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A B S T R A C T

Due to their widespread use, silver (Ag) and titanium dioxide (TiO2) nanoparticles (NPs) are commonly dis-
charged into aquatic environments via wastewater treatment plants. The study was aimed to assess the effects of
wastewater-borne AgNPs (NM-300 K; 15.5 ± 2.4 nm; 25−125 μg L−1) and TiO2NPs (NM-105; 23.1 ± 6.2 nm;
12.5−100 μg L−1), from a laboratory-scale wastewater treatment plant, on Daphnia magna, at individual and
subcellular level. For effect comparison, animals were also exposed to ASTM-dispersed NPs at the same nominal
concentrations.

The behaviour of D. magna was evaluated through monitoring of swimming height and allocation time for
preferred zones after 0 h and 96 h of exposure. Biochemical markers of neurotransmission, anaerobic metabo-
lism, biotransformation, and oxidative stress were subsequently determined. No 96-h EC50 (immobilization ≤ 4
%) could be obtained with wastewater-borne NPs and ASTM-dispersed TiO2NPs, whereas the ASTM-dispersed
AgNPs resulted in an immobilization 96-h EC50 of 113.8 μg L−1. However, both wastewater-borne and ASTM-
dispersed TiO2NPs, at 12.5 μg L−1, caused immediate (0 h) alterations on the swimming height. Allocation time
analyses showed that animals exposed to ASTM-dispersed AgNPs spent more time on the surface and bottom at
0 h, and in the middle and bottom at 96 h. This pattern was not observed with ASTM-dispersed TiO2NPs nor with
wastewater-borne AgNPs and wastewater-borne TiO2NPs. At the biochemical level, the more pronounced effects
were observed with wastewater-borne AgNPs (e.g. induction of lactate dehydrogenase and glutathione S-
transferase activities, and inhibition of catalase activity).

This integrative approach showed that: (i) the behavioural and biochemical response-patterns were distinct in
D. magna exposed to environmentally relevant concentrations of wastewater-borne and ASTM-dispersed NPs; (ii)
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the most pronounced effects on allocation time were induced by ASTM-dispersed AgNPs; and (iii) at the sub-
cellular level, wastewater-borne AgNPs were more toxic than wastewater-borne TiO2NPs. This study highlights
the need for the assessment of the effects of wastewater-borne NPs under realistic exposure scenarios, since
processes in wastewater treatment plants may influence their toxicity.

1. Introduction

Engineered nanomaterials (ENMs) are increasingly used in various
applications and commercial products, ranging from common house-
hold items (e.g. textiles, paints, sunscreens, cosmetics) to novel medical
technologies (Kahru and Ivask, 2013). However, important environ-
mental concerns regarding ENMs still persist nowadays, because they
can enter the environment from a multitude of sources either: (i) di-
rectly, e.g. during runoff of washed nanoparticles (NPs) from sunscreens
and house wall paints after heavy rain (Kiser et al., 2009); or (ii) in-
directly, e.g. through effluents from wastewater treatment plants
(WWTPs) (Lazareva and Keller, 2014; OECD, 2016). Regardless of their
provenience, the ENMs are likely to enter both surface water and
groundwater systems, thereby posing risks to aquatic biota and af-
fecting the drinking water resources (Gartiser et al., 2014;
Georgantzopoulou et al., 2018). In this regard, the EU-2020 legislative
framework entails restrictive effluent standards for protected areas and
severe restrictions on WWTP-effluent properties, which can potentially
contain ENMs (Lai et al., 2018; Svanström et al., 2014). Therefore,
according to the precautionary principle adapted by the current legis-
lation contemplated in the Registration, Evaluation, Authorisation and
Restriction of Chemicals, and in the context of the continuous increase
of the sustainable nanotechnology industry at the global scale, a con-
sistent and well-founded prospective environmental risk assessment
strategy for safe implementation of ENMs in wastewater management
programmes still needs to be adopted (Lai et al., 2018; Roco et al.,
2011). Although few reports claim that there is no clear evidence of
damage towards aquatic biota with regard to the current low discharge
levels of ENMs (measured or measure-based predicted) (Coll et al.,
2016), it is well accepted that there is a gap of knowledge regarding the
fate and effect of wastewater-borne manufactured nanomaterials on
dynamic and complex WWTP-associated environments. Effectively,
despite the recommendations of international policies for a critical need
of environmental risk assessment on wastewater-borne ENMs, com-
prehensive knowledge on their ecotoxicological effects on aquatic biota
is still very poor.

Even though different types of NPs have been detected in receiving
effluents from WWTPs (Brar et al., 2010; Kiser et al., 2009), their
ecotoxicological effects on aquatic biota have been scarcely addressed
in this matrix (Gartiser et al., 2014; Wu et al., 2018). So far, few studies
(Georgantzopoulou et al., 2018; Hartmann et al., 2019; Kühr et al.,
2018; Muth-Köhne et al., 2013) reported the toxicity effects of silver
NPs (AgNPs) and titanium dioxide NPs (TiO2NPs), two commonly used
ENMs, in several manufactured products (Kahru and Ivask, 2013; Roco
et al., 2011; Zhang et al., 2018), on aquatic biota and after passing
through WWTP compartments. These findings indicated that, despite
the very low concentrations (in the μg L−1 range) found in WWTP ef-
fluents (Lazareva and Keller, 2014; Maurer-Jones et al., 2013), the so-
called wastewater-borne NPs could be potentially very harmful to
aquatic organisms (Muth-Köhne et al., 2013). The composition and
properties of wastewater effluents show big differences and present
additional substances compared to those of natural water, such as type
and quantity of metal ions, composition of dissolved organic matter
(DOM; with humic and fulvic acids), colloidal substances, electrolytes,
and several types of soluble microbial products derived from the me-
tabolism of the microbiome (Mahlalela et al., 2017; Zhou et al., 2015).
Once present in influent, the NPs can undergo several transformation
processes (e.g. dissolution, sulphidation, aggregation, coating with
DOM, adsorption to biological surfaces, and deposition/sedimentation),

which may ultimately influence their speciation in the effluent and,
thereafter, affect their fate, transport, bioavailability and toxicity to
aquatic organisms (Adam et al., 2018; Zhang et al., 2018). Therefore, in
order to assess the toxicological effects of wastewater-borne AgNPs and
TiO2NPs on non-targeted biota, new approaches must be developed and
optimized accordingly, taking into account the intrinsic complexity of
these particular matrices.

Ecotoxicological tests with different model organisms have been
recently performed to get insight into the toxicity mechanisms asso-
ciated with AgNPs and TiO2NPs present in WWTP effluents
(Georgantzopoulou et al., 2018; Hartmann et al., 2019; Kühr et al.,
2018; Muth-Köhne et al., 2013). Besides, the fate and ecotoxicity of
both AgNPs and TiO2NPs were already investigated in aquatic com-
partments at defined concentrations (Ribeiro et al., 2017; Sharma,
2009). Based on prospective models, predicted environmental con-
centrations (PECs) of NPs for several compartments in WWTPs, both in
influents and effluents, are available. For example, in effluents, Maurer-
Jones et al. (2013) summarized PECs of 0.0164−17 μg L−1 and
1−100 μg L−1 for AgNPs and TiO2NPs, respectively. These values were
subsequently updated for WWTP effluents from the EU countries by Sun
et al. (2014), which specifically pointed to integer PECs of 0.17 ng L−1

and 16 μg L−1 for AgNPs and TiO2NPs, respectively.
Among the studies mentioned above, a few works on the environ-

mental impact of AgNPs and TiO2NPs from WWTPs on aquatic biota
have been mainly focused on their toxicological effect at only one level
of biological organisation, normally considering survival and growth as
endpoints. To the best of knowledge of the authors, no studies are
currently available regarding the toxicity of both types of wastewater-
borne NPs through following a consistent and integrated approach at
different levels of biological organisation. Therefore, since the re-
sponses at the lower level can act as early warning signals for the effects
on higher level, the main objective of this study was to generate, in-
tegrate and add valuable knowledge on the toxicity evaluation profile
of wastewater-borne AgNPs and TiO2NPs, to the water flea Daphnia
magna, a global keystone species of freshwater ecosystems, at both
behavioural and biochemical level.

Specifically, this study was aimed at: (i) evaluating the toxicity of
wastewater-borne effluents containing AgNPs (originally NM-300 K)
and TiO2NPs (originally NM-105) to the freshwater cladoceran D.
magna; and (ii) infer on its toxicity through simple spiked media with
the same original particles. This approach will be carried out through
the assessment of behavioural (swimming height and allocation time)
and biochemical (neurotransmission, anaerobic metabolism, bio-
transformation, and oxidative stress biomarkers) endpoints, in order to
(a) elucidate the respective modes/mechanisms of action of each type
of NPs by linking the effects at both levels of organisation, and (b)
provide insight into and establish interrelationships between the early
warning responses at the biochemical level to be translated at the be-
havioural level. This new combined approach should, therefore, con-
tribute to a better comprehension of the effects caused by NPs on
aquatic organisms and provide input towards a more realistic risk as-
sessment.

