-hazardous (L(E)C50 1‒10 mg metal/L; Juganson et al.,
2015) if the toxicity values were based on nominal metal concentrations. At the same
time, modelling results show that ZnO and CuO NP can already reach localised toxic
concentrations in the waterbodies in both NP and ionic form despite the current low
15

release rate (Garner et al., 2017). The toxicity of Mn and Co oxide NP has been
substantially less studied compared to Cu, Zn, or Ag based NP (see Table 1). Both Co
and Mn oxide NP were shown to induce harm to D. magna in a chronic toxicity test
(Bozich et al., 2017).

Figure 2. Types of test organisms used for ecotoxicological evaluation of nanoparticles. The left
column represents the number of entries and right column represents the number of publications.
Modified from Juganson et al. (2015).

Despite extensive research conducted on NP ecotoxicity over the past 15 years, data
gaps remain. Methodologically challenging topics such as the effects of environmentally
realistic test conditions (exposure concentration, test medium) toxicokinetics,
modelling NP behaviour, the effect of aging on toxicity, etc. need further research
(Blinova et al., 2018; OECD, 2014). Concerning toxicity tests using daphnids (OECD,
2004, 2012), there is a lack of data on behavioural observations, mechanical effects of
the NP, and the potential effects of photoactivity or catalytic properties of the NP
(ECHA, 2017a). Also, the extrapolation of the toxicity results obtained by using the
standard test procedures to natural ecosystems is still complicated (Blinova et al.,
2018).
The main rationale for choosing the metal-based NP for this study were the
following: ZnO NP are produced in large volumes (> 30,000 metric tons/year (Keller
et al., 2013)) and are highly soluble which makes them likely to cause harm to the
environment in the near future (Garner et al., 2017); Cu based NP are well studied
model NP that also have high potential of being applied in the environment for the
removal of contaminants (Khalaj et al., 2018); Ag NP are some of the most toxic NP to
aquatic biota (Juganson et al., 2015) while being easily accessible (and disposed of) by
consumers (McGillicuddy et al., 2017); finally, the potential ecotoxicological hazards of
Mn2O3 and Co3O4 have not been sufficiently studied (Table 1).
16

1.1.2 Lanthanides
The lanthanide (Ln) series consists of 15 chemical elements with atomic number 57 (La)
to 71 (Lu) that are also referred to as rare earth elements along with scandium and
yttrium. Ln usually occur together in the same mineral, the ones with lower atomic
number (except radioactive Pm) being present in higher concentrations (Figure 3;
Evans, 1990). However, the elements with even atomic numbers are still more common
than the neighbouring elements with odd atomic number (in accordance with the
Oddo–Harkins rule) (Figure 3). A slight increase in solubility and decrease in basicity are
also associated with increasing atomic number (Wells & Wells, 2001).

Figure 3. Abundance of the rare earth elements in the Earth’s crust. Figure from Kim et al. (2018).

Physical properties of Ln such as magnetism, luminescence, radioactivity, melting
point, and optical traits vary greatly between the individual elements (Evans, 1990).
These properties also tend to be largely unaffected by the surrounding environment
(Cotton, 2006; Kim et al., 2018). Due to the different physical properties, it is desirable
to separate Ln into pure elements. On the contrary, chemical properties of Ln are very
similar because of the valence electrons of most Ln being positioned in the 4f subshell.
All Ln mainly exist in a 3+ oxidation state in the environment. The chemical similarity of
Ln makes their separation process into pure elements very complex and is also the
reason why Ln belong among rare earth elements. Indeed, some Ln are as abundant in
the Earth's crust as, for example, zinc and copper (Evans, 1990).
Similarly to NP, lanthanides became industrially important in the 1980s, and over
80% of the cumulative Ln production has taken place since that decade (Graedel et al.,
2014). Lanthanides are also considered technology critical elements in many parts of
the world as they are technologically largely irreplaceable and a vast majority of Ln are
currently produced only in China (Cobelo-García et al., 2015). A recent (2010 to 2015)
lowering of lanthanide export quotas by China drove intensive lanthanide exploration
activities all over the world and resulted in new large supplies being found in Canada,
Greenland, Kenya, Tanzania, Malawi, South Africa (Paulick & Machacek, 2017), and
Japan (Kato et al., 2011).
The above-mentioned physical traits of Ln can be applied in high-tech industries
(optics, lighting, IT, energy, laser, imaging) but also in agriculture, ceramics, and
medicine (Bünzli & Eliseeva, 2010; UNCTAD, 2014). Ln are often used for impurity
17

doping that can alter or improve the properties of materials. Addition of Ln impurities
can, for example induce superconductivity in semiconductors (Cheng et al., 2009;
Mukae et al., 1977) and microstructure stability in industrial ceramics (Buban et al.,
2006), improve the properties of metal alloys (Yu et al., 2004), and sensitivity and
selectivity of sensors (Koshizaki & Oyama, 2000). Ln oxides are also produced in
nanoparticle form, e.g. CeO2 NP, widely used as an auto‐exhaust catalyst and a fuel
additive, having one of the highest global production volumes among NP (10 000 t/year
in 2010; Dahle & Arai, 2015; Keller et al., 2013).
There is a number of ways how anthropogenic Ln pollution can reach waterbodies:
with fertiliser runoff (Bosco-Santos et al., 2017; Pang et al., 2001), atmospheric
deposition (Cidu et al., 2013) in areas of, e.g. shale oil and coal burning or Ln mining
(Li et al., 2018; Sabbioni et al., 1982; Wang & Liang, 2015), application of La-modified
bentonite clay (Phoslock®) into lakes for algal bloom management (Spears et al., 2013),
and hospital wastewater containing Gd-based contrast agent (Bau & Dulski, 1996).
In the Netherlands, for example, the catalyst and artificial fertiliser industries are
responsible for the principal emission of Ln into surface water (Slooff et al., 1993).
In addition, acid mine drainage mobilises Ln that are naturally present in rocks (Stewart
et al., 2017).
Ln concentrations in surface waters are generally very low. The filterable (pore size
0.2–1.2 μm) concentration consisting of the dissolved and fine colloidal fractions is
usually in the range of ng/L to low µg/L (Goldstein & Jacobsen, 1988; Han & Liu, 2007;
Ingri et al., 2000; Kharitonova & Vakh, 2015; Spears et al., 2013) probably due to the
insolubility of lanthanide phosphates and oxides which form most of their ores (Evans,
1990). The total concentrations including larger colloids and suspended species can be
much higher (up to 289 mg/L) compared to the filterable fraction (Goldstein &
Jacobsen, 1988). Ln concentrations in industrially or agriculturally impacted rivers and
in rivers receiving Gd-rich hospital effluent, are often still in the range of concentrations
seen in unpolluted waterbodies (Bau & Dulski, 1996; Neal, 2007) but elevated
(filterable) concentrations up to 78 μg/L have also been recorded (Kharitonova & Vakh,
2015). The highest filterable concentrations of Ln have been measured in acid mine
drainage waters (up to 6.3 mg/L; Chudaeva & Chudaev, 2011; Migaszewski et al., 2016;
Noller, 1991; Stewart et al., 2017) and after the application of lanthanum modified
bentonite clay for lake restoration (up to 15 mg/L; Spears et al., 2013; Stauber & Binet,
2000). CeO2 NP have been detected in Dutch surface water in concentrations up to
5.2 ng/L (Peters et al., 2018) that still remains well below the local proposed permitted
limit values for total Ce in freshwater (22 μg/L; Sneller et al., 2000).
Human health effects of Ln were first addressed in 1960s when nuclear fission
product 144Ce was detected in human lung tissue, plants, molluscs, fish and terrestrial
animal bones (Hirano & Suzuki, 1996; Liebscher et al., 1961; Nezu et al., 1960).
The presence of radioactive (Th, U) and toxic (Al, As, Pb, etc.) metals in Ln ores is still
considered the main hazard of Ln mining to the human health and the environment
(US EPA, 2012). Nonradioactive isotopes of Ln have been largely neglected as possible
environmental contaminants (Rim, 2016) partly due to the history of Ln mining that has
drawn little attention to these elements in countries outside of China (US EPA, 2012).
Beneficial biological effects of Ln on agricultural plants (Pang at al., 2001) but also
adverse effects on many other organism groups have been reported (Gonzalez et al.,
2015; Hanana et al., 2017; Rim, 2016). Due to the application of Ln in medicine and
their presence in fertilisers, toxicologists have been focusing on their potential effects
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on humans, soil organisms and plants; data on aquatic organisms are more rare (Blaise
et al., 2018; Gonzalez et al., 2014). The toxicity mechanisms of Ln are still relatively
poorly understood (Gonzalez et al., 2014) but redox disturbances and the production of
nitric oxide and reactive oxygen species (ROS) have been shown (Pagano et al., 2016).
Accumulation of La in macrophytes, chironomids, and fish tissues, following
La-modified bentonite application has also been recorded (Waajen et al., 2017).
In general, the toxicity of individual Ln to living organisms is still assumed to be
relatively similar due to the similar chemical properties of Ln (Hirano & Suzuki, 1996)
while some synergistic and antagonistic effects between different Ln can occur
(Romero-Freire et al., 2019).
The major toxicity mechanism in crustaceans could be the disturbance of Ca2+
metabolism (Bosco-Santos et al., 2017) especially for heavy Ln (Tb, Dy, Ho, Er, Tm, Yb,
and Lu) that have a similar ionic radius to divalent calcium and possibly interfere with
Ca2+ metabolism (Wells & Wells, 2001). Toxicity data to daphnids vary a lot depending
on the applied Ln compounds, test formats and methods. The 48 h acute Ln toxicity
based on measured total concentrations ranges from EC50 1.4 to 24 mg Ln/L (Herrmann
et al., 2016; Sneller et al., 2000) while EC50 based on dissolved concentrations ranges
from 0.04 to 1.2 mg Ln/L (Barry & Meehan, 2000; Stauber, 2000). No acute toxicity of
Ln has been shown to ostracods at nominal concentrations up to 6.5 mg Ln/L (Gonzalez
et al., 2015; Romero-Freire et al., 2019) but Ln-rich river sediment induced mortality of
ostracods (Romero-Freire et al., 2018).
Information on the toxicity of Ln is still scarce (Gonzalez et al., 2014). The behaviour
and toxicity of Ln in different aquatic environments should be further studied
(Herrmann et al., 2016) along with determination of the relevant chemical constants for
accurate modelling of Ln speciation in the environment. In addition, data on long-term
biological effects of Ln is urgently needed (Waajen et al., 2017).

1.2 Environmental hazard assessment of chemicals to the aquatic
ecosystems
In 2018, 1361 newly developed substances were registered in European Economic Area
(ECHA, 2018). The risks that can be posed by the (novel) substances to the environment
must be evaluated and managed considering that over a quarter of the production
volume of industrial chemicals produced in EU (> 300 million t/year) impose
environmental hazard (Eurostat, 2017).
The responsibility to carry out chemical safety assessment can lie with different
parties. In the United States, the Environmental Protection Agency (EPA) is responsible
for determining the safety of chemicals already released to the market. In the European
Union, the safety assessment is an obligation of the chemical manufacturer or importer
and takes place before the chemicals are allowed to the market. The most important
legislation for chemical safety assessment in EU is the REACH regulation (Registration,
Evaluation, Authorisation and Restriction of Chemicals; European Commission, 2006)
implemented by European Chemical Agency (ECHA).
According to REACH, the manufacturers and importers must demonstrate the safe
use of the chemical and communicate the risk management measures to the users.
The type and amount of aquatic toxicology data required by REACH depends on the
quantity of chemicals imported or manufactured (Table 2). REACH recommends using
test guidelines approved by the OECD or EU for ecotoxicity studies but guidelines
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published by the US EPA, ISO, ASTM, and various national guidelines are also accepted
(ECHA, 2017b). Safe concentrations of the new substances are usually established
based on the no-effect concentrations, i.e., the highest concentration considered
non-toxic in the laboratory tests. On the basis of the information presented to ECHA,
the use of hazardous substances will be restricted or the substances replaced with less
dangerous ones.
Table 2. Aquatic ecotoxicity data required by EU regulation REACH from the chemical
manufacturers and importers. Requirements for higher tonnage also include all the requirements
for lower tonnage. List of test guidelines corresponding to the OECD test guideline numbers is
given in Appendix 7. Modified from Williams et al. (2009).
Information requirement
Short term toxicity testing on invertebrates
Growth inhibition study on aquatic plants
Short-term toxicity testing on fish
Activated sludge respiration inhibition testing
Long-term toxicity testing on invertebrates
Long-term toxicity testing on fish
Bioaccumulation in aquatic species
Long-term toxicity to sediment organisms

Tonnage band
1
1
10
10
100
100
100
1000

OECD test guideline
202
201, 221, 238
203, 229, 236
209
211
204, 210, 212, 215, 230, 234
305, 315
218, 219, 225, 233, 235, 239

Aquatic environment is often the main focus of ecotoxicity testing as many
chemicals are eventually washed from the watersheds into waterbodies where they
can spread more easily than on land. The majority of the OECD test guidelines for
ecotoxicity testing use freshwater organisms. Some of the freshwater test formats are
also applicable to seawater organisms but there are few standardised marine species
protocols available (ECHA, 2017b).
The primary producers in aquatic ecosystems are microalgae and macrophytes
while consumers of different level belong to zooplankton, nekton and benthos.
Zooplankton and benthic species also include decomposers. The chemical safety
assessment should be based on data covering at least three trophic levels such as
algae/aquatic plants, invertebrates, and fish (ECHA, 2017b).
Aquatic species also occupy different habitats in the waterbody. The main habitats
in freshwater ecosystems are the water column inhabited by pelagic organisms (nekton
and plankton), sediments inhabited by benthic organisms (benthos and rooted
macrophytes), and water surface inhabited by free-floating plants (Figure 4). Benthic
organisms can live either on the sediment surface or burrow in the sediment.
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Figure 4. Standardised test protocols for the most common freshwater communities. OECD test
guideline numbers are placed next to the relevant organism group. List of test guidelines
corresponding to the OECD test guideline numbers is given in Appendix 7. Modified from
Encyclopaedia Britannica, Inc. (https://www.britannica.com/science/inland-water-ecosystem).

