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The existing limitations in analytical techniques for characterization and quantification of nanoscale
plastic debris (NPD) in organisms hinder understanding of the parental and trophic transfer of NPD in
organisms. Herein, we used iron oxide-doped polystyrene (PS) NPD (Fe-PS-NPD) of 270 nm and Euro-
pium (Eu)-doped PS-NPD (Eu-PS-NPD) of 640 nm to circumvent these limitations and to evaluate the
influence of particle size on the trophic transfer of NPD along an algae-daphnids food chain and on the
reproduction of daphnids fed with NPD-exposed algae. We used Fe and Eu as proxies for the Fe-PS-NPD
and Eu-Ps-NPD, respectively. The algae cells (Pseudokirchinella subcapitata) were exposed to 4.8 � 1010

particles/L of Fe-PS-NPD or Eu-PS-NPD for 72 h. A high percentage (>60%) of the NPD was associated
with algal cells. Only a small fraction (<11%) of the NPD, however, was transferred to daphnids fed for 21
days on the NPD-exposed algae. The uptake and trophic transfer of the 270 nm Fe-PS-NPD were higher
than those for the 640 nm Eu-PS-NPD, indicating that smaller NPD are more likely to transfer along food
chains. After exposure to Fe-PS-NPD, the time to first brood was prolonged and the number of neonates
per adult significantly decreased compared to the control without any exposure and compared to
daphnids exposed to the Eu-Ps-NPD. The offspring of daphnids exposed to Eu-PS-NPD through algae,
showed a traceable concentration of Eu, suggesting that NPD are transferred from parents to offspring.
We conclude that NPD can be transferred in food chains and caused reproductive toxicity as a function of
NPD size. Studies with prolonged exposure and weathered NPD are endeavored to increase environ-
mental realism of the impacts determined.
© 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Nanoscale plastic debris (NPD, size < 1 mm) are released in the
environment either because of plastic weathering (Jahnke et al.,
2017) or production and application of products containing poly-
meric nanomaterials (Ekvall et al., 2019). It is estimated that NPD
potentially remain in the environment for many years due to their
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non-biodegradability (Lehner et al., 2019). In the environment, NPD
may interact with (micro)organisms and can be taken up by biota
(Cole and Galloway, 2015; Pitt et al., 2018a) and, consequently
transfer in food chains. For example, it was reported that NPD
interact with algae and induce surface damage to the cell (Hazeem
et al., 2020) as well as reduce population growth and the chloro-
phyll content in the cells (Besseling et al., 2014). As a primary
producer, microalgae play a vital role in aquatic ecosystems. Since
algae have a large surface area to volume ratio, they are more prone
to association with NPD (Chae et al., 2018a). With regard to nano-
materials, it was shown that microalgae could accumulate particles
on their surface due to the strong association of nanomaterials with
algal cells (Abdolahpur Monikh et al., 2019a). It is also likely that
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microalgae accumulate NPD on their surface and transfer NPD into
aquatic food chains.

As filter feeders, daphnids consume algae and may be exposed
to algae-associated NPD. As a result, our hypothesis is that NPD can
transfer from algae to daphnids and then to the organisms of higher
trophic levels. In general, understanding the trophic transfer of
nanoscale materials is an essential element in assessing their
possible risk. Nevertheless, the limitations in analytical techniques
for identification and quantification of nanomaterials, particularly
polymeric nanomaterials, dramatically hinder gaining new insights
on their trophic transfer. Few studies already showed that micro-
plastics (1 mm < size < 5 mm) can accumulate in organisms and
may transfer in food chains. For example, trophic transfer of
microplastics frommussels to crabs (Farrell and Nelson, 2013a) and
from mussels to fish and crabs (Santana et al., 2017) was docu-
mented. The trophic transfer of NPD was documented in very few
studies, where polystyrene NPD, for example, transferred from
algae to daphnids and fish (Chae et al., 2018a). Due to the analytical
limitations, to date, trophic transfer of NPD is not quantified and
was only determined by using fluorescent-labelled plastic particles
(Farrell and Nelson, 2013b; Rist et al., 2017; Set€al€a et al., 2014). It has
been shown that the fluorescence labels can detach from the par-
ticles and the detach dyes have completely different uptake kinetics
and biodistribution compared to the NPD-bound dyes (Salvati et al.,
2011; Tenuta et al., 2011). This can lead to invalid conclusions with
regard to the biological fate and trophic transfer of NPD.