2. Materials and methods

2.1. Silver and titanium dioxide nanoparticles

The aqueous dispersions of AgNPs (test material: NM-300 K) were
obtained from the Organisation for Economic Co-operation and
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Development (OECD) Working Party on Manufactured Nanomaterials
sponsorship programme. The dispersions of NM-300 K NPs have a
stated nominal silver (Ag) concentration of 10 % (w/w), primary par-
ticle size of 15.5 ± 2.4 nm [measured in-house by transmission elec-
tron microscopy (TEM) in ASTM medium] and are stabilized with NM-
300 K DIS, a mixture of non-ionic dispersing agents containing 4 % (w/
w) of each polyoxyethylene glycerol trioleate (trade name: Tagat® TO)
and polyoxyethylene (20) sorbitan monolaurate (trade name: Tween®
20). Also obtained from the OECD Working Party on Manufactured
Nanomaterials programme, the NM-105 reference material was used for
the preparation of the TiO2NPs stock dispersions. Presented as a dry
white powder, the uncoated TiO2NPs consisted of anatase and rutile
(86:14 ratio) individual particles with a primary particle size of
23.1 ± 6.2 nm (measured in-house by TEM in ASTM medium).

2.2. Lab-scale wastewater treatment plant (WWTP)

By following the OECD test guideline No. 303A (OECD, 2001), up to
six units of a lab-scale WWTP (behrotest® Laboratory Sewage Plant KLD
4 N, behr Labor-Technik GmbH, Düsseldorf, Germany) were set up and
conducted as previously described (Hartmann et al., 2019; Muth-Köhne
et al., 2013). The details about the constitution and functioning of
WWTP and the obtention of NP-containing effluents for exposure ex-
periments (Section 2.4) are provided in the Materials and Methods
section of the Supporting Information. In two independent experiments,
namely 1A and 2A for AgNPs and TiO2NPs, respectively (Table 1), the
NPs were added to the influent at the denitrification reactor. The con-
centrations of NPs in the influent were chosen in order to achieve, after
proper dilution, environmentally relevant concentrations in the ob-
tained effluent, which may potentially result in quantifiable effects. In

total, six and four WWTP units ran with AgNPs and TiO2NPs, respec-
tively, including the respective effluent controls without NPs. Con-
centrations of total Ag and total titanium (Ti) were measured in the
collected effluents after their passage through the WWTP units (Ag:
after 26 days-d; Ti: directly after system operation). Inductively coupled
plasma –mass spectrometry (ICP-MS) and inductively coupled plasma –
optical emission spectrometry (ICP-OES) were used for the determina-
tion of total Ag and total Ti concentrations, respectively. The analytical
protocols and main instrumental parameters are described in detail in
the Supporting Information (Materials and Methods), including Table
S1.

2.3. Test species and culture conditions

The freshwater crustacean Daphnia magna Strauss (clone V) was
used as model species. Organisms were kept in permanent in-house
breeding at 20 ± 2 °C with a 16/8 h (light/dark) photoperiod, using
2 L glass beakers (pools of 30 adults per beaker), filled with 1.8 L of
ASTM reconstituted hard water, and supplemented with vitamins
(biotin, thiamine hydrochloride, cyanocobalamin) and selenium. The
culture medium was renewed once a week and animals were fed daily
with Desmodesmus subspicatus, with an amount of 0.2mg C/Daphnia/
day.

2.4. Exposure experiments

2.4.1. Controls and treatments
Three NP-free controls were used in exposure experiments

(Table 1), namely an effluent control (EFF; in 1A and 2A with waste-
water-borne NPs), an ASTM medium control (CT; in 1B and 2B with

Table 1
Exposure experiments and respective treatments (test media+NPs), including controls, showing the nominal concentrations of NPs (in mg L−1) supplemented to the
WWTP influent and the dilution factors used for the preparation of tested concentrations in effluent (in μg L−1) of total Ag and total Ti. EFF, CT, and DA are the
controls (without NPs) composed by the effluent, ASTM medium, and dispersing agent, respectively. See text for further details.

Experiments Treatments WWTP: nominal sewage inlet
concentrations (mg L−1)

WWTP: total concentrations in
the effluent (μg L−1) ♦

Effluent dilution factors
(parts of effluent per parts

of ASTM)

Nominal concentrations of NPs in
the test media (μg L−1)

1A EFF * 0 n/d 1:1.2 0
Wastewater-borne

AgNPs
1 54±3 1:2.1 25
2.5 65±2 1:1.2 50
3.5 141±3 1:1.8 75
5 193±3 1:1.9 100
6.5 239±4 1:1.9 125

1B CT n/a n/a n/a 0
DA (ASTM medium +

dispersing agent)
n/a n/a n/a 0

ASTM-dispersed AgNPs n/a n/a n/a 25
50
75
100
125

2A EFF * 0 < LOD 1:3.7 0
Wastewater-borne

TiO2NPs
1# 104.3± 2 1:13.9 12.5
1# 104.3± 2 1:6.9 25
2.5 114.1± 1 1:3.7 50
5# 464±5 1:10.3 75
5# 464±5 1:7.7 100

2B CT n/a n/a n/a 0
ASTM-dispersed

TiO2NPs
n/a n/a n/a 12.5

25
50
75
100

*The EFF controls served as stock solutions for the correspondent EFF controls used in the exposure experiments (section 2.4) after dilution with ASTM medium. # In
inlet with 1 and 5mg L−1 TiO2NPs, two dilutions were prepared in order to achieve four different concentrations in the obtained effluents. In short, 6+ 4 WWTP
units lead to 6+ 6 treatments, including controls, for exposure experiments with AgNPs and TiO2NPs, respectively. ♦ Measured concentrations of NPs in collected
effluents (n=1± standard deviation of 10 and 3 internal replicates for total Ag and total Ti, respectively). n/d – not determined; n/a – not applicable; LOD – limit of
detection.
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ASTM-dispersed NPs) and a dispersant agent control (DA; in 1B with
ASTM-dispersed AgNPs).

For exposure experiments with wastewater-borne AgNPs (1A;
Table 1) and wastewater-borne TiO2NPs (2A; Table 1), the collected
effluents from the model WWTP were manually shaken for 2min to
generate homogeneous dispersions, which served as stocks for further
dilutions. Based on the total concentrations of NPs measured in the
effluent, proper dilutions were performed with ASTM medium to
achieve the respective nominal concentrations of 25−125 μg L−1 of
total Ag and 12.5−100 μg L−1 of total Ti. The concentration range of
AgNPs was chosen according to Völker et al. (2013a), which de-
termined a nominal 48-h EC50 (immobilization) of 121 μg L−1 AgNPs in
D. magna. The concentration range of TiO2NPs was selected taking into
account the nominal PECs of 1−100 μg L−1 TiO2NPs (Maurer-Jones
et al., 2013). The dilution factors (parts of effluent per parts of ASTM
medium) and information about the preparation of effluent-related
treatments are detailed in Table 1.

To compare the effects of wastewater-borne NPs with the effects of
ASTM-dispersed NPs, exposures were also carried out in ASTM medium
containing AgNPs or TiO2NPs at the same nominal concentrations.
These treatments were prepared in two additional experiments, namely
1B and 2B for ASTM-dispersed AgNPs and ASTM-dispersed TiO2NPs,
respectively (Table 1). In 1B, the original glass vial with AgNPs was
sonicated in an ultrasonic bath (Bransonic 221 ultrasonic cleaner,
Branson Ultrasonic, Danbury, Connecticut, USA) for 10min to disperse
agglomerates and avoid air bubbles. Afterwards, the AgNPs were di-
luted to 1 g L−1 of total Ag with ASTM medium. This dispersion served
as basis for subsequent dilutions, in order to achieve the final NP
concentrations in the test medium (Table 1). Also, in 1B, proportional
dilutions were prepared with the dispersing agent to check for potential
effects of the solubilizing agent in the treatments containing ASTM-
dispersed AgNPs. For this purpose, the solutions were prepared by
mixing the aqueous solution of NM-300 K DIS in the ASTM medium at
the same concentration used for the preparation of the highest AgNP
concentration, i.e. 125 μg L−1 of total Ag.

To obtain the nominal concentrations of ASTM-dispersed TiO2NPs
(2B; Table 1), the NP powder was dispersed in polypropylene vials
(VWR International, Darmstadt, Germany) containing ASTM medium at
500mg L−1 of total Ti. A homogeneous dispersion was obtained after-
wards by sonicating the stock in an ultrasonic homogenizer (Bandelin
SONOPLUS HD2200, Berlin, Germany; 13mm MS 72 horn, 40% am-
plitude) for 16min. This dispersion served as basis for further dilutions
in order to achieve the respective final concentrations of TiO2NPs in the
tested media (Table 1).

As a standard endpoint in ecotoxicity testing, the NP concentration
that led to 50% immobilization after 96 h [96-h EC50; greatest half-
maximal effective concentration (OECD, 2004)] was derived whenever
possible.

All treatments described above served as test media for the sub-
sequent behavioural (section 2.4.2) and biochemical (section 2.4.3)
assays.

2.4.2. Behavioural assays
The behavioural assays were performed in a temperature-controlled

room (20 ± 2 °C) under constant conditions. Pools of randomly se-
lected 10-day old animals (∼3.1 ± 0.3mm) were used. A 100mL glass
vessel (97×44×34.5 mm3; model type 740-OG, Hellma Analytics,
Müllheim, Germany) served as test vessel (Fig. S1, B–C). For each assay,
five replicates per concentration plus controls, with ten organisms each,
were tested. A computer vision system was used to monitor the swim-
ming behaviour of D. magna in real-time (Kunze et al., 2016). Briefly,
the animal’s behaviour was recorded with a custom-built 2D-dimen-
sional tracking system in a test chamber, which was completely covered
with black polyvinyl chloride plates to avoid light (Fig. S1, A). To re-
cord movements of animals in darkness, a CVI STAR BL-LED backlight
source (Stemmer Imaging AG, Puchheim, Germany), with a wavelength

of 850 nm, was placed near the test vessel (Fig. S1, B–C). This back-
ground illumination was chosen because it cannot be seen by D. magna,
thereby not affecting their motion. Contrary to the record of animals at
visible light, the darkness set up, with only a single background light,
presents the advantage of avoiding possible additional stress, photo-
taxis and/or resulting artefacts/biases.