Most substances affect aquatic organisms upon direct uptake from water rather
than from food and thus waterborne exposure is the main focus of REACH (ECHA,
2017b). By the REACH legislation, the environmental toxicity data must always consider
the short term toxicity to pelagic water organisms like phyto- and zooplankton or
pelagic plants (Table 2). Daphnids (Daphnia magna, Daphnia pulex, Ceriodaphnia dubia,
and Ceriodaphnia affinis) are the preferred pelagic invertebrate taxon in REACH
legislation while Lemna gibba and Lemna minor are suitable for pelagic plant toxicity
test (ECHA, 2017b). Acute toxicity tests with pelagic organisms require the test
substance to be dissolved and bioavailable throughout the duration of the test in the
water medium. Low (< 100 mg/L) and very low (< 1 mg/L) water solubility substances
should be studied in long term tests on zooplankton or on fish. These tests also report
sublethal endpoints like reproduction and growth.
However, eventually a large part of the pollution entering aquatic ecosystems
accumulates in the sediments and may pose a threat to the benthic organisms. Benthic
organisms also constitute an important link in the aquatic food chain and play an
essential role in the recycling of detritus material. Thus, additional assessment of
toxicity to benthic organisms is necessary for substances imported/manufactured in
quantities of ≥ 1000 t/year (Table 2) but also for substances imported/manufactured in
lower quantities if they are poorly water soluble or with high adsorption potential
(ECHA, 2017b). OECD recommends using insect Chironomus sp. larvae, oligochaete
Lumbriculus sp., and rooted macrophyte Myriophyllum spicatum for freshwater
sediment toxicity tests (ECHA, 2017b).
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1.3 Hazard assessment of metal nanoparticles and lanthanides by
conventional test formats: limitations and uncertainties
Short, easy to perform, and well standardised toxicity tests using a sensitive test
organism are preferred for conventional toxicity testing (Bondarenko et al., 2016).
Standardisation allows accessible, comparable, and efficient toxicity evaluation and
law-making for different substances. On the other hand, the overarching purpose of the
chemical safety assessment is to evaluate the likelihood of the ecosystem being
impacted as a result of the exposure to the chemical. Standard test methods required
by REACH that are intended for hazard classification and labelling purposes are less
suitable for realistic environmental risk assessment of chemicals needed for elaboration
of the environmental quality standards (Blinova et al., 2018). These tests neither
realistically represent the exposure conditions that occur in nature nor give enough
information on the toxicity imposed by emerging contaminants with complex behaviour
in the test environment (e.g. metal NP and Ln) (Blinova et al., 2018).
1.3.1 Substance-specific effect of test medium in nanoparticle and lanthanide toxicity
testing
One of the key issues in evaluation of the toxicity of low-solubility and readily
precipitating and adsorbing substances (e.g. metal NP and Ln) is the ability to
determine the concentration of the test substance the test organisms are actually in
contact with (Blinova et al., 2018). Metal-based NP can exert toxicity as particulates
(physical effects) and in an ionic form depending on the aggregation, dissolution, and
metal speciation that are largely determined by the chemical composition of the test
medium (Holden et al., 2016). According to REACH, the test medium should be chosen
such that exposure of the test substances occurred in a way that resembles the
conditions in the environment (ECHA, 2017b). For reproducibility, synthetic mineral
freshwater is still most often used as test medium in standard toxicity tests. This is
usually a simple mixture of main mineral salts present in natural freshwater and devoid
of organic matter and many other components that are present in natural water
(e.g. nitrogen and phosphorus).
The absence of these components can alter metal toxicity. For instance, dissolved
organic matter (DOM) greatly mitigates metal toxicity to aquatic organisms by binding
the metal ions into inactive forms and directly protecting the biomembranes (Wood
et al., 2011). A mitigating effect of DOM on toxicity has been recorded for Cu ions
(De Schamphelaere & Janssen, 2004; Käkinen et al., 2011) and CuO NP (Blinova, et al.
2010), Ag ions (Blinova et al., 2013; Erickson et al., 1998) and Ag NP (Cupi, et al. 2015),
but not for Zn compounds (Blinova et al., 2010) which only show reduction of
photocatalytic activity in the presence of DOM (Akhil & Khan, 2017). On the other hand,
DOM may increase the stability of NP suspension and NP dissolution which in turn can
increase the metal bioavailability (Akhil & Khan, 2017; Grillo et al., 2014). The type of
DOM is equally important as mitigating effects are usually mainly delivered by
allochthonous (and not by autochthonous) DOM (Wood et al., 2011). Plant nutrients
such as phosphates are often missing in synthetic freshwater while it has been shown
that the presence of high concentration of phosphorus in eutrophic waters can stabilise
CuO NP in the water column (Käkinen et al., 2011). Ln form both colloids (Ingri et al.,
2000) and soluble complexes with DOM (Johannesson et al., 2004; J. Tang &
Johannesson, 2010) and precipitate in the presence of phosphates (Table 3; Lürling &
Tolman, 2010; Tang et al., 2016).
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Table 3. Solubility of Ln species in water based on Wells & Wells (2001).

Insoluble
chlorides
nitrates
sulfates
hydroxides
carbonates
oxalates
phosphates
fluorites

Sparingly soluble

LnSO4+

Ln(OH)3
Ln2(CO3)3
Ln2(C2O4)3
LnPO4
LnF3

Soluble
LnCl2+
LnNO32+

Other components may be more abundant in synthetic freshwater compared to
natural water. The high water hardness and absence of DOM in artificial freshwater
recommended for D. magna toxicity test (OECD, 2004) can be especially favourable for
NP aggregation and settling (Chen & Elimelech, 2007; Grillo et al., 2014). High ionic
strength also decreases the NP dissolution (Odzak et al., 2014). For these reasons, using
an alternative test medium with lower Ca2+ content has been recommended for NP
toxicity testing (Hund-Rinke et al., 2016). Similarly to metal NP, Ln colloids also
destabilise and coagulate in solutions with high ionic strength (Goldstein & Jacobsen,
1988), and this can lead to imposing lower toxicity (Herrmann et al., 2016). Major
anions (Cl-, CO3-, SO42-) are also often present in high concentrations in microcrustacean
standard media (ISO, 2011, 2012a; OECD, 2004) and may affect both NP and Ln toxicity
test results. The acute toxicity and sublethal effects of silver ions are reduced in the
presence of Cl- and S2- (Bianchini & Wood, 2008; Levard et al., 2013a; Levard et al.,
2013b) while the effect of Cl- also depends on Cl/Ag ratio and is not mitigating in all the
test conditions (Erickson et al., 1998; Levard et al., 2013b; Lin et al., 2015). Chloride-rich
media can also increase Ln solubility (Table 3) but soluble Ln sulfates form only at low
pH while insoluble carbonates dominate at higher pH (Migaszewski, et al. 2016).
1.3.2 Modifications of standard toxicity testing for increasing the ecological relevance
In addition to the test medium, other test conditions and selection of toxicity endpoints
and test organisms can be modified in order to improve the reliability and data quality
of laboratory toxicity testing of emerging contaminants (Holden et al., 2016; Petersen
et al., 2015). For example, OECD test guidelines include only one zooplankton species
D. magna. Moreover, some microcrustacean toxicity tests require no feeding at all
while others use algal concentrations above the ones seen in nature. There are also
only two sublethal endpoints widely used in standardised zooplankton toxicity tests
(growth and reproduction) while a variety of such endpoints would help to predict
realistic effects of the chemicals on the ecosystem (Holden et al., 2016). Modifying
standard aquatic toxicity test methods for hazard assessment is allowed by REACH
legislation considering that the results will always be scored less reliable than the
results obtained in standard test conditions (ECHA, 2017b). Therefore, the best practice
would be to compare the results from the toxicity tests carried out in modified
conditions with the ones from the tests carried out in standard conditions and/or with a
reference toxicant (Holden et al., 2016; Petersen et al., 2015). The high-quality
information acquired that way would make regulatory testing more efficient, promote
“green” product design, and allow developing computational tools that would lower
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the cost of risk assessment and decrease the need for further animal testing (Holden
et al., 2016; Petersen et al., 2015).
The presence or absence of algae is an especially relevant aspect of
microcrustacean toxicity test conditions since algal blooms are becoming more and
more common in natural waterbodies (Zhang et al., 2017). (Sub)chronic tests usually
require feeding the test animals during the toxicity test (ISO, 2012a; OECD, 2012) while
acute tests require feeding only prior to the test (OECD, 2004) or no feeding at all (ISO,
2011). The presence of algae in the test medium can change the bioavailability of
metals in the test environment but also create an additional route of chemical uptake
for the test organism (ECHA, 2017b). Both Ln oxides and metal NP have been shown to
form agglomerates with algae (Aruoja et al., 2015; Joonas et al., 2017). Metal
accumulation in D. magna can increase in the presence of algae (Luo et al., 2018) while
toxicity of metal-based NP may decrease in a concentration dependant manner
(Stevenson et al., 2017). However, the algal concentrations required in the toxicity tests
tend to be unnaturally high. The feeding concentrations required in 21-day D. magna
reproduction test (OECD, 2012) exceed natural food availability for daphnids up to 400
times (Stevenson et al., 2017) and experimenting with 3‒5 times higher algal
concentrations has been recommended for NP toxicity studies (Hansen et al., 2017).
Thus, the possibility of algae-rich laboratory tests underestimating the toxicity that
would possibly occur in the environment should be further studied. In addition to the
algal concentration, the type of test medium has been shown to affect the interactions
between algae and metals (Lin, et al. 2012) and should be considered.
Including algae in the toxicity test also allows measuring the effects of test
chemicals on food uptake by the test organism. Stress-induced effects on feeding
behaviour allow rapid prediction of population level effects such as decreased
reproduction as a result of the reduced energy intake (Maltby, 1999). D. magna feeding
activity has been shown to decrease in the presence of toxic metals, the feeding
inhibition endpoint being much more sensitive than the acute toxicity (Bitton et al.,
1995; Ginatullina et al., 2013).
Another additional sublethal endpoint, especially relevant for safety assessment of
low solubility substances such as Ln and NP, is the metal body burden (ECHA, 2017b),
i.e. the actual amount of compound associated with the organism after the exposure
(Lai et al., 2002). Metal body burden data are a necessary measurement for calculating
bioaccumulation, the partitioning of compounds between organisms and their
surrounding environment (Lai et al., 2002). An elevated body burden of NP in the prey
organism can lead to dietary uptake of NP in the predator via trophic transfer (Holbrook
et al., 2008). Measuring the body burden in test organisms also helps to estimate the
exposure concentration of low-solubility substances in the test environment (Hansen et
al., 2017). OECD test protocols for body burden measurements are available for fish
and oligochaetes but use of other organisms is also encouraged. For test species with
low individual weight (e.g. Daphnia), it may be difficult to provide sufficient biomass to
achieve high quality analytical results.
While long-term tests should be preferred for chemical safety assessment of Ln and
NP as low solubility substances (ECHA, 2017b), long-term (> 10 days) toxicity tests can
be too expensive for initial screening of novel substances. Instead, it has been
recommended to slightly elongate the conventional acute toxicity tests for screening
purposes of substances such as lanthanum (Stauber & Binet, 2000). Another option to
facilitate cost-effective initial screening of emerging contaminants is using subchronic
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tests that cover the most vulnerable life stages of the test organisms or whole life cycle
tests with animals that have shorter life span. For example, a subchronic test with the
ostracod Heterocypris incongruens allows measuring sublethal effects after 6 days of
exposure instead of up to 100 days necessary in conventional sediment toxicity tests.
Crustaceans are also important primary consumers in both pelagic and benthic aquatic
communities (Persoone & Janssen, 1994) and tests with sediment organisms are
especially relevant for NP and Ln studies, where the studied compounds tend to settle
and adsorb in the test environment (ECHA, 2017b; Petersen et al., 2015). Furthermore,
including an H. incongruens assay into toxicity testing is also valuable for diversifying
the crustacean species used as test organisms.
Ecotoxicity testing of emerging contaminants would especially benefit from a wider
set of microcrustacean species included in the research as daphnids require relatively
high Ca2+ concentration in the test medium that can hinder NP and Ln suspension
stability (see 1.3.1; Herrmann et al., 2016; Petersen et al., 2015). D. magna is also often
less sensitive compared to other zooplankton and cladoceran species to e.g. Cu, Cu NP
(Sadeq & Beckerman, 2018; Song et al., 2015), and Ln toxicity (Gonzalez et al., 2015;
Herrmann et al., 2016). Using a variety of (cladoceran) species with different
morphological features has also enabled defining the unique characteristics of the test
animal that determine the toxicity of metal NP (Song et al., 2015). Thus, including
several microcrustacean species in NP and Ln toxicity testing would serve many
purposes and is highly recommended.
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Aims of the study
The overall objective of the study was to create new knowledge on the potential
environmental hazard of metal-based emerging contaminants (nanoparticles and
lanthanides) to the aquatic ecosystem and to propose cost-effective modifications to
standard freshwater toxicity test formats to increase the environmental relevance and
predictive power of the obtained ecotoxicity data.
Specific aims of the study were:
1) to compare CuO and Ag-PVP NP behaviour and toxicity to Daphnia magna in
natural vs standard freshwater;
2) to explore the combined effects of dietary algae and test media with different
nutrient profiles on the toxicity of ZnO and CuO NP to planktic and benthic
microcrustaceans;
3) to determine whether the mitigated toxicity of CuO NP in natural water is
accompanied by lower Cu accumulation in Daphnia magna and to evaluate the
suitability of the TXRF method for Cu quantification in individual Daphnia
magna juveniles;
4) to evaluate the effect of sublethal concentrations of Co3O4, Mn2O3, and CuO
NP on Daphnia magna post-exposure feeding behaviour and the following
metal body burden;
5) to evaluate the potential hazard of five lanthanides (La, Ce, Pr, Nd, and Gd) to
three aquatic microcrustaceans Daphnia magna, Heterocypris incongruens,
and Thamnocephalus platyurus using different test conditions;
6) to evaluate the potential hazard of eight multimetal Ln (doped) submicron
particles to freshwater microcrustaceans Hetrocypris incongruens and
Thamnocephalus platyurus.
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2 Materials and methods
2.1 Tested chemicals
The study focused on ten metals: five transition metals (Mn, Co, Cu, Zn, and Ag) for
nanoparticle studies and five metals (La, Ce, Pr, Nd, and Gd) for lanthanide studies
(Figure 5).

Figure 5. Metals chosen for nanoparticle (yellow) and lanthanide (blue) studies.

2.1.1 Ag, Cu, Zn, Co, and Mn based nanoparticles
The list of nanoparticles used in papers I‒IV and some of their characteristics are given
in Table 4. CuO, ZnO, Ag-PVP, Mn2O3, and Co3O4 NP were chosen for this study. The NP
stock suspensions were sonicated before the experiments to improve the dispersion of
the NP. In addition to Mn2O3 and Co3O4, the toxicity of La, Gd, and Sr doped CoO3 and
MnO3 submicron particles was evaluated in the lanthanide study (see 2.1.2).
The experiments with NP were accompanied by experiments with the respective
soluble metal salts AgNO3 (paper I), ZnSO4·7H2O (paper II), CuSO4·5H2O (papers I‒IV),
CoCl2·6H2O (paper IV), and MnCl2·4H2O (paper IV) as ionic controls. The solubility of Cu
and Co salts was > 100 g/L and of Ag, Zn, and Mn salts > 1000 g/L.
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Table 4. The studied metal-based nanoparticles.

NP

Primary size
(nm)

Form

Origin

nAg-PVP

21

suspension
(40 g Ag/L)

CuO

22‒25

powder

ZnO

10‒15

powder

Co3O4

10‒30

powder

Mn2O3

30

powder

partners in
NNV
partners in
NNV
partners in
NNV
US Research
Nanomaterials
US Research
Nanomaterials

Coating/
Stabiliser

Paper

-/ polyvinylpyrrolidone

I

-/ -

I, II, III, IV

-/ -

II

-/ -

IV

-/ -

IV

NNV ‒ NanoValid, EU 7th FP nanosafety project (under Grant Agreement no. 263147)

2.1.2 Lanthanide salts and lanthanide (doped) particles
Lanthanide salts were studied in paper V and submicron Ln (doped) submicron particles
in paper VI. La(NO3)3·6H2O and Ce(NO3)3·6H2O were provided by Treibacher Industrie
AG and Pr(NO3)3·6H2O, Nd(NO3)3·6H2O, and Gd(NO3)3·6H2O by Sigma Aldrich. Solubility
of all the salts was > 1000 g/L at 20‒25 °C.
The list of submicron Ln (doped) particles and their properties is given in Table 5.
The particles were synthesised by Ceramic Powder Technology AS (Norway) for
application in solid oxide fuel cell systems or in gas separation membranes. The Ln
(doped) particle stock suspensions were sonicated before the experiments to improve
the dispersion the particles.
Table 5. The studied lanthanide (doped) particles.

Particles

Primary size
(nm)

Dopant

38
27
230
590
126
284
65
137
23

none
Gd
Gd
La
La
La
La, Sr
La, Sr
Pr

CeO2
Ce0.9Gd0.1O2
Gd0.97CoO3
LaCoO3
LaFeO3
La2NiO4
(La0.6Sr0.4)0.95CoO3
(La0.5Sr0.5)0.99MnO3
Ce0.8Pr0.2O2

2.2 Methods for nanoparticle and lanthanide characterisation
•
•

Dynamic light scattering (DLS) for NP hydrodynamic size measurement (papers
I–IV);
electrophoretic light scattering (ELS) for NP zeta potential measurement
(papers I–IV);
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•

•
•

•

Total Reflection X-ray Fluorescence (TXRF) spectroscopy for Cu, Mn, and Co
quantification in D. magna specimen and Ln quantification in L. minor and in
the water column (papers III‒VI);
metal specific sensor bacteria for metal (Cu, Ag) bioavailability analysis (paper
I);
ultracentrifugation and the following atomic adsorption spectroscopy (AAS)
analysis for measuring NP dissolution assessment and for metal recovery
assessment after application of soluble metal salts (papers I–III);
ultrafiltration and the following ICP-MS analysis for NP dissolution assessment
(paper IV).

2.3 Test media
Test media are listed in Table 6 along with the concentrations of the main components.
Standard artificial freshwater (AFW) described in OECD TG 202 (OECD, 2004) and ISO
6341 (ISO, 2012b) was used for acute toxicity testing with D. magna (papers I‒V) while
US EPA reconstituted moderately hard water (MHRW) was used for T. platyurus and
H. incongruens tests (ISO, 2011, 2012a; papers II, V, VI).
In addition to standard synthetic freshwaters, lake waters were used in parallel to
study the effect of more natural conditions on the toxicity. Natural test media used in
the experiments was collected from four lakes: oligotrophic Lake Lucerne (paper I) and
highly eutrophic Lake Greifen (paper I) in Switzerland and semi-eutrophic Lake Raku
(papers II, III, V) and eutrophic Lake Ülemiste (papers II, III, V) in Estonia. Lake Ülemiste
water was also used in the D. magna reproduction test (paper V). Use of natural water
is allowed by D. magna acute and chronic toxicity test guidelines (OECD, 2004, 2012) if
the total organic carbon content is below 2 mg/L. This requirement was only met by
Lake Lucerne water (Table 6).
Table 6. Main components of the test media.
H. incongruens,
T. platyurus
MHRW
7.5 (0.2)1

D. magna
OECD
AFW
7.7 (0.2)

Lake
Lucerne

Lake
Greifen

Lake
Raku

Lake
Ülemiste

8.3 (0.04)

8.1 (0.07)

8.3 (0.04)

8.2 (0.4)

0.84

2.5

1.1

1.9

1.3 (0.05)

2.0 (0.3)

14
12
2.1
26
1.9
82
69
0

80
12
3.0
18
145
48
46
0

38 (1.0)
3.5 (0.2)
<2.5
<2.5
2.0 (0.6)
14 (0.0)
n.a.
1.0 (0.07)

56 (11)
15 (0.3)
3.5 (0.07)
18 (2.5)
27 (4.4)
12 (0.7)
n.a.
3.4 (0.07)

Ptot (mg/L)

0

0

0.012

0.026

Ntot (mg/L)
Papers

0
II, V, VI

I‒V

0

1.4
I

<0.5
I

44 (2.5)
4.6 (0.1)
1.8 (0.04)
2.7 (0.02)
3.4 (0.3)
22 (0.0)
n.a.
5.1 (0.2)
0.035
(0.001)
0.62 (0.13)
II, III, V

66 (11)
7.8 (0.5)
2.7 (0.2)
6.7 (1.0)
11 (2.1)
29 (4.5)
n.a.
10 (0.5)
0.030
(0.012
1.4 (0.4)
II, III, V

pH
Hardness
(mmol/L)
Ca2+ (mg/L)
Mg2+ (mg/L)
K+ (mg/L)
Na+ (mg/L)
Cl- (mg/L)
SO42- (mg/L)
CO32- (mg/L)
DOC (mg/L)

1

Mean (standard deviation); n.a. ‒ not analysed.
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As required by the standard test protocols, dietary microalgae were added to the
test medium in the D. magna reproduction test (OECD, 2012; paper V) and in the
H. incongruens subchronic test (Table 7; papers II, V, VI). Dietary algae were also used
in modified D. magna acute toxicity test formats (paper II) and in post-exposure
recovery and feeding activity tests (Table 7; papers III, IV, V). Two microalgal species
Raphidocelis subcapitata and Chlamydomonas reinhardtii were used.
Table 7. Dietary algae used in the tests.

Type of test
D. magna
reproduction
H. incongruens
subchronic
D. magna
acute
D. magna
post-exposure
recovery
1

Algal species

Algal
concentration
(cells/mL)

Feeding

Duration
of the
test

Paper

R. subcapitata

1.5 × 105

daily

21 d

V

R. subcapitata

7.5 × 106
108

6d

II, V
VI

R. subcapitata

7.5 × 106

48 h

II

R. subcapitata

5 × 105

24 h

III

C. reinhardtii 1

6 × 104

48 h

IV

R. subcapitata

1.5 × 105

Once, start
of the test
Once, start
of the test
Once, start
of the test
Once, start
of the test
daily

10 d

V

These conditions were also used for feeding activity measurements.

2.4 Toxicity testing with microcrustaceans
Toxicity testing was conducted using three different microcrustacean species (Figure 6)
and the experiments were based on four OECD and ISO standardised test formats
(Table 8). Microcrustaceans are an important link in the aquatic food chain and have
been shown to be one of the most vulnerable organism groups to both metal-based
nanoparticles and lanthanides (Herrmann et al., 2016; Kahru & Dubourguier, 2010).
Planktic (Daphnia magna, Thamnocephalus platyurus) and benthic (Heterocypris
incongruens) microcrustaceans were used in this study to compare the traditional
pelagic exposure and benthic exposure recommended for low solubility substances
(ECHA, 2017b). All the used species have wide distribution and are common in a variety
of freshwater bodies including ephemeral waters. They all feed mainly by non-selective
filtering. D. magna and H. incongruens reproduce both sexually and by parthenogenesis
while T. platyurus reproduces only sexually. All the test species produce dormant eggs
that can be hatched by creating favourable laboratory conditions prior to the test.
Dormant eggs produced by MicroBioTests Inc. (Belgium) were used in this study.

30

Figure 6. Simplified phylogenetic relationship between the test species based on Tree of Life Web
Project (http://tolweb.org/Crustacea).
Table 8. Comparison of test formats for microcrustaceans.
Thamnocephalus
Heterocypris
platyurus
incongruens
ISO 14380
ISO 14371
(ISO, 2011)
(ISO, 2012a)
24 h
6 days
static acute
static subchronic

Daphnia magna

Daphnia magna

Duration
Type of test

OECD 202
(OECD, 2004)
48 h
static acute

Feeding with
algae

2 h prior to the
test

OECD 211
(OECD, 2012)
21 days
semi-static
chronic
daily

Medium volume
per organism
Temperature
Light conditions

2 mL

50 mL

0.1 mL

prior to and at the
beginning of the
test
0.4 mL

20 °C
dark

25 °C
dark

25 °C
dark

Endpoints

immobilisation

mortality

Papers

I, II, III, IV

20 °C
16/8 light/dark
cycle
mortality,
reproduction
IV

mortality,
body length

Test protocol

none

IV, V

IV, V

The water flea Daphnia magna (Figure 7) has been used as a standard aquatic
toxicity test species since the 1960s due to its broad distribution, short life cycle,
translucent carapace and its suitability for laboratory culturing (Persoone et al., 2009).
D. magna is by far the most common microcrustacean species used in ecotoxicity
testing and is the first invertebrate included in standardised OECD, ISO, and US EPA test
protocols. D. magna feeds by unselective suspension feeding and occasional grazing at
low suspended food concentrations (Horton et al., 1979) ingesting food 0.4‒40 μm in
diameter (Geller, 1981; Gophen & Geller, 1984). Daphnids are the recommended
pelagic invertebrate test organisms by EU REACH legislation (ECHA, 2017b).
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Figure 7. Daphnia magna (photo: Aljona Lukjanova).