Immediately before the behaviour assays, the glass vessel was filled
up with 100mL of the respective exposure treatment (Table 1). Then,
adult animals were rapidly and carefully transferred to the vessel by
means of a fine mesh to minimize stress and avoid media dilution. For
each trial, animals were randomly selected from the four culture bea-
kers and immediately placed inside the vessel. In order to minimize
water movements within the vessel, a period of 10min was accom-
plished before recording. Afterwards, the onset of recording (time point
0 h) was triggered by the operator and swimming behaviour was re-
gistered in real-time. The animals were not fed during the recording
process and only those with continuous swimming behaviour were
considered. A minimal threshold of 100 s was set in order to exclude
reflections or crossings of/by organisms within analyses. The behaviour
was recorded in the test vessel for 2min [time period long enough to
detect behavioural responses (Bownik, 2017, and references therein)].
The 2-min recording process was done at two precise time points, viz.
immediately at the beginning of experiments (0 h), to measure the
short-term effects of NPs on the behaviour, and after 96 h, to assess
long-term responses. The 96 h exposure time was chosen because it was
shown that D. magna exhibited an increased sensitivity to NPs during
this period of time, as evaluated through the respective immobilization
EC50’s [e.g. for TiO2NPs: 96-h EC50= 0.73mg L−1; 72-h
EC50= 3.8 mg L−1; Dabrunz et al. (2011)].

The average swimming height, i.e. the vertical path length (in mm),
from the bottom to the top of the test vessel [an addition parameter that
has been proven to provide a good feedback on the negative effects
induced by the exposure of animals belonging to the genus Daphnia to
chemical substances, including NPs (Bownik, 2017)], and allocation
time (defined as the time that animals spent in a specific zone within
the test vessel; in s) were assessed as behaviour-related markers. For
allocation time evaluation, the total volume of the test vessel (Fig. S1,
B–C) was horizontally divided into three same-sized swimming zones,
named 1 (top), 2 (centre) and 3 (bottom). Normally, zooplankton or-
ganisms belonging to the genus Daphnia present randomly swimming
trajectories in defined volumes of water when stimuli (e.g. predator
cues, matting, light) are absent, like in our experimental setup (Uttieri
et al., 2004, 2005). Once organisms detect a chemical signal (e.g. dis-
persed NPs), their swimming behaviour become more coherent and
deterministic, thus reflecting a change in the resulting trajectories (see
e.g. Noss et al. (2013) for TiO2NPs). These observations served as the
rationale for the selection of the swimming zones within the test vessel,
thereby assuming zone 2 as the preferred one. The pH, temperature and
dissolved oxygen were monitored with a digital precision meter (WTW
Multi 3430, WTW GmbH, Weilheim, Germany) in all treatments and
respective controls, both directly after media preparation (0 h) and after
96 h (Table S2). All parameters fulfilled the criteria of the OECD test
guideline No. 202 (OECD, 2004).

2.4.3. Biochemical assays
After the 96 h of exposure required for the behavioural assays, the

animals were removed from the test vessel and appropriately main-
tained on ice until storage. For this purpose, the organisms in each
replicate (N=3–4; 9–10 animals per replicate; 14-d old) were pooled
together to yield enough biomass for the determination of total protein
content and biochemical markers. Aiming at a complete removal of NPs
from the outer carapace of D. magna, each pool of organisms was
carefully rinsed thrice with 0.1 M phosphate buffer saline (pH 7.4) to
prevent potential bias caused by in vitro interactions. The organisms
were then immediately transferred to 1.5mL microtubes, filled with
ice-cold 0.1 M phosphate buffer saline (pH 7.4) at 100 μL organism−1,
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snap-frozen in liquid nitrogen and stored at -80 °C until processing.
A battery of biochemical markers related to neurotransmission

(acetylcholinesterase, AChE), anaerobic metabolism (lactate dehy-
drogenase, LDH), biotransformation (glutathione S-transferase, GST),
and oxidative stress (catalase, CAT; lipid peroxidation, LPO) were
subsequently determined. These biochemical markers were selected
because published literature has already shown that they were affected
in D. magna exposed to NPs (see e.g. Klaper et al., 2009; Ulm et al.,
2015). Samples were thawed on ice and homogenized with an ultra-
sonic homogenizer (Sonifier 250A, Branson Ultrasonics, Danbury,
Connecticut, USA; pulse intensity and duration adjusted accordingly).
An aliquot of 150 μL of the resulting homogenate was placed in a mi-
crotube with 4 μL 2,6-Di-tert-butyl-4-methylphenol for LPO determina-
tion. The remaining volume was centrifuged at 10,000×g for 20min at
4 °C to separate the post-mitochondrial supernatant. This fraction was
divided into aliquots for the subsequent quantification of each enzy-
matic activity and further diluted in 0.1 M phosphate buffer saline (pH
7.4) whenever necessary. All reactions were performed in 96-wells
microplates at 25 °C and determined spectrophotometrically in a mi-
croplate reader (Multiskan Spectrum, Thermo Fisher Scientific, Wal-
tham, USA) by following the methodologies briefly described below.

The AChE activity was measured by using acetylthiocholine iodide
as substrate, according to Ellman et al. (1961) and adapted to micro-
plate by Guilhermino et al. (1996), through monitoring the absorbance
(414 nm) of complexes formed by the thiol reagent 5,5′-dithiobis(2-
nitrobenzoic acid) and thiocholine, every 20 s, during 5min
(ε414= 1.36×104 M−1 cm−1). The AChE activity was expressed as
nmol of hydrolysed substrate per min per mg of protein. The LDH ac-
tivity was evaluated by monitoring, at 340 nm (every 20 s, during
5min), the decrease of NADH (ε340= 6.3 mM−1 cm−1) due to its oxi-
dation, as per Vassault (1983), adapted to microplate (Diamantino
et al., 2001), and expressed as nmol of hydrolysed substrate per min per
mg of protein. The GST activity was measured according to the method
of Habig et al. (1974), adapted to microplate, and monitored every 20 s
during 5min at 340 nm; it was expressed as nmol of the conjugated
substrate (2,4-dinitrochlorobenzene plus reduced glutathione) per min
per mg protein (ε340= 9.6×103 M−1 cm−1). The CAT activity was
assayed by following the decrease of absorbance at 240 nm due to H2O2

consumption (ε240= 40 M−1 cm−1), recorded every 10 s during 2min,
and expressed as μmol of hydrolysed H2O2 per min per mg protein
(Clairborne, 1985). The LPO levels were quantified according to the
thiobarbituric acid reactive substances assay (Ohkawa et al., 1979), by
measuring the amount of malondialdehyde-thiobarbituric acid complex
(ε535= 1.56×105 M−1 cm−1), and expressed as nmol of hydrolysed
thiobarbituric acid reactive substances per mg of protein. All bio-
chemical marker measurements were repeated 2–4 times and normal-
ized to protein concentration. Protein was determined at 595 nm
(Bradford, 1976), with the Bio-Rad® dye-binding micro-assay method
adapted for 96-well microplates. The bovine γ-globulin was used as
standard.

All reagents for the determination of enzymatic activities, lipid
peroxidation, and protein assays were of the highest available analy-
tical grade quality (≥ 99%) and were purchased from Merck KGaA
(Darmstadt, Germany), with the exception of Bradford reagent (Bio-
Rad, Munich, Germany). Ultra-pure water was prepared by using a
Milli-Q modified academic water purification system (Merck KGaA,
Darmstadt, Germany).

2.5. Characterisation of nanoparticles

Scanning transmission electron microscopy was performed on a FEI
Talos F200X electron microscope (Thermo Fisher Scientific, Waltham,
Massachusetts, USA) with an acceleration voltage of 200 kV. A high-
angle annular dark-field detector was used for a better contrast of NPs
containing heavy elements (Ag and Ti) within an otherwise organic
background. Energy-dispersive x-ray analysis was performed with a

Super-X energy-dispersive x-ray detector to obtain spatially resolved
elemental information. Fresh stock suspensions of AgNPs and TiO2NPs
at 100 μg L−1 (nominal) were prepared in ASTM medium. At the be-
ginning of the exposure (time point 0 h; see Section 2.4), two aliquots
from stocks (40mL each) were sampled, immediately frozen in liquid
nitrogen in polypropylene centrifuge tubes (VWR International,
Darmstadt, Germany) and stored at −20 °C until use. The remaining
dispersions (170mL each) were transferred into sterile glass bottles and
submitted to a 16/8 h (light/dark) photoperiod, at 20 ± 2 °C, for 96 h.
Afterwards, the dispersions were homogenized by manual shaking and
particles isolated from respective media via cloud point extraction
(Hartmann et al., 2013). In parallel, previously frozen samples of ASTM
medium and effluents (see Section 2.2) were thawed in a water bath at
30 °C before preparation. All of the extracts proceeding from ASTM
medium and effluent matrices were centrifuged onto an amorphous
carbon-coated copper grid (200 mesh, Plano, Wetzlar, Germany). Or-
ganic residues were removed by depositing small droplets of absolute
ethanol (≥ 99.8%, VWR, Germany) on the copper grid, which were
absorbed by underlying paper tissue.