The fairy shrimp Thamnocephalus platyurus (Figure 8) is endemic to the American
continents and typically lives in ephemeral waterbodies (Belk, 1977). Fairy shrimps
mainly feed by filter-feeding but also by scraping solid surfaces (Belk, 2007). The test
protocol for T. platyurus (ISO 14380) was standardised relatively recently (2011) and is
one of the shortest and simplest tests protocols developed for microcrustaceans.

Figure 8. Thamnocephalus platyurus (photo: Marge Muna).

The ostracod H. incongruens (Figure 9) lives in the bottom of temperate freshwater
ponds and lakes, feeding on bacteria, algae, organic detritus, plant material and other
invertebrates (Miličić et al., 2015; Shuhaimi-Othman et al., 2011). The H. incongruens
test (ISO 14371) is also a relatively recent (2012) addition to benthic invertebrate tests,
being a shorter alternative to the conventional tests using chironimids and amphipods.
Reference sediment (sand) is provided with the test. As a modification, sand was
omitted from part of the H. incongruens tests in this study.
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Figure 9. Heterocypris incongruens (photo: Marge Muna).

2.5 Sublethal endpoints
Potential impacts of chemicals on populations and ecosystems can be estimated in
laboratory conditions by measuring/recording sublethal endpoints. Sublethal endpoints
enable to predict long-term effects on viability and reproduction in environmentally
relevant test conditions (Holden et al., 2016). The following standardised sublethal
endpoints were measured/recorded in the (sub)chronic tests in this study:
• body length of ostracods (ISO 14371) (papers II, V, VI);
• reproduction of D. magna (OECD TG 211) (paper V).
In addition to standardised sublethal endpoints, unstandardised endpoints were
applied. All of the unstandardised endpoints were measured following the D. magna
acute toxicity assay (OECD, 2004) which is the most widely used test format for
chemical safety assessment (see Table 2). Measuring sublethal endpoints such as metal
body burden can be especially relevant for low-solubility substances. It is difficult to
determine the external concentration to which the test organism is exposed to and
thus also the acute toxicity values for these substances (ECHA, 2017b). The following
unstandardised sublethal endpoints were measured/recorded subsequent to the
D. magna acute toxicity test in this study:
• metal body burden in single juvenile daphnids (papers III, IV) and in a
free-floating macrophyte Lemna minor (paper VI);
• post-exposure feeding behaviour of juvenile daphnids (paper III);
• survival of D. magna during post-exposure recovery (papers II, III, IV);

2.6 Statistical analysis
In addition to the statistical methods described in the publications (I–VI), Pearson
correlation was used to calculate the correlation coefficients (r2) between test medium
parameters and characteristics of metal-based NP in this thesis.
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3 Results and discussion
3.1 Toxicity evaluation of CuO, ZnO, Ag-PVP, Co3O4, and Mn2O3
nanoparticles with freshwater microcrustaceans
The aggregation, dissolution, and acute and subchronic toxicity of CuO, ZnO, and
Ag-PVP NP were studied in different test conditions (papers I–III) along with sublethal
endpoints such as feeding behaviour, metal body burden, and recovery after acute
exposure to CuO, Co3O4, and Mn2O3 NP (papers III–IV).
3.1.1 Behaviour of CuO, ZnO, and Ag-PVP nanoparticles in different test conditions
(papers I–III)
In order to understand the behaviour of CuO, Ag-PVP, and ZnO NP in different test
conditions, the aggregation and dissolution of the NP were measured. The aggregation
results in standard mineral freshwaters indicated NP aggregation already within the
first hour from suspension preparation (Table 9; papers I‒III) and ζ potential showed
(very) low stability of all the suspensions (Table 9; Bhattacharjee, 2016). Analysis of NP
fate in the lake waters instead of standard water confirmed the findings of Liu et al.
(2018) and Cupi et al. (2015) who showed that despite the (counter)action of several
water parameters, organic matter is the principle component to decrease the
aggregate size of CuO and ZnO NP (r2 = 0.52–0.67; papers I‒III) but not that of Ag-PVP
NP possibly due to the presence of stabilising PVP. In contrast to findings of Peng et al.
(2017), ZnO NP were found to aggregate more at higher SO42- concentrations (r2 = 0.96;
paper II). SO42- concentration also had a negative correlation with pH which might have
been the actual factor impacting ZnO aggregate size (r2 = 0.87). In general, there was
little variation in PVP-stabilised Ag-PVP NP hydrodynamic size between different
concentrations and test media compared to ZnO and CuO NP which confirms that the
combined effect of the type of the NP and the chemical composition of the test
medium will define the stability of the NP suspensions (Garner & Keller, 2014).
Table 9. Hydrodynamic size (Dh), zeta potential (ζ) and polydispersity index (PDI) of CuO, Ag-PVP,
and ZnO NP after 0‒1 h incubation.
Primary
NP size
(nm)

Nominal
concentration
Dh (nm)
ζ (mV)
PDI
Paper
(mg metal/L)
Lake
Standard
Lake
Standard
Lake
Standard
waters
waters
waters
waters
waters
waters
CuO
10
573 (A)
197 (R)
-7.3 (A)
-19 (R)
0.22 (A)
0.19 (R)
II
22‒25
565 (M)
335 (Ü)
-13 (M)
-18 (Ü)
0.24 (M) 0.25 (Ü)
100
1830 (A)
2353 (L)
0.41 (A)
-15 (L)
0.64 (A)
0.12 (L)
I, III
2465 (G)
-16 (G)
0.16 (G)
980 (R)
-20 (R)
0.26 (Ü)
937 (Ü)
-19 (Ü)
0.27 (R)
Ag-PVP
10
98 (A)
125 (R)
-7.5 (A)
-9.4 (R)
0.24 (A)
0.18 (R)
*
21
106 (Ü)
-6.9 (Ü)
0.22 (Ü)
100
120 (L)
-4.4 (L)
0.29 (L)
I
126 (G)
-5.8 (G)
0.36 (G)
ZnO
10
639 (A)
283 (R)
3.4 (A)
-17 (R)
0.34 (A)
0.56 (R)
II
10‒15
1225 (M)
177 (Ü)
-5.3 (M)
-16 (Ü)
0.45 (M) 0.38 (Ü)
*unpublished data; standard waters ‒ OECD 202 artificial freshwater (A) and US EPA moderately
hard reconstituted water (M); lake waters ‒ Lake Raku (R), Ülemiste (Ü), Greifen (G), and Lucerne (L).
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Shedding of metal ions is one of the main pathways of adverse effects imposed by
metal-based NP (Bondarenko et al., 2013). To understand the effect of test conditions
on NP toxicity test results, it is thus crucial to determine the amount of dissolved
metals present in the test environment. The data on the bioavailability of the metals is
similarly important as not all dissolved metal species are bioavailable (Allen & Hansen,
1996). NP dissolution was measured by quantifying metal ions separated from NP by
ultracentrifugation (papers I‒III). For comparison, metal recovery was also measured
after ultracentrifugation of soluble metal salt solutions (papers I‒III). NP bioavailability
was measured by using metal specific sensor bacteria and calculated as a percentage of
the bioavailability of the respective soluble salt (paper I).
CuO and Ag-PVP NP but also the respective metal salts showed much lower
dissolution/recovery in standard waters (≤ 1%) compared to MQ water (7‒56%)
indicating precipitation of these metals in standard waters (Table 10; papers I‒III).
ZnO NP dissolution (24‒27%) and Zn salt recovery (88‒102%) were higher and
comparable in all the media (paper II). For all the NP, metal bioavailability, evaluated by
the sensor bacteria, was much higher compared to dissolution suggesting that the
metal uptake from NP may be higher than could be expected from the
dissolution/recovery data because: I) sensor bacteria were exposed to metal
compounds in bacterial growth medium (diluted) which can increase metal
dissolution and affect bioavailability (Käkinen et al., 2011); II) bacteria can have different
uptake pathways of metals from NP compared to multicellular organisms (von Moos
et al., 2014); III) localised metal concentration in the vicinity of the bacterium can be
higher than the medium average due to NP sorption to the membrane (Bondarenko
et al., 2013; Ivask et al., 2014).
The results confirm that the respective soluble salts should always be included in
toxicity testing of metal-based NP (Aruoja et al., 2015; Bondarenko et al., 2016; Handy
et al., 2012; Heinlaan et al., 2008; Suppi et al., 2014). Furthermore, metal recovery of
soluble salts should always be analysed along with NP dissolution and relevant test
concentrations should be used.
Similarly to aggregation, NP dissolution and metal recovery from soluble salts was
also measured in natural lake waters. The organic matter in the natural waters
increased the dissolution of CuO NP (r2 = 0.86; papers I‒III). Interestingly, the
dissolution in Swiss lake waters remained even lower than that in the organic free
standard water (Table 10). The larger aggregate size in Swiss water compared to
standard water (Table 9) probably led to the lower dissolution (Liu et al., 2018) as
aggregate size and dissolution were inversely correlated (r2 = 0.82). Odzak et al. (2015)
also showed low solubility of uncoated CuO NP in the studied Swiss lake waters
(Greifen and Lucerne). The potentially different profile of dissolved organic matter in
the Swiss lakes could also have led to different effects on NP dissolution compared to
Estonian lake waters (Raku and Ülemiste) (Gunsolus et al., 2015; Wood et al., 2011).
The effect of organic matter might have been further impacted by the fact that Swiss
lake waters were filtered through a 0.2 μm pore size filter, while large pore size
(0.45 μm) filter was used for Estonian waters. Differently from dissolution, CuO NP
bioavailability was higher at higher total nitrogen (r2 = 0.97) and/or pH (r2 = 0.83)
(the parameters correlated with each other) and at lower Na+ and Cl- concentrations
(r2 = 0.89 and 0.80). Cu salt recovery was higher at lower pH (r2 = 0.49) and/or at higher
SO4 concentration (r2= 0.59) (the parameters correlated with each other).
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Table 10. Dissolution (D) and bioavailability (B) of CuO, Ag-PVP, and ZnO NP and recovery of the
respective metal salts.
Nominal
concentration
(mg metal/L)
CuO
NP

0.005‒
40

Standard
waters

MQ
D

B
42

D

B
18 (A)

10

6.9

0.67 (A)
0.42 (M)

CuSO4

10

84

37 (A)
37 (M)

AgPVP
NP

0.005‒
40
10

AgNO3

10

ZnO
NP

0.005‒
40
10

80

61 (A)

56
(10)

0.26
(0.3) (A)

109
(6.7)

0.20
(0.3) (A)
98
(26)

104 (15)
(A)

Lake waters
D

<0.5 (L)
0.6 (G)
0.9 (0.4) (R)
1.2 (0.6) (Ü)
21 (L)
26 (G)
33 (R)
32 (Ü)
18 (L)
1.3 (G)
2.7 (1.8) (R)
1.1 (0.9) (Ü)
41 (L)
0.8 (G)
4.8 (1.2) (R)
0.8 (0.7) (Ü)

Paper

B
32 (L)
25 (G)
35 (19)1
(Ü)

I, *

I–III

I–III

34 (L)
66 (G)

I, *
I, *

I, *

79 (12)
(Ü)

*

15 (L)
II, *
24 (G)
21 (R)
23 (Ü)
ZnSO4
10
88
102 (A)
46 (L)
II, *
97 (M)
67 (G)
90 (R)
91 (Ü)
Dissolution was measured after 48 h (24 h in MQ) of incubation and is given as a percentage of
the nominal concentration. Metal NP bioavailability was measured by using metal specific sensor
bacteria after 2 h of incubation and is given as a percentage of soluble salt bioavailability. 1 mean
(standard deviation); * unpublished data; MQ ‒ MilliQ ultrapure water; standard waters ‒ OECD
202 artificial freshwater (A) and US EPA moderately hard reconstituted water (M); lake waters ‒
Lake Raku (R), Ülemiste (Ü), Greifen (G), and Lucerne (L).
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24 (A)
25 (M)

Ag-PVP NP dissolution and AgNO3 recovery were decreased by high water hardness
(r2 = 0.52‒0.54; paper I) the differences between particle behaviour in Lake Greifen and
Lake Lucerne being in accordance with results obtained by Odzak et al. (2014). Both
dissolution and bioavailability results confirmed high concentration of Ag+ ions in
Ag-PVP NP original stock suspension provided by the manufacturer, the Ag-PVP
dissolution being very closely correlated to the metal recovery from AgNO3 (r2 = 1).
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Thus, the dissolution test results of Ag-PVP NP do not represent the true dissolution of
the particles.
Both an increase in the dissolution of ZnO NP and a decrease in the free Zn2+
concentration in the presence of DOC have been shown (Han et al., 2014; Li et al.,
2013). The lake waters used in this study had a moderate effect on the dissolution of Zn
compounds (paper II). ZnO NP dissolution was slightly higher at higher Mg2+ and/or Na+
concentrations (r2 = 0.66 and 0.58; the parameters correlated with each other).
Zn recovery from Zn salt solution was higher at high SO42- concentrations (r2 = 0.53).
Interestingly, higher ZnO NP dissolution and Zn recovery from ZnSO4 was seen in Lake
Greifen compared to Lake Lucerne (Table 10) in this study while the opposite has been
shown in the literature for uncoated ZnO NP in these lake waters (Odzak et al., 2015).
NP dissolution was also measured after incubation with algae in different test media
(paper II). Algae moderately increased the dissolution of CuO and ZnO NP and recovery
of Cu from Cu salt solution while Zn recovery from Zn salt solution was not affected
(Table 3 of paper II). Ag-PVP NP dissolution and Ag recovery from salt exposure were
reduced up to 3.9-fold in the presence of algae (unpublished data) especially in natural
test media. This indicates possible sorption and uptake of Ag ions by algae similarly to
the water plants (Bone et al., 2012).
To conclude, the dissolution and bioavailability of NP was affected by the test
medium and addition of algae in a NP-specific manner.
3.1.2 Acute and subchronic toxicity of CuO, ZnO, and Ag-PVP nanoparticles in
different test media (papers I‒III)
The acute toxicity of CuO, ZnO, and Ag-PVP NP to D. magna (OECD, 2004; papers I‒III)
and subchronic toxicity to H. incongruens (ISO, 2012a (with sand omitted); paper II)
were tested in standard media and in lake waters. All the NP induced toxicity to both
organisms. According to D. magna test results based on nominal metal concentrations,
Ag-PVP NP would be classified as (very) hazardous to the aquatic environment
(EC50 < 1 mg/L; European Commission, 2008) in the standard water similarly to AgNO3
(Table 11) due to the high ion content in the NP stock suspension. CuO and highly
soluble ZnO NP along with ZnSO4 would be considered non-hazardous based on the
D. magna acute test results (EC50 > 1 mg/L; European Commission, 2008). However, all
EC50 values were based on nominal concentrations in this study. As NP tend to settle
out of the water column and adsorb to surfaces, the toxicity based on concentrations
measured from the water column could classify all the studied NP as hazardous.
Toxicity of all the tested compounds was slightly higher to H. incongruens in a 6-day
subchronic test compared to D. magna acute test except for CuSO4 which was less toxic
possibly due to the presence of algae in the H. incongruens test. The body length of
H. incongruens was also affected at sublethal exposure concentrations resulting in
growth inhibition after exposure to Cu (up to 23% compared to the control), Zn (up to
53%) (Table S3 in paper II), and Ag (up to 36%) compounds (unpublished data).
Considerable growth enhancement was seen at some other sublethal exposure
concentrations that was especially high after exposure to metal salts: Cu (up to 41%),
Zn (up to 17%), and Ag (up to 60%).
Using lake water instead of standard water resulted in drastically different effects
on the toxicity of the studied NP to D. magna (Table 11). CuO NP toxicity was positively
correlated to Cu salt toxicity (r2 = 0.70) and both salt and CuO NP toxicity was higher at
lower DOC concentrations if calculated based on the higher toxicity values obtained in
Swiss waters (r2 = 0.96 for CuO NP and r2 = 0.84 for Cu salt). In agreement with earlier
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studies (Blinova et al., 2010; Yang & Xing, 2009), CuO NP toxicity decrease in lake
waters compared to standard mineral test medium (papers I–III). However, the toxicity
of CuSO4 was not mitigated in Lake Lucerne water despite the fact that the
allochthonous DOM with high mitigation potential (Wood et al., 2011) is dominating in
both Lake Lucerne and the Estonian lakes (Stücheli et al., 2018; Toming et al., 2013).
The different filter pore size used for filtration could have also had an impact as
explained in the previous paragraph.
Table 11. The toxicity (48 h EC50) of metal-based NP to D. magna in different test environments.
Coloured background illustrates the increase/decrease of toxicity by using lake waters as test
media and addition of algae compared to the toxicity in standard freshwater without algae.

*unpublished data; Standard water ‒ OECD 202 artificial freshwater; Lake waters ‒ Lake Raku (R),
Ülemiste (Ü), Greifen (G) and Lucerne (L).

Ag-PVP NP and AgNO3 toxicity were correlated (r2 = 0.74) as was expected due to
the high Ag+ ion concentration in the Ag-PVP NP stock suspension. Ag-PVP NP toxicity
was similar in all the test media (Table 11; paper I, unpublished data) which may be
because of the stabilising effect of PVP polymers (Blinova et al., 2013). Despite the
absence of statistically significant mitigation in natural waters compared to standard
waters, there was inverse correlation between DOC concentration and Ag salt and
Ag-PVP NP toxicity (r2 = 0.88 and 0.73) confirming the previous findings (Blinova et al.,
2013; Erickson et al., 1998). The steep slope of the dose-response curve and very high
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toxicity of both Ag ions and NP possibly increased the variation of the toxicity results
(Blinova et al., 2013).
As expected based on the previous studies (Blinova et al., 2010; Yang & Xing, 2009),
natural waters did not mitigate Zn compounds’ toxicity but on the contrary, increased it
(paper II). Interestingly, ZnO NP (and ZnSO4) would be classified as hazardous in lake
waters but not in standard mineral water probably due to the higher mitigating effect
of hardness that was high in standard water (r2 = 0.80; paper II; Akhil & Khan, 2017;
Hyne et al., 2005; Li et al., 2013). This indicates that toxicity testing in standard test
media could underestimate the potential hazard of Zn compounds to the aquatic
ecosystem. ZnO NP toxicity also had a strong positive correlation with pH (r2 = 0.95) and
negative correlation with SO42- concentration (the parameters correlated with each
other). A similar effect of the water parameters was seen on Zn salt toxicity.
The relatively small absolute variation of NP toxicity between lake waters with
different DOC content suggests that the limit concentration of DOC allowed in toxicity
tests (2 mg/L; OECD, 2004, 2012) may not be justified. Considering the typical variation
of DOC content in nature (2–10 mg/L in rivers and lakes and up to 60 mg/L in swamps
according to Thurman (1985)), allowing higher DOC concentrations could increase the
environmental relevance of the tests.
3.1.3 Acute and subchronic toxicity of CuO, ZnO, and Ag-PVP nanoparticles in the
presence and absence of algae (paper II)
The effect of addition of dietary algae into acute D. magna tests was evaluated in
addition to the effect a lake waters. The algal concentration was chosen to be similar to
that in the H. incongruens test (Table 7). Regarding CuO, ZnO, and Ag-PVP NP and
AgNO3, the effect of the addition of algae to standard water was different from the
effect of using lake water (without algae) instead of standard mineral test medium
(Table 11; paper II).
CuO and ZnO toxicity did not change in standard water after addition of algae while
using lake waters (without algae) instead of standard water either increased or
decreased the toxicity (Table 11). The effect of addition of algae on soluble salt toxicity,
on the other hand, was similar to the effect of using lake waters (without algae) instead
of standard water (Table 11). The mild mitigating effect of algae on CuSO4 toxicity has
also been demonstrated before by other authors (Borgmann & Charlton, 1984;
De Schamphelaere & Janssen, 2004). The absence of a mitigating effect of algae on CuO
and ZnO NP toxicity in standard water may have occurred because of the settling of
algae along with NP in this test medium. That may have caused the daphnids to turn to
bottom-feeding and increased their exposure to the settled CuO and ZnO NP (paper II).
Sedimentation of toxicant along with algae has also been shown to induce toxicity in Ln
studies (Lürling & Tolman, 2010). The addition of algae drastically decreased the
toxicity (up to 220 fold; Table 11) of Ag-PVP NP and AgNO3 similarly to the effect of
aquatic plants (Bone et al., 2012). This effect was also very different from that of using
lake waters (without algae) instead of standard water where no statistically significant
mitigation was seen.
The mitigating effect of the addition of algae on NP toxicity also differed between
the standard mineral and natural test media (paper II). Much stronger mitigation was
seen in lake water with added algae compared to standard water with added algae.
The previously described settling of algae in the standard medium was much lower in
lake water allowing daphnids to feed in the water column and avoid the settled NP.
In addition, Ag-PVP NP dissolution decreased more in lake waters compared to
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standard water in the presence of algae (see 3.1.1) which could have contributed to the
mitigating effect. The strong mitigating effect of algae on CuO NP toxicity in lake waters
compared to standard water was not seen in the subchronic toxicity test with
H. incongruens possibly due to the inability of the benthic organism to avoid the settled
NP (paper II).
To conclude, while the chemical water parameters have largely similar effects on
metal NP and the respective soluble salt toxicity, the same does not apply for addition
of algae into the test medium. Based on our results, using natural freshwater along
with addition of algae will significantly increase the environmental relevance of
metal-based NP toxicity test results. The effect of environmentally relevant algae
concentrations would be a future research perspective. Despite the large variation of
CuO and Ag-PVP NP toxicity in different test conditions, CuO NP would still be
considered non-hazardous and Ag-PVP NP hazardous to the aquatic ecosystem based
on the EC50 values calculated from nominal concentrations (and considering the 1 mg/L
threshold set by European Commission (2008)). ZnO NP, on the other hand, would be
considered hazardous only in lake waters devoid of algae (Table 11).
3.1.4 Exposure of Daphnia magna to CuO, Co3O4, and Mn2O3 nanoparticles:
environmentally relevant sublethal endpoints
3.1.4.1 Feeding behaviour (paper IV)
Sublethal toxicity endpoints such as feeding behaviour allow evaluating the long-term
consequences of a short term exposure to NP concentrations that do not necessarily
induce mortality. Feeding inhibition can, for example, lead to reduced growth and
reproduction of test organisms that will eventually affect the viability of the population
(Martins et al., 2017). The research on behavioural changes is also one of the priorities
of current NP ecotoxicology research (ECHA, 2017a).
D. magna feeding behaviour was monitored after 48 h exposure to sublethal
concentrations (≤ 10 mg/L) of Co3O4 and Mn2O3 NP and low toxicity inducing
concentrations (≤ 0.6 mg/L) of CuO NP as a positive control along with respective
soluble metal salts. Feeding behaviour in this study was measured by a novel method:
quantifying the feeding by-products of D. magna fed with microalgae. Measuring
feeding by-products instead of using fluorescent dyes or artificial pellets is a more costeffective method for feeding behaviour analysis.
Exposure to the NP did not have any NP specific effect on the feeding behaviour of
D. magna (paper IV). The effect of Co and Mn compounds on feeding behaviour
differed from that of the unexposed (control) D. magna only at higher exposure
concentrations (≥ 1 mg metal/L). Interestingly, Co salt, CuO NP, and Cu salt, all toxic
compounds, but also non-toxic Co3O4 NP, temporarily (24 h) increased the
post-exposure feeding activity (Figure 2 of paper IV). This effect has not been shown
before but may lead to distorted results in feeding behaviour tests designed to last for
< 24 h (Ginatullina et al., 2013). The non-toxic Mn compounds with high dissolution
(35% of the nominal 1 mg Mn/L at 48 h), on the other hand, decreased the feeding
activity along with low-toxicity Mn salt (EC50 41 mg Mn/L), indicating the limitations of
information delivered by the acute toxicity tests’ results.
To conclude, the feeding behaviour study gave important additional information on
the effects of metal exposure that were similar for both NP and soluble metal salts.
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3.1.4.2 Metal body burden (papers III, IV)
The metal body burden of daphnids induced by ingestion and adsorption of NP
aggregates would be transferred into the higher food chain level (e.g. fish) if the
daphnids were eaten. The level of metal body burden in microcrustaceans can thus
indicate the potential hazard of foodborne metal uptake to fish and eventually to
humans.
Metal body burden in single juvenile daphnids was measured in this study using
Total Reflection X-Ray Fluorescence (TXRF) spectroscopy, a method that allows
accurate metal quantification in very small biological samples but has not been applied
on microcrustaceans in ecotoxicity research so far. Daphnids were exposed to CuO
(paper III, IV), Co3O4 (paper IV), and Mn2O3 (paper IV) NP and the respective metal salts
for 48 h and allowed to depurate in clean test medium with dietary algae for 24 to 48 h
after the exposure.
As anticipated, metal body burden was always higher after the exposure to NP than
after the exposure to metal salts at the same metal concentration. D. magna can filter
aggregated NP (Figure 10) from the test medium (Adam et al., 2014) and adhesion of
the aggregates to the exoskeleton was also seen in case of Mn2O3 NP exposure (papers
III, IV). High metal body burden was induced by exposure to both toxic (CuO) and
non-toxic (Co3O4 and Mn2O3) nanoparticles (papers III, IV). Non-toxic compounds
induced higher metal body burden in D. magna compared to sublethal concentrations
of the toxic CuO NP at comparable exposure concentrations. This may be explained by
the reduced uptake rate induced in D. magna exposed to toxic particles (Kamaya et al.,
2011) even though no reduction in post-exposure feeding behaviour was seen in this
study after exposure to Cu compounds (see 3.1.4.1). The metal uptake from sublethal
concentrations of soluble salts was also higher for the metals with lower toxicity (Mn)
compared to the toxic Co and Cu salts.
It has also been proposed that low-solubility NP (CuO and Co3O4 NP in this study
with dissolution < 1% of the nominal 1 mg Co/L and 10 mg Cu/L at 48 h) can reduce the
further uptake of NP by inducing a full gut feeling in D. magna (Briffa et al., 2018).
The feeding behaviour during the exposure to NP was not measured in this study but
the post-exposure feeding activity results (see 3.1.4.1) did not confirm the findings.
The feeding after the exposure to low-solubility NP increased and after the exposure to
high-solubility (35% of the nominal 1 mg Mn/L at 48 h) Mn2O3 NP decreased instead.
In addition, the metal body burden after exposure to low-solubility Co3O4 NP was higher
compared to the body burden after exposure to high-solubility Mn2O3 NP.
The CuO body burden in D. magna was also measured in lake waters. The lake
water as test medium mitigated the acute toxicity of CuO NP but increased the total
copper body burden in D. magna after 48 h exposure compared to the standard water.
A similar toxicity mitigating effect of lake water on Cu salt toxicity was observed but no
effect on the total body burden compared to standard water was seen.
Daphnids were allowed to depurate in the presence of dietary algae after the
exposure. Mn2O3 and Co3O4 NP body burden remained elevated (> 4-fold compared to
the control organism) after 48 h depuration while Cu NP body burden decreased to the
control level in most test organisms during 24 h depuration. Mn body burden remained
up to 10 times higher compared to Co body burden. The higher dissolution of Mn2O3 NP
(35% of the nominal 1 mg Mn/L at 48 h) compared to other NP (< 1% of the nominal
1 mg Co/L and 10 mg Cu/L at 48 h) could have caused the higher metal retention after
the depuration, for example by different metal compartmentalisation in the body
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(Vijver et al., 2004). The pH-driven dissolution of highly soluble NP in the gut of
D. magna subsequent to particle uptake has been shown to lead to higher uptake of
metal in body tissues compared to metals from poorly soluble NP (Briffa et al., 2018).
The higher retention of less toxic Mn could have also occurred due to Mn-deficiency of
the test organisms as control daphnids reached similar elevated Mn concentration after
feeding on algae. Lower post-exposure feeding activity that was recorded for Mn
compounds exposed daphnids (see 3.1.4.1) could have also led to higher levels of Mn
retained in the gut of daphnids after depuration.
Our study confirmed that metal body burden analysis reveals NP-specific adverse
effects and that the low or mitigated acute toxicity of the compound may lead to
increased metal body burden. Thus, less toxic NP can also impose a threat of trophic
transfer of heavy metals in a NP-contaminated environment and metal body burden
should be measured to determine the potential of indirect and long term biological
effects. NP with higher solubility induced higher retention of metal during the
post-exposure feeding in this study. As the lowest exposure concentrations of metals
(0.05‒0.1 mg metal/L) used in the body burden tests were still relatively high
considering the predicted concentrations in nature (Garner et al., 2017), tests with
lower, environmentally more relevant concentrations should be conducted in the
future. TXRF proved to be a precise, fast, and cost-effective method for determining Cu,
Co, and Mn body burden in D. magna specimen.