The kinetic determination of particle size distribution was per-
formed by single particle ICP-MS (spICP-MS) in ASTM medium aliquots
withdrawn from a glass vessel in which organisms were exposed
(Section 2.4). Contrary to TEM analysis, the medium in the test vessel
was not homogenized before sampling in spICP-MS determinations
because of the experimental design followed in the behavioural assays
(see Section 2.4.2. for details). Accordingly, aliquots with a defined
volume were taken from the middle zone of the test vessel at 0, 3, 6, 12,
24, 48, 72 and 96 h. A model iCAP Qc (Thermo Fischer Instrument,
Bremen, Germany) quadrupole ICP-MS was used. For characterisation
of NM-300 K NPs, the size calibration was done with 20 nm AgNPs
(ECP1374, nanoComposix, San Diego, CA, USA), with a mean particle
size of 18.5 ± 3.4 nm (TEM provided by the manufacturer). For
characterisation of NM-105 NPs, the size calibration was done with
TiO2NPs (IoLiTec Ionic Liquids Technologies GmbH, Heilbronn, Ger-
many), with a mean particle size of 41.5 ± 9.9 nm (in-house TEM
measurements). Prior to spICP-MS measurements, samples were diluted
with double distilled water in polypropylene centrifuge tubes (VWR
International, Darmstadt, Germany) to ensure the detection of in-
dividual particles and were analysed right after dilution. A total con-
sumption microflow DS-5 nebulizer (Teledyne CETAC Technologies,
Omaha, NE, USA), operating at a self-aspiration rate of ∼ 5 μL min−1

and a low-volume spray chamber, was used for the analysis of AgNPs. A
MicroFlow PFA-50 nebulizer (Thermo Fisher Scientific, Bremen, Ger-
many), with a self-aspiration rate of ∼ 65 μLmin−1 at 1 L min−1 of
argon (according to the manufacturer instructions), and a Peltier-cooled
cyclonic quartz spray chamber, held at 3 °C, were used for the analysis
of TiO2NPs. An additional roughing pump (Sogevac SV40 BI, Leybold,
Cologne, Germany) was connected to the instrument to decrease the
interface pressure. Due to the principal limitation of the quadrupole
mass analyser, only one isotope (107Ag+ or 49Ti+) was monitored at a
time to get continuous time-resolved measurements. A prototype data
acquisition system (Strenge and Engelhard, 2016), which was applied
earlier for AgNP (Mozhayeva and Engelhard, 2017; Mozhayeva et al.,
2017) and AuNP (Franze et al., 2017) characterization, was used to
continuously acquire data with 5 μs time resolution to avoid signal ar-
tefacts often encountered in spICP-MS (Mozhayeva and Engelhard,
2020). The spICP-MS measurements were performed during 10min and
3min for AgNPs and TiO2NPs, respectively. The main spICP-MS in-
strumental parameters are presented in Table S3.

2.6. Statistical analysis

Each data set of swimming height and biochemical markers was
tested beforehand for normal distribution (Shapiro-Wilk test) and
homoscedasticity (Brown-Forsythe test) prior to further analysis (all
variables met the required assumptions). For swimming height analysis,
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a two-way analysis of variance (ANOVA), followed by Tukey’s post-hoc
test was used to determine the interactive effect of each treatment (test
medium with NPs, including controls) with the respective time point (0
or 96 h).

For the evaluation of immobilization, an appropriate dose-response
model was adopted for each treatment and each particular time point.
The model was selected based on Akaike’s information criterion for
each dataset of immobile organisms, thus allowing the calculation of
the respective median effective concentrations (96-h EC50s) by using
the ‘drc’ extension package (Ritz et al., 2016).

For the evaluation of allocation time, the mean ± standard error
(SE) of animals distributed in each zone (1 – top; 2 – centre; and/or 3 –
bottom) of the test vessel were determined. To analyse allocation time
in the experiments, we used linear mixed effect in R (LMER) models
with the lmer function of the ‘lmerTest’ package (Kuznetsova et al.,
2017). The effect of each treatment assessed at each particular time
point was analysed separately in a different model, with allocation time
as the dependent variable. All models were computed to check if the
allocation time of organisms followed a concentration-response pattern,
taking into account all treatments and respective controls (EFF, DA or
CT), wherefore the concentrations and controls were included into the
models as numerical variables (fixed effects). Additionally, to test dif-
ferences between DA and CT in the experiment with ASTM-dispersed
AgNPs (Experiment 1B; Table 1), another model was performed, with
allocation time as the dependent variable (as above), and DA and CT as
categorical variables (fixed factors). The same settings of variables and
factors as previously described were applied for two additional models,
to compare the CT of Experiments 1B and 2B to the EFF of Experiments
1A and 2A (Table 1). The identity of animals nested in the test vessel
was included as a random effect in all models. The verification of the
assumptions of the models by visual inspection of residual plots (Q/Q,
residuals against adjusted values and normality of residues) showed no

clear deviations from normality and homoscedasticity. Conditional
plots were made using the ‘visreg’ package (Breheny and Burchett,
2016).

For the analysis of biochemical markers, a one-way ANOVA fol-
lowed by Dunnett’s post-hoc test was used to check the differences be-
tween treatments and controls; the differences between means of the
same concentration of NPs dispersed in different tested media or be-
tween controls were assessed with t-tests.

The analysis of swimming behaviour-related markers and calcula-
tion of 96-h EC50 were done using R for Windows (version 3.2.4). All
other analyses were performed with SigmaPlot for Windows, v. 14
(Systat Software, Inc., San Jose, CA, USA) and Statistica 64, v. 12
(StatSoft Inc., Tulsa, OK, USA). Results are expressed as mean ± SE
and α-level set at 0.05.

3. Results

3.1. Particle characterisation and size distribution

As revealed by TEM, the ASTM-dispersed AgNPs possessed a modal
diameter of 15.5 ± 2.4 nm at 0 h, which did not change over time
(15.6 ± 2.2 nm after 96 h; Fig. S2). The ASTM-dispersed TiO2NPs
formed agglomerates, comprising primary TiO2 particles with a dia-
meter of 23.1 ± 6.2 nm at 0 h, which also remained constant after 96 h
(26.0 ± 5.8 nm; Fig. S3). The energy-dispersive x-ray analysis of
wastewater-borne AgNPs showed that Ag was always co-localized with
substantial amounts of sulphur, indicating a change in their chemical
composition, from pristine Ag towards silver sulphide (Ag2S). This was
supported by the atomic Ag/S ratio of ∼ 2:1 (Fig. 1A). It is therefore
assumed that AgNPs were completely sulphidized in the effluent ma-
trix. By contrast, the ASTM-dispersed AgNPs were not chemically af-
fected over the 96-h period (Fig. 1B). In comparison to the sulphidized

Fig. 1. High-angle annular dark-field scanning transmission electron microscopy images and elemental maps of (A) wastewater-borne AgNPs and (B) ASTM-dispersed
AgNPs. The energy-dispersive x-ray spectra correspond to the highlighted regions of interest.
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NPs, the amount of sulphur in ASTM-dispersed AgNPs was found to be
substantially lower (atomic Ag/S ratio of ∼ 23:1) and most likely
stemmed from sulphate ions present in the ASTM medium (Fig. 1B).

For TiO2NPs, the particles present in effluent and ASTM medium did
not undergo any transformation because of their chemical inertness. In
both matrices, the small amounts of sulphur detected by energy-dis-
persive x-ray analysis were exclusively attached to the organic matrix,
as observed in the elemental maps (Fig. 2A, B). This was supported by
the homogeneous distribution of sulphur on TiO2 particles compared to
locally concentrated signals of Ti and oxygen. Other elemental signals
are either attributed contaminations (Si), spurious X-rays from the
support grid (Cu), organic residues from the AgNP stabilizer and/or the
cloud point extraction surfactant (C, O), or even residues (N, Na, Ca, P)
from wastewater effluent or the ASTM medium (Fig. 1, 2).

The mean particle size evolution over time of ASTM-dispersed NPs
obtained by spICP-MS is shown in Fig. 3. The size detection limit for
both types of NPs was 10 nm (using Poisson statistics for data handling,
with 5% false positive and 5% false negative error tolerances)
(Mozhayeva and Engelhard, 2019). A Gaussian distribution was used
for fitting particle size distributions. Due to the dispersing agent, all Ag
particles remained practically stable over 96 h in all dispersions and the
mean particle size did not change to a high extent among all tested
concentrations (Fig. 3A). Assuming a spherical shape of TiO2 particles
at all tested concentrations, the mean particle size decreased by
47.0 ± 6.7% until 12 h and then slightly decreased by up to
51.7 ± 6.7% of their initial average size after 96 h (in absolute: from
34 ± 1 nm at 0 h, to 17.2 ± 0.5 nm at 12 h, and to 15.6 ± 0.2 nm at
96 h; Fig. 3B).

3.2. Effects of wastewater-borne and ASTM-dispersed NPs

3.2.1. Effects on immobilization
The exposure to wastewater-borne AgNPs induced no effect on the

immobilization of D. magna (Experiment 1A; Table S4). Though, the
exposure of animals to ASTM-dispersed AgNPs resulted in a 96-h EC50

for immobilization of 113.8 μg L−1 AgNPs (Experiment 1B; Table S4).
The wastewater-borne TiO2NPs (Experiment 2A; Table S4) and ASTM-
dispersed TiO2NPs (Experiment 2B; Table S4) caused low immobiliza-
tion (≤ 4%) of animals. Due to 100% immobilization of animals with
125 μg L−1 of ASTM-dispersed AgNPs at 96 h (Table S4), the respective
treatment was not performed on the following behavioural and bio-
chemical analyses.

3.2.2. Effects on behaviour
3.2.2.1. Swimming height. Concerning the effects of wastewater-borne
or ASTM-dispersed AgNPs on the swimming height of D. magna (Fig. 4),
a significant interaction was only observed between exposure duration
and treatment (p= 0.011). Over time, i.e. from 0 to 96 h, there was a
significant decrease in the swimming height of about 33, 44, and 40%
in animals respectively exposed to DA, to 50 μg L−1 of wastewater-
borne AgNPs, and to 75 μg L−1 of ASTM-dispersed AgNPs (p < 0.05).

Regarding the effects of wastewater-borne or ASTM-dispersed
TiO2NPs on the swimming height over time (Fig. 5), a significant in-
teraction occurred between exposure duration and treatment factors
(p < 0.001). Furthermore, significant differences were detected be-
tween the levels of each individual factor (p < 0.001).

At time 0 h, the animals exposed to 12.5 μg L−1 of wastewater-borne
TiO2NPs reduced swimming height to 39% compared to EFF; contrarily,
the animals exposed to 12.5 μg L−1 of ASTM-dispersed TiO2NPs showed
an increase of 55% of swimming height compared to CT (p < 0.05).
Still, at 0 h, the swimming height of D. magna exposed to 12.5 μg L−1 of

Fig. 2. High-angle annular dark-field scanning transmission electron microscopy images and elemental maps of (A) wastewater-borne TiO2NPs and (B) ASTM-
dispersed TiO2NPs. The energy-dispersive x-ray spectra correspond to the highlighted regions of interest.
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wastewater-borne TiO2NPs was significantly lower than in those ani-
mals exposed to 12.5 μg L−1 of ASTM-dispersed TiO2NPs (p < 0.05).

In general, there was a trend for reducing swimming height in or-
ganisms over time (from 0 to 96 h). Namely, this parameter was sig-
nificantly reduced at 96 h by 38, 51, 28 and 29% in D. magna exposed to
EFF, 25, 50 and 75 μg L−1 of wastewater-borne TiO2NPs, respectively,
and by 45 and 29% in animals exposed to 12.5 and 25 μg L−1 ASTM-
dispersed TiO2NPs, respectively.

3.2.2.2. Allocation time. In experiments with AgNPs, at both time
points, D. magna exposed to DA spent more time in zone 1 (top)
compared to animals in CT (LMER, estimates: 12.43 (0 h), 44.38 (96 h);
SE: 5.47 (0 h), 7.00 (96 h); t-value: 2.27 (0 h), 6.34 (96 h); p≤ 0.03;
Table S5, Fig. 6A, B). At both time points, animals in EFF spent more
time in zone 1 (LMER, estimates: 17.80 (0 h), 22.67 (96 h); SE: 6.69
(0 h), 9.08 (96 h); t-value: 2.66 (0 h), 2.50 (96 h); p≤ 0.02), and zone 3
(LMER, estimates: 16.97 (0 h), 10.50 (96 h); SE: 5.37 (0 h), 4.05 (96 h);
t-value: 3.16 (0 h), 2.59 (96 h); p≤ 0.01) compared to animals in CT
(Table S5; Fig. 6C, D).

The allocation time per zone of D. magna was not affected by was-
tewater-borne AgNPs at both time points [LMER, p > 0.05 (slope of
each model); Table S5, Fig. 6E, F]. Notwithstanding, at 0 h, animals
treated with ASTM-dispersed AgNPs spent more time in zone 1 (LMER,
estimate: 3.63, SE: 1.27, t-value: 2.86, p < 0.005) and zone 3 (LMER,
estimate: 2.59, SE: 0.98, t-value: 2.63, p= 0.009), and less time in zone
2 (LMER, estimate: -2.23, SE: 0.78, t-value: -2.87, p= 0.004) (Table S5;
Fig. 6G). At 96 h, animals treated with ASTM-dispersed AgNPs spent
more time in zone 2 (LMER, estimate: 3.76, SE: 1.38, t-value: 2.72, p=
0.006) and zone 3 (LMER, estimate: 3.29, SE: 0.44, t-value: 7.40, p <
0.001), and less time in zone 1 (LMER, estimate: -8.85, SE: 1.60, t-value:
-5.53, p < 0.001) (Table S5; Fig. 6H).

The effects of TiO2NPs on the allocation time of D. magna are de-
picted in Fig. 7. At 0 h, compared to CT, the EFF exposed animals spent
more time in zone 3 (LMER, estimate: 22.05, SE: 3.16, t-value: 6.98,
p < 0.001) and less time in zone 2 (LMER, estimate: -11.10, SE: 5.18,
t-value: -2.15, p = 0.034; Table S5; Fig. 7A), and animals exposed to
increasing concentrations of wastewater-borne TiO2NPs spent less time
in zone 2 (LMER, estimate: -1.82, SE: 0.92, t-value: -1.99, p= 0.047).

Fig. 3. Mean particle size ± SE of the Gaussian distribution of (A) AgNPs and (B) TiO2NPs dispersed in ASTM medium at the tested concentrations, and monitored
over 96 h. Results of single particle inductively coupled plasma-mass spectrometry with 5 μs time resolution.

Fig. 4. Swimming height (mean ± SE) of
Daphnia magna (N=4–5; 9–10 animals per
replicate) exposed to wastewater-borne and
ASTM-dispersed AgNPs at 0 and 96 h. Effluent
(EFF), dispersing agent (DA) and negative
control (CT) are the experimental controls. The
• indicates significant differences between NP
concentrations dispersed in the same media at
different time points (two-way ANOVA fol-
lowed by Tukey’s post-hoc test; p < 0.05).
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At 96 h, compared to CT, the EFF exposed animals spent less time in
zone 1 (LMER, estimate: -15.70, SE: 7.32, t-value: -2.15, p= 0.034)
and more time in zone 3 (LMER, estimate: 15.39, SE: 2.38, t-value: 6.47,
p < 0.001) and animals spent more time in zone 1 (LMER, estimate:
32.00, SE: 3.78, t-value: 8.47, p < 0.001) and less time in zone 3
(LMER, estimate: -0.76, SE: 0.32, t-value: -2.40, p= 0.017) with in-
creasing concentrations of wastewater-borne TiO2NPs. In a different
way, at 0 h, animals treated with increasing concentrations of ASTM-
dispersed TiO2NPs spent more time in zone 1 (LMER, estimate: 3.36,
SE: 1.28, t-value: 2.63, p < 0.001) and less time in zone 2 (LMER,
estimate: -3.90, SE: 0.81, t-value: -4.81, p < 0.001) (Table S5; Fig. 7E).
At 96 h, with increasing concentrations of ASTM-dispersed TiO2NPs,
animals spent less time (LMER, estimate: -4.72, SE: 0.96, t-value: -4.90,
p < 0.001) and more time (LMER, estimate: 5.67, SE: 0.83, t-value:
6.69, p < 0.001) in zones 2 and 3, respectively (Table S5; Fig. 7F).

3.2.3. Effects on biochemical markers
Compared to CT exposed D. magna, the DA exposed animals re-

spectively showed a significant reduction of 37 and 21% of AChE and
GST activities, and an increase of 33% of LDH activity (p≤ 0.03;
Fig. 8). Compared to CT exposed organisms, the CAT activity sig-
nificantly increased by 32 and 229% in EFF exposed animals used in
AgNPs and TiO2NPs experiments, respectively (p≤ 0.02; Fig. 8G, H).
Besides, in TiO2NP experiments, the EFF exposure caused a decrease of
64% and an increment of 44% on AChE and GST activities, respectively
(p= 0.01; Fig. 8B, F).

In experiments with AgNPs, the AChE was only affected by the 75 μg
L−1 exposure to wastewater-borne AgNPs and the respective activity
decreased 35% (p = 0.03; Fig. 8A). The AChE activity was 25% higher
in 100 μg L−1 of wastewater-borne AgNPs compared to ASTM-dispersed
AgNPs at the same tested concentration (p= 0.01; Fig. 8A). Compared
to EFF, the animals exposed to wastewater-borne AgNPs presented an
increase of LDH activity of 129 and 180% at 50 and 125 μg L−1, re-
spectively (p < 0.001; Fig. 8C). Compared to D. magna exposed to
ASTM-dispersed AgNPs at the same concentrations, the animals treated
with 25 and 50 μg L−1 of wastewater-borne AgNPs presented a higher
LDH activity of 26 and 48%, respectively (p= 0.01; Fig. 8C).

Compared to EFF exposed D. magna, there was an increase of GST ac-
tivity of 120% in animals exposed to 100 μg L−1 of wastewater-borne
AgNPs (p= 0.01; Fig. 8E). Furthermore, the GST activity was 19%
higher at 100 μg L−1 of wastewater-borne AgNPs compared to ASTM-
dispersed AgNPs at the same concentration (p= 0.01; Fig. 8E). Com-
pared to controls, organisms exposed to wastewater-borne AgNPs
showed a reduction on CAT activity of 63, 69 and 65% with 25, 50 and
75 μg L−1 AgNPs, respectively (p≤ 0.01; Fig. 8G). Besides, the CAT
activity was 14 and 40% higher in organisms respectively exposed to 25
and 100 μg L−1 of wastewater-borne AgNPs comparatively to organ-
isms exposed to ASTM-dispersed AgNPs at identical concentrations
(p≤ 0.03; Fig. 8G). Animals exposed to 75 μg L−1 of wastewater-borne
AgNPs presented 22% higher LPO levels than animals exposed to
ASTM-dispersed AgNPs at the same concentration (p = 0.03; Fig. 8I).