Figure 10. Metal accumulation in the gut of D. magna (red arrows) after 48 h exposure to 1 mg
metal/L CuO (left), Co3O4 (middle), and Mn2O3 (right) nanoparticles (papers III, IV).

3.1.4.3 Organism recovery from nanoparticle exposure (papers III, IV)
Along with post-exposure depuration, post-exposure mortality of D. magna was
recorded to determine the viability/recovery potential of the test organisms that
survived the acute exposure. The mortality of organisms transferred to a clean test
medium containing dietary algae after acute exposure to a sublethal concentration was
often remarkably high. Sublethal concentrations of Cu salt induced higher
post-exposure mortality (21%) compared to equitoxic CuO exposure and control
(both 12%; Table 3 of paper III) in standard test medium indicating that the effect is not
NP specific.
On the other hand, post-exposure mortality after 48 h exposure to non-toxic Co3O4
and Mn2O3 concentrations (paper IV) and the following 48 h depuration was also
considerable (20‒30%; unpublished data) showing that non-toxic NP may also affect
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the fitness of the test organism. Moreover, short-term exposure to CuO and CuSO4 in
lake waters with toxicity mitigating effect still induced elevated post-exposure mortality
(23%; paper III). The results demonstrate once more that the mitigating effect of
natural freshwaters on Cu toxicity may be short-lived and that even sublethal exposure
concentrations can result in irreversible damage to the test organisms. Monitoring of
post-exposure mortality is an easy way to obtain additional information on the
accuracy of the results obtained in an acute exposure to metals.

3.2 Toxicity evaluation of lanthanides with freshwater biota
Ln may enter the aquatic environment in the form of different compounds. In the
current study, the potential hazard of Ln to aquatic ecosystems was evaluated from
two different groups of chemicals: soluble Ln nitrates (paper V) and low-solubility
multimetal submicron lanthanide (doped) particles as an example of a widely used
Ln-containing product (paper VI). The soluble Ln salts also served as ionic control for Ln
(doped) particles. Both salts and particles contained Ln commonly used in different
technologies (La, Ce, Pr, Nd, Gd).
3.2.1 Effect of test conditions on the fate of lanthanides (papers V, VI)
The stability of exposure concentrations is vital for chemical toxicity assessment.
In toxicity tests of this thesis, total Ln content was measured in the water column of the
test vessels and included dissolved Ln, the colloidal fraction, suspended particles, or in
some tests, Ln accumulated in algae. Earlier findings have also shown that only a
fraction of total Ln concentration in the water column of the test vessel may consist of
dissolved Ln species (Gonzalez et al., 2015).
Evaluation of the exposure concentration turned out to be one of the main
problems in the acute toxicity testing of Ln. The settling of Ln was concentration and
time dependent (paper V). At nominal concentrations > 10 mg Ln/L, more than 80% of
the applied Ln settled within 48 h while at nominal concentration ≤ 1 mg Ln/L only up
to 20% of applied Ln settled in the bioassays as well as in solutions without the test
organisms (but containing algae in some cases). As the acute toxicity of Ln was mostly
imposed at nominal concentrations > 10 mg Ln/L, the calculation of toxic effect
concentration had to be based on the measured concentrations (OECD, 2018).
Settling of Ln also depended on the test medium. In the current study,
the experiments with Ln were conducted in two different standard mineral media,
OECD AFW and US EPA MHRW, and in two lake waters (Raku and Ülemiste) (Table 6).
Ln settled twice as much in MHRW compared to the high-hardness OECD AFW despite
the precipitation favouring effect of high water hardness (Goldstein & Jacobsen, 1988;
Stewart et al., 2017; paper V). The high concentration of Cl- (145 mg/L) in AFW possibly
formed soluble LnCl3 while high SO42- (82 mg/L) and CO32- (69 mg/L) in MHRW could
have precipitated the Ln (Byrne & Kim, 1993; Porvali et al., 2018). Thus, choosing a
standard mineral test medium with low concentration of agents such as sulfates and
carbonates that form sparingly soluble and insoluble species with Ln (Table 3) can be
suggested.
Settling was slightly lower in lake waters (< 15%) compared to AFW at low exposure
concentration (1 mg Ln/L; paper V) possibly because of the presence of DOM (Ingri
et al., 2000) as the lake water with higher DOC content (10 mg/L) had higher total Ln
concentration in the water column. The concentration dependent settling of Ln in the
lake waters could have occurred due to the increasing ratio of Ln to the strong binding
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sites of humic acid along with the increasing Ln exposure concentration (Dupré et al.,
1999). Thus, using natural freshwater or adding organic matter to the standard test
medium could be one way to stabilise Ln solution as has also been recommended for
NP studies (Petersen et al., 2015). The addition of algae, on the other hand, did not
affect the total metal concentration in the water column in this study while LnCl3
dissolution can decrease in the presence of algae (Romero-Freire et al., 2019).
Calculation of the toxic values (EC50) based on the measured total Ln concentrations
in the water column in the acute exposure was complicated by their 5-fold variability
between technical replicates in the presence of test animals (paper V). In the long-term
tests performed in lake water, the variation was significantly lower (up to 2-fold)
possibly due to the low exposure concentrations (≤ 1 mg Ln/L) at which the Ln settling
did not exceeded 15% in most cases. The relatively low variation in the chronic test
could have also been a result of higher test medium volume per daphnid (50 mL)
compared to acute toxicity tests (0.1‒2 mL) (paper V). Furthermore, high variation was
not reported in an acute study conducted in larger vessels (8 mL per daphnid; Barry &
Meehan, 2000). Smaller test medium volume is also problematic due to a relatively
larger area being in contact with the test vessel walls to which up to 25% of applied Ln
can adsorb (Weltje et al., 2002). Thus, using large test vessels and fewer test animals
per vessel would decrease the variability of metal concentrations in the water column.
Compared to Ln salts, Ln (doped) particles behaved quite differently (paper VI).
The settling rate of the particles in US EPA MHRW standard test medium was > 99%
from nominal Ln concentration (9.1‒81 mg Ln/L) at the end of toxicity tests (at 24 h or
6 days) with only ≤ 0.2 mg Ln/L remaining in the water column at nominal particle
exposure concentration of 100 mg/L (Table 2 of paper VI). Settling of several other
constituent metals (Co, Fe, Mn) was also > 99% of the nominal metal concentration but
Ni, Sr and, in case of (La0,6Sr0,4)0,95CoO3, Co were present at higher concentrations
(3‒19% of the nominal metal concentration) in the water column implying higher
dissolution of those metals compared to Ln from the particles. Differently from Ln salts,
the presence or absence of test organisms did not influence the metal recovery from Ln
(doped) particles. Based on the results, Ln leaching from Ln (doped) particles in
standard mineral freshwater is very low compared to some other constituent metals at
least within a short time span (up to 6 days). Also, all the tests with Ln (doped) particles
were carried out in a test medium with high sulfate and carbonate content (MHRW)
possibly causing some precipitation of the Ln dissolved from the particles as was shown
above.
3.2.2 Acute toxicity and effect of test conditions on lanthanide salts and lanthanide
(doped) particles (papers V, VI)
Ln salts’ toxicity to D. magna, H. incongruens, and T. platyurus was comparable despite
the differences in test protocols (Table 8; paper V). The effect concentration values
(EC50) based on the measured total Ln concentrations in the water column were
0.2‒1.5 mg Ln/L thus being close to the threshold of 1 mg/L set by European
Commission (2008) to classify chemicals as “hazardous”.
On the other hand, most of the studied Ln (doped) particles (paper VI) were not
toxic to crustaceans even at nominal concentration of 100 mg/L. Only two types of the
particles, La2NiO4 and (La0,6Sr0,4)0,95CoO3, did impose toxicity to microcrustaceans.
The toxic effects of these particles were mainly related to Ni and Co dissolution from
the particles (see 3.2.1). Ln concentrations measured in the water column (≤ 0.2 mg/L;
paper VI) in case of both toxicity-inducing and non-toxic Ln (doped) particle exposure
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almost reached the EC50 values (0.2‒1.5 mg/L mg/L) determined in acute tests with Ln
salts (paper V). This indicates the presence of the suspended Ln (doped) particles
and/or other Ln forms with low bioavailability in the water column. Considering that
the toxicity-inducing (La0,6Sr0,4)0,95CoO3 particles were nano-sized (65 nm) and relatively
sparingly soluble (0.73–2.9% of the nominal 27.5 mg Co/L), similarly to the non-toxic
Co3O4 NP used in the NP exposure (see 2.1.1), the toxicity of Co oxides should be
studied further.
Ln applied as both Ln nitrates and Ln (doped) particles formed complexes and
aggregates that were ingested by the test organisms (Figure 11) at all the exposure
concentrations (papers V, VI). This indicates that the insoluble Ln compounds formed
during the exposure were large enough to be filtered by the zooplankton (paper V).
However, ingestion of neither of the Ln compounds was directly related to the
induction of toxic effects seen in the test organisms. Nor was the total metal
concentration (see 3.2.1) in the water column reflected in toxicity results indicating
different bioavailability of the dissolved and suspended Ln species present in the water
column (paper V). For example, the higher (DOM-associated) Ln concentration found in
the water column of lake waters (see 3.2.1) did not appear bioavailable as the acute
toxicity was reduced in lake waters. The change in the concentrations and ratio of
major ions in the test media as a result of the high precipitation of Ln at nominal
concentrations above 10 mg/L (see 3.2.1) could have also affected the extent of toxic
effects recorded in acute tests.