In experiments with wastewater-borne TiO2NPs, the only con-
centration responsible for a significant effect on AChE activity of D.
magna was the highest tested (100 μg L−1), and the respective value
raised by 297% compared to EFF (p= 0.001; Fig. 8B). On the contrary,
the AChE activity was reduced by 36 and 34% at 12.5 and 25 μg L−1 of
ASTM-dispersed TiO2NPs, respectively (p≤ 0.03; Fig. 8B). Organisms
exposed to 50 μg L−1 of wastewater-borne TiO2NPs presented a de-
crease on AChE activity of 68% compared to those exposed to ASTM-
dispersed NPs at the same concentration (p = 0.002; Fig. 8B). The LDH
activity was 118% lower in D. magna exposed to 100 μg L−1 of waste-
water-borne TiO2NPs compared to animals exposed to ASTM-dispersed
TiO2NPs at the same concentration (p= 0.04; Fig. 8D). The only sig-
nificant effect of wastewater-borne TiO2NPs on GST was achieved at
25 μg L−1, which caused a reduction of 49% on the respective activity
(p= 0.006; Fig. 8F). Although wastewater-borne TiO2NPs caused no
significant effects on Daphnia´s CAT, 12.5 μg L−1 of ASTM-dispersed
TiO2NPs led to an increase of 449% of its activity (p = 0.03; Fig. 8H).
At last, 25 μg L−1 of ASTM-dispersed TiO2NPs was the only treatment
responsible for a significant change of the LPO levels in D. magna, with
a 52% reduction below controls (p= 0.001; Fig. 8J).

Fig. 5. Swimming height (mean ± SE) of
Daphnia magna (N= 5; 9–10 animals per re-
plicate) exposed to wastewater-borne and
ASTM-dispersed TiO2NPs at 0 and 96 h.
Effluent (EFF) and negative control (CT) are
the experimental controls. The * denotes sig-
nificant differences of each NP concentration
compared to the respective control; • indicates
significant differences between identical con-
trols or identical NP concentrations dispersed
in the same media at different time points; #
represents significant differences between
identical NP concentrations tested in different
exposure media at a particular time point (two-
way ANOVA followed by Tukey’s post-hoc test;
p < 0.05).
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4. Discussion

In this study, we investigated the effects of environmentally relevant
concentrations of wastewater-borne AgNPs and TiO2NPs on beha-
vioural and biochemical markers of D. magna in comparison to effects
induced by the same type of NPs dispersed in ASTM medium.

4.1. Size characterisation of NPs

As shown by TEM and spICP-MS, the average size of Ag particles
was stable over the exposure time, while for TiO2NPs a decrease in the
primary particle size occurred over time for all tested concentrations.
These results are different from Jacobasch et al. (2014), which observed
a rapid increase of particle size with increasing concentrations (from
1.19 to 6mg L−1; nominal) of TiO2NPs (Evonik Aeroxide® P25; anatase-
rutile, 21 nm) immediately upon dispersion in Elendt M4 medium.
Possible explanations for such a difference may be related to the dif-
ferent sampling procedures adopted and the media used in both studies.

In the present work, the decrease of TiO2 particle size after 12 h can be
explained by the absence of a proper dispersing agent, with probable
sedimentation of the formed TiO2 agglomerates. It is worth mentioning
that the aqueous samples for spICP-MS analysis were withdrawn from
the middle of the water column to avoid a possible resuspension of the
settled agglomerates. Notwithstanding, the primary particle size of
TiO2NPs determined by TEM was relatively constant over the 96-h
period. This can be explained by the overall lower number of TiO2

particles (compared to Ag particles) analysed by TEM, which most
likely had an impact on the accuracy of particle size distribution de-
termination, thus causing a minor deviation in their modal value over
time. The diameter of TiO2 particles represents the equivalent circle
diameter since these particles are irregularly shaped within the ag-
glomerates. Still, the different findings obtained with both analytical
techniques herein applied could be explained by different sampling
procedures in different media. Effectively, TEM samples were obtained
from homogenized dispersions and therefore all particles and agglom-
erates present in suspension were considered for analysis. This contrasts

Fig. 6. Conditional plots for the allocation time of Daphnia magna exposed to different AgNP treatments (test media+NPs) at 0 and 96 h for each zone of the vessel
(1, top; 2, central, or 3, bottom), predicted for controls (0 h: A, C; 96 h: B, D) and concentration gradient of AgNPs (0 h: E, G; 96 h: F, H). Each panel illustrates the
effects at 0 and 96 h, respectively, between: (A, B) dispersing agent (DA) and negative (CT) controls; (C, D) effluent (EFF) and negative (CT) controls; and different
concentrations of (E, F) wastewater-borne AgNPs and (G, H) ASTM-dispersed AgNPs. Dots represent partial residuals; lines with shaded zones are regression lines
and respective confidence intervals.
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with the sampling procedure adopted in spICP-MS analysis, i.e. without
homogenization. Most likely, the agglomeration had already occurred
in the medium as well as during the sampling deposition (as a drying
artefact), which might have compromised the primary particle size
analysis to a certain degree. In summary, the effects of both types of
NPs described below cannot be simply explained by the variation of
particle size distribution over time.

4.2. Effects on immobilization

The immobilization 96-h EC50 for D. magna exposed to ASTM-dis-
persed AgNPs was 113.8 μg L−1 of nominal Ag, whereas no im-
mobilization was observed in other treatments. This value is in ac-
cordance with Völker et al. (2013a), who obtained an immobilization
48-h EC50 of 121 μg L−1 (nominal) with AgNPs (NM-300 K) dispersed in
M4 medium. However, Muth-Köhne et al. (2013) reported that 0.7 and
5.5 mg L−1 (nominal) of wastewater-borne AgNPs induced toxicity to
48 h-post-fertilized zebrafish (Danio rerio) larvae. Effectively, we found
that wastewater-borne AgNPs did not affect mobility in D. magna,

which is most likely explained by chemical transformations of AgNPs
during the WWTP processing. The obtained scanning transmission
electron microscopy images showed that AgNPs were sulphidized to
Ag2S to a great extent after their passage through the WWTP com-
partments. It is recognized that one important mode of action of AgNPs
is the release of Ag+ from the surface of particles, which is toxic to
aquatic organisms upon uptake (Ratte, 1999; Völker et al., 2013b). The
Ag2S has low water solubility [solubility product (Ksp)= 6×10-51 M3,
at 25 °C], thus resulting in reduced bioavailability and toxicity of the
AgNPs after sulphidation and/or complexation with other effluent li-
gands (Kaegi et al., 2011; Ratte, 1999). Our results are in agreement
with Georgantzopoulou et al. (2018) and Hartmann et al. (2019), who
showed that environmentally relevant concentrations of wastewater-
borne AgNPs caused a significant reduction of toxicity in acute (48 h)
and chronic (21 d) exposure experiments with D. magna, respectively.
Irrespective of their dissolution capacity and the negative impact at the
biochemical level, the assumption that wastewater-borne AgNPs are
probably associated with the effluent solids that settled on the bottom
of the test vessel in the form of precipitates (with reduction of direct

Fig. 7. Conditional plots for the allocation time of Daphnia magna exposed to different TiO2NP treatments (test media+NPs) at 0 and 96 h for each zone of the vessel
(1, top; 2, central, or 3, bottom), predicted for controls (0 h: A; 96 h: B) and concentration gradient of TiO2NPs (0 h: C, E; 96 h: D, F). Each panel illustrates the effects
at 0 and 96 h, respectively, between: (A, B) effluent (EFF) and negative (CT) controls; and different concentrations of (C, D) wastewater-borne TiO2NPs and (E, F)
ASTM-dispersed TiO2NPs. Dots represent partial residuals; lines with shaded zones are regression lines and respective confidence intervals.
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Fig. 8. Enzymatic activities (mean ± SE) of (A, B) acetylcholinesterase (AChE), (C, D) lactate dehydrogenase (LDH), (E, F) glutathione S-transferase, (G, H)
catalase, and (I, J) lipid peroxidation (LPO) levels of Daphnia magna (N=3–4; 9–10 animals per replicate) after a 96 h exposure to AgNPs (A, C, E, G, I) and TiO2NPs
(B, D, F, H, J), presented as wastewater-borne and dispersed in ASTM medium. Effluent (EFF), ASTM medium (CT) and dispersing agent (DA) are NP-free controls.
The * represents significant differences relatively to controls (t-test or one-way ANOVA followed by Dunnett’s post-hoc test); # represents significant differences (t-
test) between identical NP concentrations or between different controls within different media (p < 0.05).
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exposure and ingestion by animals), should also be considered.
Regarding the effects of TiO2NPs on D. magna immobilization,

Lovern and Klaper (2006) reported a nominal 48-h EC50 of 5.5mg L−1

TiO2NPs, while Dabrunz et al. (2011) found a lower nominal EC50 of
0.73mg L−1 TiO2NPs with a 96-h test duration. However, the effects of
such high concentrations were not considered herein, since experi-
mental designs where based on available PECs (Maurer-Jones et al.,
2013). Hartmann et al. (2019) found that 25−100 μg L−1 (nominal) of
wastewater-borne and ASTM-dispersed TiO2NPs did not affect D. magna
reproduction in up to six generations. In our study, the high mobility of
animals exposed to wastewater-borne TiO2NPs could be justified by the
absence of transformation processes of the TiO2 particles during their
passage throughout the WWTP compartments. This was confirmed by
scanning transmission electron microscopy analysis. On average, ∼
97% of engineered TiO2NPs are released into surface waters in the non-
transformed form and the only known transformation process that oc-
curred during the wastewater treatment is the formation of calcium
titanate (Adam et al., 2018).

4.3. Effects of the dispersing agent

In our study, the AgNPs were sterically stabilized with a lipophilic
mixture of two non-ionic synthetic dispersants in order to improve the
dispersibility of particles, thereby preventing their settling and ag-
glomeration. It is known that dispersing agents may increase NP toxi-
city, mainly through improved dispersibility, promoting the interaction
between NPs and cell surfaces (Deng et al., 2017; Handy et al., 2012).
Effectively, dispersing agents with lipophilic properties can interact
with the lipid bilayer of cell membranes, thereby facilitating uninten-
tional entry of NPs into cells (Deng et al., 2017; Handy et al., 2012).
Our results support the evidence of DA toxicity to D. magna, since, after
96 h, the allocation time of DA exposed animals was affected in the
three zones of the test vessel, being particularly evident at the top, thus
indicating an avoidance response. Furthermore, the lipophilic mixture
of surfactants was probably responsible for the induced effects, not only
at the individual level but also at the biochemical level, since the DA
caused inhibition of both AChE and GST activities, and induction of
LDH activity. Considering other studies, 10 μg L−1 of the same disper-
sing agent mixture caused no significant effects on length, survival rate
and body burden of the freshwater amphipod Hyalella azteca (Kühr
et al., 2018). In addition, Pettersson et al. (2000) confirmed that some
non-ionic surfactants (26 detergents and 5 softeners) caused acute
(48 h) toxicity to D. magna.

4.4. Effects of the effluent

The results of EFF at individual and biochemical level suggest that
the background effluent used in TiO2NP experiments induced neuro-
toxicity and oxidative stress in exposed animals. In D. magna subjected
to this type of effluents, the neurotoxicological responses obtained at
the biochemical level had also implications at the individual level, since
the allocation time at the bottom of the vessel was significantly reduced
over time.

It is well accepted that WWTP effluents comprise a complex mixture
of substances which include, among others, soluble microbial products
derived from the metabolism of different types of bacteria consortia
normally present in synthetic sewage, various types of DOM, colloidal
substances, pharmaceutical products and further potentially harmful
contaminants not eliminated by WWTPs (Kim and Farnazo, 2017;
Mahlalela et al., 2017; Ren et al., 2017; Zhou et al., 2015). This
amalgam of compounds was probably responsible for the observed ef-
fects of the EFF. Furthermore, the different ages of effluents at the
beginning of the exposure assays (4-week and 3-month in AgNP and
TiO2NP experiments, respectively) may also have contributed to the
different observed toxicity effects. It has been shown that ageing and
properties of the exposure matrix may change not only its intrinsic

toxicity but also the respective NP-associated toxicity (Cupi et al., 2015;
Seitz et al., 2015). Consequently, the obtained effects caused by all NP-
containing treatments at both behavioural and biochemical level should
be interpreted in the light of the effect range of the respective back-
ground effluents.

4.5. Behavioural effects of wastewater-borne and ASTM-dispersed NPs

Regarding performed behavioural analyses, the swimming height of
D. magna was neither affected by wastewater-borne AgNPs nor by
ASTM-dispersed AgNPs. At 0 h, the exposure of D. magna to TiO2NPs led
to higher swimming heights, thus showing an immediate response of
animals to this type of NPs. Pokhrel and Dubey (2012) showed that
vertical migration of D. magna was not affected by 2 μg L−1 of citrate-
capped AgNPs (55.9 ± 14.6 nm), but the combination of citrate-AgNPs
and a predator cue (dragonfly nymph, Anax junius) led to a significant
vertical upward response compared to the predator treatment alone.

Considering the allocation time as endpoint, the swimming beha-
viour of D. magna was not affected by wastewater-borne AgNPs. On the
other hand, animals exposed to ASTM-dispersed AgNPs spent more time
at the top and at the bottom of the test vessel, which is in accordance
with the obtained results for immobilization. The lack of changes in
allocation time with wastewater-borne AgNPs could be justified by
chemical transformations of AgNPs into other lesser toxic species (e.g.
Ag2S) in the effluent (Kaegi et al., 2011). Despite the absence of effects
at the individual level, a significant inhibition of AChE activity was
observed with 75 μg L−1 of wastewater-borne AgNPs.

The irregular swimming behaviour of animals exposed to ASTM-
dispersed AgNPs, could be indicative of the impairment of the nervous
system with a consequent loss of orientation. Poynton et al. (2012)
showed that 10-day old D. magna exposed to AgNO3 presented a
downregulation of several gene sets involved in nervous system func-
tion, locomotion, behaviour and developmental processes. In agree-
ment with these findings, important downregulated mechanisms re-
lated to the nervous system functioning were probably disturbed at the
tested concentrations of ASTM-dispersed AgNPs, thus contributing to
the abnormal swimming behaviour. Nevertheless, such mechanisms are
not directly related to AChE, since no alterations in the activity of this
enzyme were observed at all tested concentrations of ASTM-dispersed
AgNPs. Besides, the increased tendency of the animals to swim towards
the vessel surface at increasing concentrations of ASTM-dispersed
AgNPs, at 0 h, may be interpreted as a rapid avoidance response
probably based on a chemoreception mechanism. However, this re-
sponse was lost after 96 h, probably due to a sedimentation process of
the NPs or a yet unknown adaptation process. A similar avoidance
behaviour was already observed in the freshwater snail Physa acuta
exposed to 30 μg L−1 of carboxy-functionalized AgNPs (1−10 nm)
(Justice and Bernot, 2014).

The effects of TiO2NPs on D. magna behaviour were studied by Noss
et al. (2013), which found a concentration-dependent aggregation of
animals in the central region of a vessel immediately upon exposure to
1, 5 and 20mg L−1 of TiO2NPs (Evonik Aeroxide® P25; anatase-rutile,
21 nm). This aggregation phenomenon was interpreted as a kind of
swarming behaviour, a well-known response of Daphnia sp. towards
predator cues, abiotic factors, and neuro-active drugs (Čolović et al.,
2013; Noss et al., 2013; Szulkin et al., 2006). However, Noss et al.
(2013) also noticed that the swarming behaviour of TiO2NP exposed
animals disappeared after 24 h at all tested concentrations. In contrast,
the daphnid’s swarms of our study immediately exposed to wastewater-
borne and ASTM-dispersed TiO2NPs spent less time in the centre of the
vessel. Still, this response was lost after 96 h with wastewater-borne
TiO2NPs but it was maintained with ASTM-dispersed TiO2NPs. Since
TiO2NPs are rarely transformed during WWTP processing (Adam et al.,
2018), a similar behavioural response would be expected in both
TiO2NP containing matrices which did not effectively occur, thus in-
dicating that the two distinct matrices led to distinct effects over time.
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Despite these observations and taking into account the available lit-
erature (Sun et al., 2014), this is the first study which shows that en-
vironmentally relevant concentrations of wastewater-borne TiO2NPs
had a significant impact on the allocation time of D. magna. Therefore,
this parameter should be considered as a good behavioural marker for
an effective assessment of the effects caused by TiO2NPs.

4.6. Biochemical effects of wastewater-borne and ASTM-dispersed NPs

At the biochemical level, the negative impacts were generally more
observed in D. magna exposed to wastewater-borne NPs compared with
those animals exposed to ASTM-dispersed NPs. This was particularly
evident for wastewater-borne AgNPs. These differences can be inter-
preted as a particular response of D. magna to the tested treatments. The
wastewater-borne NPs probably induced the formation of reactive
oxygen species (ROS) that enhanced particular toxicity mechanisms (Li
et al., 2018; Liu and Wang, 2017). Furthermore, the likely formation of
a DOM-protein eco-corona coating around wastewater-borne TiO2NPs
might have contributed to the decrease of irradiation that eventually
reachead the particle surfaces in the effluent, thus contributing to the
potential scavenging of harmful ROS (Seitz et al., 2015; Shakiba et al.,
2018). Regardless of the exposure matrices, the less significant effects
of TiO2NPs compared to AgNPs on the generality of the studied bio-
chemical markers might have been due to the capability of the former
to form stable agglomerates, thus becoming less available to animals
(Sharma, 2009; Zhou et al., 2015).