Figure 11. T. platyurus after 24 h exposure to Pr(NO3)3 at 10 mg Pr/L (left) and to LaSrCoO
particles at 6.25 mg particles/L (right). Arrows indicate particle aggregates in the gut and
attached to the antennae of the organism.

3.2.3 Sublethal, subchronic, and chronic toxicity of lanthanide salts and lanthanide
(doped) particles to Daphnia magna, Heterocypris incongruens, and Lemna minor
(papers V, VI)
Sublethal and long-term effects of Ln were studied by conducting i) a standard
subchronic 6-day toxicity test with H. incongruens (ISO, 2012) exposed to Ln salts and
Ln (doped) particles (papers V, VI), ii) a 15-day post-exposure recovery tests upon acute
exposure of D. magna to Ln salts (paper V), iii) a standard 21-day reproduction test with
D. magna (OECD, 2012) exposed to Ln salts (paper V), and iv) a bioaccumulation study
with the free-floating macrophyte Lemna minor exposed to Ln (doped) particles (paper
VI).
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The more variable and slightly higher toxicity seen in subchronic tests with benthic
H. incongruens compared to the acute toxicity to pelagic organisms was possibly due to
the longer exposure period but also the presence of algae in the test (paper V). The way
feeding of the organism during the exposure influences the contaminant bioavailability
depends on the concentrations of both the food and the contaminant and can also
increase the metal toxicity at low exposure concentrations (Taylor et al., 1998).
The effect of ingested Ln (doped) particles on the feeding behaviour of ostracods
cannot be excluded either.
Furthermore, H. incongruens tests are conducted in standard mineral freshwater
with high sulfate and carbonate concentrations that increased Ln settling. The higher
settling rate of Ln salts can also lead to higher exposure of benthic H. incongruens to
the settled Ln species. Thus, benthic species should be preferential over planktic ones
in Ln hazard evaluation. On the other hand, the addition of sand to H. incongruens test
(as required by the test guideline) had a strong mitigating effect on the toxicity of Ln
salts (paper V).
In addition, body length was measured in H. incongruens tests at sublethal test
concentrations. Changes in body length were not seen after exposure to soluble Ln
nitrates (paper V). On the other hand, ostracod body length was decreased upon
exposure to Ln (doped) particles even when no mortality was induced (paper IV),
indicating food limitation presumably due to algae-particle interactions (Joonas et al.,
2017). Formation of crystals was seen in H. incongruens exposure to Ln salts (Figure 12)
but not in a concentration dependent manner (paper V). However, it is not clear
whether the crystal formation was induced by the presence of algae.
Thus, the presence of sediment, type of test medium, and food availability should
be considered when interpreting the results of the H. incongruens test.

Figure 12. Formation of crystals in H. incongruens test environment during 6-day exposure to
Ce(NO3)3 at 25 mg Ce/L (left) and Pr(NO3)3 at 50 mg Pr/L (right) in MHRW.

The post-exposure mortality of daphnids was measured after acute exposure and
subsequent depuration in clean test medium in the presence of dietary algae (paper V).
The post-exposure mortality of daphnids previously exposed to sublethal nominal
concentration of 3 mg Ln/L, was 100% within just 3 days after transfer to recovery
conditions in (paper V). This revealed that the duration of the acute test is too short to
reveal the acutely toxic effects of Ln. D. magna post-exposure mortality subsequent to
the acute test was also a more sensitive endpoint in Ln toxicity testing compared to the
subchronic H. incongruens test where no such mortality was seen after a longer (6-day)
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exposure at the same Ln concentration. Interestingly, the post-exposure mortality of
daphnids exposed in lake waters was similar to the ones exposed in synthetic
freshwater despite the differences in acute toxicity. This confirmed that the
medium-induced differences in acute toxicity test are not always relevant for long-term
effects (Barry & Meehan, 2000).
The 21 day chronic toxicity (EC50) of individual Ln salts to D. magna varied from
0.3 to 0.5 mg Ln/L based on both nominal and measured concentrations and would
classify Ln nitrates as hazardous by EU legislation (paper V; European Commission,
2008). As mortality was a more sensitive endpoint compared to growth or reproduction
in the chronic experiments, the whole life cycle tests may not be necessary for toxicity
assessment of Ln to microcrustaceans. Instead, there is a need for additional sublethal
endpoints.
The Ln (doped) particles study also included an additional sublethel endpoint –
bioaccumulation of metals in aquatic plant Lemna minor (paper VI). L. minor has been
previously shown to accumulate La from LaCl3 exposure (Weltje et al., 2002). This study
showed no accumulation of Ln into L. minor tissue from Ln (doped) particles but did
reveal high bioaccumulation of Ni and Co (> 311 mg/ kg dwt; paper VI). Thus confirmed
our conclusion (see 3.2.2) that the observed toxicity of La2NiO4 and (La0,6Sr0,4)0,95CoO3
particles was not induced by the constituent Ln. Metal concentration in the tissue is a
better metric for Ln toxicity than growth inhibition of L. minor as the latter can also be
induced by Ln binding phosphorus into biologically unavailable forms (paper VI). Metal
bioaccumulation results correlated well with the particle toxicity to both L. minor and
microcrustaceans despite the different test media and formats used. Measuring
potential bioaccumulation of Ln in aquatic plants could be a good indicator of Ln
bioavailability to a variety of aquatic organisms. The method can be applied in the field,
for example upon application of lanthanum-modified bentonite clay (Phoslock®) for
lake restoration by phosphorus binding (Waajen et al., 2017).
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Conclusions
i)

ii)

The following new toxicity data on metal-based NP and Ln were obtained as a
result of this thesis:
• Acute toxicity of CuO NP (48 h EC50 = 1.6 mg Cu/L) to D. magna was mitigated
up to 47-fold, Ag-PVP NP toxicity (48 h EC50 = 0.0008 mg Ag/L) did not change
significantly, and ZnO NP toxicity (48 h EC50 = 1.9 mg Zn/L) increased up to
6-fold in natural freshwater. The effect of the presence of algae was strongly
medium and compound specific in tests with D. magna but not with
H. incongruens. Co3O4 and Mn2O3 NP were not toxic to D. magna in an acute
assay but induced higher metal body burden than toxic CuO NP.
• Ln would be considered hazardous to aquatic biota based on chronic toxicity
test results (21-day EC50 = 0.3‒0.5 mg Ln/L) of Ln nitrates. Ln bioavailability
from lanthanide (doped) submicron particles was low.
• It was demonstrated that precipitation of metals applied as soluble salts
(Ln and Ag nitrates, Cu and Zn sulfates) at high (> 1 mg/L) nominal
concentrations in standard and modified test formats is a serious challenge in
ecotoxicity evaluation.
To increase the ecological relevance of the laboratory toxicity testing of
metal-based NP and Ln, the following recommendations are proposed based on
the modified test formats and sublethal endpoints applied in this thesis:
• Toxicity test results obtained in natural waters in the presence of dietary algae
should always be considered in chemical safety assessments along with the
results obtained in standard mineral freshwater.
• Post-exposure sublethal endpoints: feeding behaviour, metal body burden,
and recovery assessment are highly applicable for both soluble as well as
particulate chemicals, can be easily included to complement standard acute
test formats, and yield ecologically more relevant results for environmental
hazard evaluation of chemicals.
• Metal body burden studies are especially suitable for revealing the potential
hazard of acutely non-toxic low-solubility substances and should be conducted
in natural waters since metal NP bioaccumulation may increase in
organics-rich freshwaters. Contribution of individual metals to the toxicity of
multimetal particles can also be evaluated by measuring metal concentration
in test organism tissue.
• Total reflection X-ray fluorescence spectroscopy is a suitable method for
measuring Cu, Co, and Mn body burden in (single) microcrustaceans.
• The use of microcrustacean species with different behaviour enables to better
understand how the organism’s behaviour may influence its exposure to
chemicals and consequently, their potential adverse effects.
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Abstract
Hazard evaluation of metal-based nanoparticles and
lanthanides with freshwater microcrustaceans
Along with the economic growth and technological advancements, novel substances
are increasingly applied in all the walks of life. Some of these substances may become
emerging contaminants with unpredictable effects on human health and the
environment due to the lack of respective data or problems with reliable interpretation
of the available toxicity data.
Engineered metal-based nanoparticles (NP) and lanthanides (Ln), both industrially
relevant since the 1980s, can be considered emerging contaminants. Metal-based NP
(with at least one dimension within 1‒100 nm) are mainly valued for their novel optical,
electronic, and catalytic, but also antimicrobial properties manifesting at nano-scale.
Ln are irreplaceable in modern high-tech and green technologies due to their unique
physical properties.
As in the aquatic test environment both metal-based NP and Ln tend to aggregate,
precipitate, settle and sorb to organisms and vessels, the application of standard
toxicity test formats may not provide reliable results that would enable estimating the
hazard for the environment. Due to the shortage of high-quality ecotoxicity data on
both of these compounds, their safe emission levels into the environment have not yet
been established. At the same time, anthropogenic contamination of the substances
from both of the groups has already been recorded.
The main aim of this thesis was to improve the understanding of the potential
environmental hazards of NP and Ln to the aquatic ecosystem. For that, modified
toxicity test formats in parallel to the standard ones using a variety of freshwater
microcrustacean test species were applied. On the basis of the obtained results, the
author proposes cost-effective modifications of and additions to standard aquatic
toxicity test formats to add ecological relevance and predictive power to the obtained
ecotoxicity data.
The low stability of NP and Ln suspensions and solutions complicates the toxicity
assessment by standard test formats as the bioavailable part of the substance is
unknown. Moreover, the tests required to be used for toxicological classification of
chemicals are not necessarily suitable for assessing the hazard to the ecosystem.
For these reasons, the standardised test formats were modified to better represent the
natural environment and the effect of the modifications on the toxicity results was
critically analysed. Additional sublethal post-exposure endpoints such as feeding
behaviour, metal body burden, and post-exposure recovery potential were used in
D. magna standard acute test formats in order to gain additional ecologically relevant
toxicity information. Daphnia feeding behaviour on algae was assessed by quantifying
feeding by-products in flow cytometry and metal body burden in single D. magna
specimen by total reflection X-ray fluorescence spectroscopy (TXRF).
Along with the sublethal effects of CuO, Co3O4, and Mn2O3 NP, the (combined)
effect of test media and dietary algae on CuO, ZnO, and Ag-PVP NP toxicity to
crustaceans was examined in this thesis. NP studies were always accompanied by the
respective soluble salt as the ionic control. Biological effects of Ln were studied in
different test conditions exposing test organisms to La, Ce, Pr, Nd, and Gd nitrates and
to multimetal Ln (doped) submicron particles. Since the crustaceans are one of the
64

most sensitive organism groups to metal-based substances, three species of
microcrustaceans, planktic water flea Daphnia magna and fairy shrimp
Thamnocephalus platyurus along with benthic ostracod Heterocypris incongruens were
used as test organisms.
Natural water as the test medium mitigated CuO NP toxicity, did not change Ag-PVP
NP toxicity, and increased ZnO NP toxicity compared to standard mineral test medium.
The combined effects of dietary algae and standard vs lake water as test medium were
different on NP and the respective metal salt toxicity. Such variation was not seen in
tests with H. incongruens possibly due to the different behavioural traits of the
organisms. Thus, the use of natural water as test medium along with addition of dietary
algae to test suspensions may increase the environmental relevance of the NP toxicity
test results.
Despite the reduction of CuO NP acute toxicity in natural freshwater, post-exposure
Cu body burden in D. magna after exposure to CuO NP was higher in natural water than
in standard mineral medium. Co3O4 and Mn2O3 NP did not induce acute toxicity to
D. magna but did have either increasing or decreasing effect on the post-exposure
feeding behaviour of D. magna similarly to the respective soluble metal salts. Co3O4 and
Mn2O3 NP also induced higher body burden in D. magna compared to toxic CuO or
soluble Co and Mn salts. The metal body burden induced by Co3O4 and Mn2O3 exposure
remained over 4-fold elevated compared to the control organisms even after the postexposure depuration. That could lead to metal transfer to higher food chain levels in
the nature. In addition, considerable mortality occurred during the depuration
subsequent to Co3O4 and Mn2O3 exposure. From the sublethal effect studies it was
evident that lower or absent acute toxicity does not necessarily indicate lower
environmental hazard.
Evaluation of the biological effects of Ln salts was complicated due to the settling of
metals in the acute test, resulting in very high variability of the metal concentration in
the water column. Ln solutions were more stable in chronic exposure at low nominal
concentrations (< 1 mg Ln/L). The results of the chronic experiments and the
post-exposure recovery potential after acute exposure showed that Ln may constitute a
hazard to the aquatic environment.
In case of Ln (doped) particles, it was demonstrated that the bioavailability of Ln was
very low and that other constituent metals (Co and Ni) were responsible for the toxic
effects of these particles to the microcrustaceans. The toxicity to microcrustaceans
correlated with the accumulation of the toxicity-inducing metals in the floating aquatic
plant Lemna minor. Therefore, metal concentration in plant tissue could be considered
as an indicator of metal bioavailability from low solubility substances to a variety of
aquatic organisms.
In summary, the following modifications and additions to standard toxicity tests can
be recommended for environmentally relevant toxicity testing of metal-based NP and
Ln: i) to carry out toxicity tests in natural water in the presence of dietary algae in
addition to the standardised test conditions; ii) to use sublethal endpoints such as
feeding behaviour and metal body burden that reveal the potential adverse effects at
lower exposure concentrations and of substances of low toxicity; iii) to monitor
post-exposure recovery after the acute toxicity test to better predict the long term
effects of the toxicants during the initial toxicity screening; iv) to use test organisms
with different behavioural traits.
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Lühikokkuvõte
Metalliliste nanoosakeste ja lantaniidide
hindamine magevee pisivähkidega