4.6.1. Effects on AChE activity
In our study, there was an inhibition of AChE activity with 75 μg

L−1 of wastewater-borne AgNPs and with 12.5−25 μg L−1 of ASTM-
dispersed TiO2NPs, thus suggesting neurotoxicity of both types of NPs,
but not in a dose-dependent way. The available literature on the effects
of metals, metal oxides and respective nano-counterparts on AChE ac-
tivity revealed contradictory information maybe due to the absence of
standardization in experimental protocols, such as e.g. different species,
exposure routes, dosing, sizes, and crystal forms of NPs (Šinko et al.,
2014; Ulm et al., 2015). For example, our results are contrary to Ulm
et al. (2015), which showed a concentration-dependent induction of
AChE activity in D. magna neonates with 1−10 μg L−1 of citrate-coated
AgNPs (18.2 ± 10.1 nm) for 48 h. Yet, our findings are concordant
with Katuli et al. (2014), who observed an inhibition of AChE activity in
D. rerio erythrocytes with 2 and 4mg L−1 of AgNPs (25−100 nm) after
21 d. Furthermore, Khalil (2015) observed that 10, 50 and 100 μg kg−1

of TiO2NPs (anatase-rutile; 20−40 nm) inhibited the AChE activity of
the earthworm Pheretima hawayana, in a concentration-dependent
manner, after 28 d. Guan et al. (2018) reported that AChE activity was
inhibited in the blood clam Tegillarca granosa exposed to
0.1−10mg L−1 of TiO2NPs (anatase; 35 ± 5 nm) for 96 h, thereby
suggesting the occurrence of neurotoxicity associated mechanisms.
Through in vitro assays, Wang et al. (2009) showed that the adsorption
of 800mg L−1 of each rutile-DJ3 (50 nm) and anatase-HR3 (5-10 nm)
TiO2NPs to the AChE molecule inhibited its activity after 3min. Al-
though the inhibitory mechanism of AChE activity by AgNPs still re-
mains unclear, it has been suggested that the long-term activity in-
hibition of human AChE is due to the released Ag+, which binds to the
enzymatic complex and cause its irreversible inactivation through loss
of protein structure caused by the reaction of Ag+ with the enzyme
amino acids (Vrček and Šinko, 2013). This inhibitory response could
also be explained by the adsorption of AChE onto the NP surface, with
the subsequent inactivation of the enzyme due to conformational
changes after surface coverage and ion release (Šinko et al., 2014; Vrček
and Šinko, 2013; Wang et al., 2009). Furthermore, the significant in-
duction of AChE activity with the highest concentration of wastewater-
borne TiO2NPs obtained in our study could be explained by a de novo
synthesis of the enzyme to cope with the imposed stress. A similar
compensatory mechanism was already reported in D. magna exposed to

insecticides (Ren et al., 2017). Likewise, this adaptative mechanism was
also observed in the marine scallop Chlamys farreri treated with
1mg L−1 of TiO2NPs (anatase-rutile; 21 nm) for 14 d (Xia et al., 2017).
Still, the detailed mechanism by which NPs inhibited or stimulated the
AChE activity remains unclear in terms of the specific binding inter-
actions between the enzyme and each particular type of NPs.

4.6.2. Effects on anaerobic metabolism
The evolution of LDH activity can function as a good biochemical

marker of the anaerobic metabolism triggered by contaminants or other
high-energy demanding factors. Although TiO2NPs did not cause any
effects on LDH activity of D. magna, overall there was an induction
trend in its activity with wastewater-borne AgNPs, thus suggesting an
increase of the anaerobic metabolism triggered by the imposed nano-
chemical stress.

4.6.3. Oxidative stress responses
In our study, it appears that ASTM-dispersed AgNPs did not cause

any oxidative stress to D. magna. On the contrary, the wastewater-borne
AgNPs seem to induce oxidative stress to the animals, since significant
alterations in both GST and CAT activities were registered. Despite the
inhibition of CAT activity at the lowest AgNP concentrations, the LPO
levels were neither affected by wastewater-borne AgNPs nor by ASTM-
dispersed AgNPs. In general, a similar response occurred in animals
exposed to wastewater-borne TiO2NPs and ASTM-dispersed TiO2NPs.
As pointed by Xiong et al. (2011), this might be explained by the low
concentrations of both types of NPs, which were incapable of gen-
erating enough ROS to trigger oxidative lipid damage.

The inhibition of CAT activity with wastewater-borne AgNPs could
be explained by the build-up of H2O2 and other ROS inside the cells,
thus contributing to an imbalance between oxidative stress and the
antioxidant defence system through a process of enzymatic denatura-
tion, with a consequent loss of enzymatic activity. A similar inhibitory
effect on CAT activity was obtained in the brain of two freshwater fish,
viz. Nile tilapia (Oreochromis niloticus) and redbelly tilapia (Tilapia zillii)
exposed to 4mg L−1 of AgNPs (< 100 nm), suggesting an over-accu-
mulation of ROS which exceeded the scavenging ability of the anti-
oxidant defence system, yet without any oxidative damage (Afifi et al.,
2016). However, different results were obtained by Ulm et al. (2015),
who observed an increase of CAT activity in D. magna neonates sub-
mitted for 48 h to 0.5−10 μg L−1 of citrate-coated AgNPs
(18.2 ± 10.1 nm) and 0.01-0.3 μg L−1 of Ag+. These authors sug-
gested that the induction of CAT activity with AgNPs are indicative of
ROS production, while the induction and posterior decrease of its ac-
tivity with increasing Ag+ concentrations was due to the increased
production of hydroxyl radicals by Ag+, which led to a rapid in-
activation of CAT activity caused by high H2O2 concentrations. As
above-mentioned, the Ag+ is known to be released from AgNPs during
oxidation processes, which requires both dissolved O2 and H+, and this
reaction culminates with the release of injurious peroxide inter-
mediates, thereby leading to oxidative stress (Liu and Hurt, 2010).

Also relevant to our study was the induction of CAT activity with all
tested concentrations of ASTM-dispersed TiO2NPs, albeit only sig-
nificant at the lowest one. These findings are substantiated by Klaper
et al. (2009), which showed that the CAT activity of Daphnia pulex was
enhanced by 75−500mg L−1 of TiO2NPs (anatase,< 25 nm) after
24 h, thus reflecting oxidative stress. Canesi et al. (2010) showed that
CAT and GST activities increased in the bivalve Mytilus galloprovincialis
exposed to 1−5mg L−1 of TiO2NPs (Evonik Aeroxide® P25; anatase-
rutile; 21 nm) during 24 h. Nevertheless, in our study, the GST activity
was unchanged with ASTM-dispersed TiO2NPs, which suggests that the
imposed chemical stress was not strong enough to instigate other
pathways involved in the antioxidant system after an apparent induc-
tion of CAT activity. Since the primary outcome of the antioxidant
defence system after a cascade of reactions due to NP exposure is the
activation of phase II detoxification enzymes, our results are in
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agreement with the hierarchical oxidative stress hypothesis initially
proposed by Nel et al. (2006) which describes the three-tiered me-
chanism for NP-mediated oxidative stress.

5. Conclusion

The integrated approach, herein followed at both behavioural and
biochemical level, clearly offered the advantage of allowing for an
immediate (0 h) and early (96 h) detection of the health status of D.
magna before the occurrence of more severe effects after longer ex-
posure periods. Aligned with the published literature on the fate and
effects of wastewater-borne NPs to aquatic biota, our findings went
further in the state of the art and, for D. magna exposed to en-
vironmentally relevant concentrations of NPs, demonstrated that: (i)
the wastewater-borne TiO2NPs are prone to induce disturbances on D.
magna swimming behaviour, particularly upon their prompt exposure;
and (ii) even though wastewater-borne AgNPs caused minor effects on
the swimming behaviour of the animals over 96 h, it is clear that their
antioxidant machinery was affected by wastewater-borne AgNPs. In
brief, the chosen behavioural-related parameters proved to be suitable
for the assessment of toxic effects caused by wastewater-borne NPs in D.
magna. Besides, the battery of selected biochemical markers can effec-
tively function as important warning indicators for the detection of
adverse effects caused by this type of xenobiotics. Accordingly, this
behavioural-biochemical integrative approach can therefore provide
essential and early warning background information to the environ-
mental policymakers and stakeholders enrolled in the environmental
risk assessment of NPs present in WWTP effluents.

Although the toxicological effects induced by wastewater-borne NPs
may vary due to different factors, like e.g. type of NPs, exposure
medium, dispersing agent, etc., our findings added relevant information
to the current topic. Regarding the way by which wastewater-borne NPs
interact with biotic (e.g. molecules, cells, individuals) and/or abiotic
(e.g. pH, ionic strength, DOM) variables within the effluent, it is likely
that their mechanism of action could be much more complex compared
to the corresponding one after dispersion in less elaborate matrices, like
e.g. ASTM medium. Besides NPs, the presence of additional substances
and unknown xenobiotics in the effluent should also be considered in
forthcoming investigations. Therefore, it will be advisable to gather
additional data about the interaction of biotic and abiotic factors re-
garding each NP-matrix interaction in order to better comprehend the
associated toxicological mechanisms. Also important is the choice of
suitable dispersion agents during NP manufacturing, since some detri-
mental effects were observed with the chemicals used for AgNP solu-
bilisation. This highlights the need for a deeper understanding of the
chemical composition of the dispersion agent in order to better com-
prehend the potential resulting side-effects within a particular disper-
sion, not only in standardized laboratory media but also in more
complex matrices. In this regard, the aggregation state of wastewater-
borne NPs could inevitably change in complex environments and there
is still a gap in the discussion about the use of suitable solubilizing
agents in the view of their environmental relevance. Arguably, the use
of natural compounds, like e.g. DOM would be of greater relevance
since they occur in realistic scenarios. Bearing these environmental
implications in mind, future integrated approaches should contemplate
longer periods of time, like those followed in chronic and multi-gen-
erational studies. Concluding, the usual ecotoxicity tests carried out in
the laboratory to evaluate NP toxicity from wastewater effluents should
involve other than the routinely used synthetic waters as they may
underestimate the toxicity of NPs.
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