kahjulikkuse

Seoses majandusliku heaolu kasvu ja tehnoloogia arenguga võetakse kõigis
eluvaldkondades kasutusele üha enam uudseid aineid. Osa neist ainetest võivad oma
elutsükli jooksul saada saasteaineteks, mille mõju keskkonnale ja elusorganismidele on
(veel) raske ennustada, sest vastavat teavet pole piisavalt või pole olemasoleva teabe
põhjal võimalik selgeid järeldusi teha.
Ühed sellised uued saasteained on sünteetilised metallinanoosakesed (NO) ja
lantaniidid (Ln), mida on tööstuses kasutatud alates 1980. aastatest. NO (vähemalt üks
mõõde vahemikus 1‒100 nm) hinnatakse nende väiksusega kaasnevate uudsete
optiliste, elektrooniliste ja magnetiliste aga ka antimikroobsete omaduste tõttu. Ln on
tänu oma unikaalsetele füüsikalistele omadustele asendamatud kõrgtehnoloogilistes ja
keskkonnasõbralikes tehnoloogiates.
Kuna nii NO kui ka Ln on kalduvus veekeskkonnas ja katsete käigus agregeeruda,
sadeneda, settida ning katseanuma seintele ja katseorganismidele sorbeeruda, ei
pruugi toksilisuse hindamine üksnes standardsete meetoditega nende ainete
keskkonnaohtu usaldusväärselt ennustada. Lisaks ei sobi standardsed kemikaalide
ohutuse klassifitseerimiseks mõeldud toksilisuse testid sageli looduses tekkida võivate
ohtude hindamiseks. Vaatamata sellele, et NO ja Ln inimtekkelist reostust on
keskkonnas juba mõõdetud, pole olemasoleva keskkonnatoksilisuse teabe ebamäärasus
võimaldanud nende saastele piirnorme kehtestada.
Selle töö põhieesmärk oli parandada arusaamist NO ja Ln võimalikust
keskkonnaohust veeökosüsteemidele. Selleks võrreldi standardsetes katsetingimustes
saadud toksilisuse andmeid looduslähedasemaks kohandatud katsetingimustes saadud
andmetega. Töö tulemusena soovitab autor kulutõhusaid muudatusi ja täiendusi, mille
sisseviimine standardsetesse toksilisuse katseformaatidesse võimaldaks saadud
katseandmete abil NO ja Ln ohte veekeskkonnas paremini ennustada.
Usaldusväärsete katseandmete saamiseks hinnati standardsete toksilisuse näitajate
kõrval ka teisi veeökosüsteemi tervise seisukohast olulisi näitajaid nagu D. magna
ekspositsioonijärgne toitumiskäitumine ja ekspositsioonist taastumise võimekus ning
metalli akumulatsioon organismis pärast CuO, Co3O4 ja Mn2O3 NO eksponeerimist.
D. magna ekspositsioonijärgse toitumise hindamiseks mõõdeti toiduks kasutatud
vetikast pärinevate kõrvalsaaduste hulka ning üksikute D. magna isendite
metallisisaldus mõõdeti täispeegeldus-röntgenfluorestsents spektromeetriga (TXRF).
Lisaks
kohandati
standardne
toksilisuse
hindamise
katsekeskkond
looduslähedasemaks. Selleks kasutati katsetes standardse vee asemel järvevett ja
organisme toideti katse ajal vetikaga. Seejärel analüüsiti muudatuste mõju CuO, ZnO ja
Ag-PVP NO toksilisusele. NO katsetesse kaasati alati ka vastava metalli lahustuv sool,
et hinnata vabanevate metalliioonide osa NO põhjustatud toksilisuses. Ln bioloogilist
mõju uuriti samuti erinevates katsetingimustes eksponeerides pisivähke La, Ce, Pr, Nd
ja Gd nitraadile ja mitmest metallist koosnevatele lantaniididega legeeritud (lantaniidi)
osakestele. Kuna vähid on üks tundlikumaid organismirühmi metalliliste ainete
toksilisusele, kasutati katseorganismidena kolme magevee pisivähi liiki: planktilisi
vesikirpu Daphnia magna ja paljaskilbilist Thamnocephalus platyurus ning põhjaelulist
karpvähki Heterocypris incongruens.
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Järvevee kasutamine standardse mineraalse katsevee asemel vähendas CuO NO
toksilisust, ei muutnud Ag-PVP NO toksilisust ning suurendas ZnO NO toksilisust
D. magna lühiajalises katses. Söödava vetika lisamisel D. magna lühiajalises katses
kasutatud standardsesse vette ja järvevette tekkis veetüübipõhine ühismõju, mis
mõjutas NO ja lahustuva soola toksilisust erinevalt. Erinev mõju ei avaldunud aga
H. incongruens’i katses tõenäoliselt vähkide erineva toitumiskäitumise tõttu. Seetõttu
võib loodusvee ja toiduks sobivate vetikate üheaegne kasutamine NO toksilisuse
katsetes looduskeskkonna seisukohast olulisi tulemusi anda.
Vaatamata CuO NO toksilisuse olulisele vähenemisele loodusvees oli D. magna Cu
sisaldus pärast ekspositsiooni loodusvees oluliselt kõrgem kui pärast ekspositsiooni
standardses vees. Co3O4 ja Mn2O3 NO ei olnud D. magna`le akuutselt toksilised, kuid
sarnaselt vastavate lahustuvate sooladega suurendasid või vähendasid nad D. magna
toitumisaktiivsust. Lisaks oli D. magna metallisisaldus pärast ekspositsiooni Co3O4 ja
Mn2O3 NO suurem kui pärast ekspositsiooni toksilisele CuO NO või lahustuvatele Co ja
Mn sooladele. Co3O4 ja Mn2O3 NO ekspositsiooni ajal tekkinud metallisisaldus püsis
D. magna’s kontrollorganismidest üle nelja korra kõrgem ka pärast
ekspositsioonijärgset toitumist. See võib viia metallide edasikandumiseni looduslikus
toiduahelas. Lisaks suri ekspositsioonijärgse toitumise käigus võrdlemisi suur osa
organismidest. Mittestandardsete toksilisuse näitajate kohta saadud tulemused viitasid
sellele, et isegi kui NO ei olnud antud tingimustes toksilised või kui toksilisus oli
standardsete katsetingimustega võrreldes madalam, ei pruugi see tähendada
madalamat keskkonnaohtu.
Ln soolade võimaliku kahjulikkuse hindamine lühiajalistes katsetes oli raskendatud,
sest veesamba metallisisaldus kõikus Ln settimise tõttu suures ulatuses. Ln lahuse
stabiilsus oli suurem pikaajalises katses madalatel kontsentratsioonidel (< 1 mg Ln/L).
Kroonilise katse ja katsejärgse suremuse tulemuste põhjal võib Ln mageveekeskkonnale
ohtlikuks liigitada.
Ln biosaadavus lantaniididega legeeritud (lantaniidi)osakestest oli väga madal ja
toksilist mõju põhjustasid pisivähkidele teised osakeste koostisesse kuuluvad metallid
(Co ja Ni). Toksilisus pisivähkidele korreleerus ujutaime Lemna minor kudedesse
kogunenud toksilisust põhjustavate metallide sisaldusega. Seega saab metalli sisalduse
mõõtmise abil taimekoes hinnata vähelahustuvate saasteainete biosaadavust
erinevatele veeorganismidele.
Kokkuvõttes võib soovitada järgnevate muudatuste ja täienduste sisseviimist
standardsetesse toksilisuse testidesse looduskeskkonna seisukohast oluliste tulemuste
saamiseks metalliliste NO ja Ln toksilisuse hindamisel: i) lisaks standardsetele
tingimustele katsed läbi viia ka looduslikus vees, kuhu on katseorganismidele toiduks
vetikaid lisatud; ii) hinnata subletaalseid näitajaid nagu toitumisaktiivsus ja
bioakumulatsioon, mis annavad keskkonna seisukohast olulist teavet madalamate
kontsentratsioonide ja akuutselt vähetoksiliste ainete mõju kohta; iii) jälgida
organismide lühiajalise ekspositsiooni järgset taastumist, et ennustada ainete
pikaajalist mõju; iv) kasutada erineva eluviisiga katseorganisme.
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Publication I
Heinlaan, M., Muna, M., Knöbel, M., Kistler, D., Odzak, N., Kühnel, D., Müller, J., Gupta,
G. S., Kumar, A., Shanker, R., & Sigg, L. (2016). Natural water as the test medium for
Ag and CuO nanoparticle hazard evaluation: an interlaboratory case study.
Environmental pollution, 216, 689–699.
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^oa[WW[c[cc iUyxeWdda__i^l[Y_aW
w ^l[Y_aW_tgWqcb\Y]gac_gcliYo[mxiUUweWdda__i^l[Y_aW
 k_l[a[m[c]YZcqagWdclcWZgoW_qggmsW[aY_WdcWd[oilW`cZluWgcl[WviUUWhZcXinZYW[aWz
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Appendix 3

Publication III
Muna, M., Heinlaan, M., Blinova, I., Vija, H., & Kahru, A. (2017). Evaluation of the effect
of test medium on total Cu body burden of nano CuO-exposed Daphnia magna: A
TXRF spectroscopy study. Environmental Pollution, 231, 1488–1496.
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Appendix 4

Publication IV
Heinlaan, M., Muna, M., Juganson, K., Oriekhova, O., Stoll, S., Kahru, A., & Slaveykova,
V. I. (2017). Exposure to sublethal concentrations of Co3O4 and Mn2O3 nanoparticles
induced elevated metal body burden in Daphnia magna. Aquatic Toxicology, 189,
123–133.
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Publication V
Blinova, I., Lukjanova, A., Muna, M., Vija, H., & Kahru, A. (2018). Evaluation of the
potential hazard of lanthanides to freshwater microcrustaceans. Science of The
Total Environment, 642, 1100–1107.
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Appendix 6

Publication VI
Blinova, I., Vija, H., Lukjanova, A., Muna, M., Syvertsen-Wiig, G., & Kahru, A. (2018).
Assessment of the hazard of nine (doped) lanthanides-based ceramic oxides to four
aquatic species. Science of The Total Environment, 612, 1171–1176.
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Appendix 7
OECD Test Guidelines for the hazard assessment to aquatic biota (Source:
http://www.oecd.org/env/ehs/testing/oecdguidelinesforthetestingofchemicals.htm,
20.02.2019)
OECD test guideline number
201
Freshwater Alga and Cyanobacteria, Growth Inhibition Test
202
Daphnia sp. Acute Immobilisation Test
203
Fish, Acute Toxicity Test
204
Fish, Prolonged Toxicity Test: 14-Day Study
209
Activated Sludge, Respiration Inhibition Test (Carbon and Ammonium Oxidation)
210
Fish, Early-life Stage Toxicity Test
211
Daphnia magna Reproduction Test
212
Fish, Short-term Toxicity Test on Embryo and Sac-Fry Stages
215
Fish, Juvenile Growth Test
218
Sediment-Water Chironomid Toxicity Using Spiked Sediment
219
Sediment-Water Chironomid Toxicity Using Spiked Water
221
Lemna sp. Growth Inhibition Test
225
Sediment-Water Lumbriculus Toxicity Test Using Spiked Sediment
229
Fish Short Term Reproduction Assay
230
21-day Fish Assay
231
Amphibian Metamorphosis Assay
233
Sediment-Water Chironomid Life-Cycle Toxicity Test Using Spiked Water or
Spiked Sediment
234
Fish Sexual Development Test
235
Chironomus sp., Acute Immobilisation Test
236
Fish Embryo Acute Toxicity (FET) Test
238
Sediment-Free Myriophyllum Spicatum Toxicity Test
239
Water-Sediment Myriophyllum Spicatum Toxicity Test
240
Medaka Extended One Generation Reproduction Test (MEOGRT)
241
The Larval Amphibian Growth and Development Assay (LAGDA)
242
Potamopyrgus antipodarum Reproduction Test
243
Lymnaea stagnalis Reproduction Test
305
Bioaccumulation in Fish: Aqueous and Dietary Exposure
315
Bioaccumulation in Sediment-dwelling Benthic Oligochaetes
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