Metal-doped polymeric nanomaterials potentially can be used
asmodels of NPD to circumvent the challenges associatedwith NPD
tracking in organisms’ bodies by using the metals as proxies
(Koelmans, 2019). In this approach, metals are used in the texture of
the polymeric nanomaterials while the surface of the particles is
polymeric (Mitrano et al., 2019). The polymeric surface of the par-
ticle will interact with the surrounding environment and the
presence of trace metals inside the particles will, thus, not interfere
with the particle interactions with biota. These nanomaterials can
be used as models of NPD (Frehland et al., 2020), which allows for
the application of well-established mass spectrometry techniques
for characterization and quantification of NPD in organisms.
Inductively coupled mass spectrometry (ICP-MS), for example, is
widely used for measuring elements at trace levels. Performing ICP-
MS in a single-particle mode, so-called spICP-MS, allowsmeasuring
the size distribution and particle number concentration of metallic
nanomaterials (Abdolahpur Monikh et al., 2019b). Single-cell (sc)
ICP-MS was recently introduced to measure the concentration of
elements in cells on a cell-by-cell basis at a concentration as low as
the attogram per liter (Cao et al., 2020; Ho and Chan, 2010;
Merrifield et al., 2018). These techniques potentially allow
measuring the concentration of metal-doped NPD at trace levels, as
expected to be the case in biota.

Exposure to NPD induced mortality and reactive oxygen species
production (Liu et al., 2018, 2020) in daphnids. A few studies
showed that exposure to waterborne NPD can also cause severe
alterations in reproduction (Cui et al., 2017) of daphnids. The
parental transfer of NPD was also reported previously, where a
dietary exposure of adult zebrafish to polystyrene NPD led to the
transfer of the NPD to the offspring (Pitt et al., 2018b). Brun et al.
(2017) showed that polystyrene NPD accumulated in or on lipo-
philic cells in the early stages of embryonic development of
Daphnia magnawhile the embryo was still surrounded by a chorion
(Brun et al., 2017), which could attribute to brood pouch-mediated
NPD uptake by embryos. To the best of our knowledge, it is un-
knownwhether long-term dietary exposure of D. magna to NPD can
influence their reproduction and lead to the parental transfer of
NPD to the offspring. We expect that the dietary uptake of NPD by
2

daphnids may indirectly influence the reproduction rate in the
daphnia by affecting the e.g. feeding activity of daphnids. Lesson
learned from nanomaterials toxicity showed that physicochemical
properties of the particles such as size, shape, and surface chem-
istry can play a significant role in their uptake, transfer, and toxicity
in organisms (Brown et al., 2001; Navarro et al., 2008). It remains,
however, largely unknown how the physicochemical properties of
NPD influence their adverse effects, particularly, as it is relegalized
that weathering of NPD can influence their surface chemistry
(Suhrhoff and Scholz-B€ottcher, 2016) and thus may have a
considerable influence on their behavior in the environment and
subsequently their uptake and adverse effect.

Therefore, the aim of this study is to understand whether the
particle size influences the trophic transfer of NPD in an aquatic
food chain and the reproduction of daphnids fed for long-term on
NPD-exposed algae. In this study, we applied spherical metal-
doped polymeric nanomaterials being iron oxide-doped poly-
styrene NPD (Fe-PS-NPD) of 270 nm and Europium-doped poly-
styrene NPD (Eu-PS-NPD) of 640 nm, as models of NPD. By
circumventing the analytical challenges associate with NPD
tracking and characterization in a biological matrix, we demon-
strated the influence of NPD size on their trophic transfer in an
assembled aquatic food chain and their parental transfer in daph-
nids. Algal cells were exposed to the NPD and the concentration of
the Eu and Fe as proxies of Eu-PS-NPD and Fe-PS-NPD, respectively,
was measured in the population of the cells on a cell-by-cell basis
using scICP-MS. The NPD-exposed algae were used to feed daph-
nids for 21 days and the mass concentration and particle number of
the NPD were measured in the daphnids using ICP-MS and spICP-
MS, respectively.
2. Materials and method

2.1. Materials

All chemicals used were of analytical grade and purchased from
Sigma-Aldrich (Zwijndrecht, the Netherlands) or Merck (Darm-
stadt, Germany) unless otherwise mentioned. Spherical Eu-PS-NPD
of 640 nm size (PDI ¼ 0.08) doped with Eu3þ (<0.2%) and spherical
Fe-PS-NPD of 270 nm size (PDI ¼ 0.01) doped with iron oxide
(>40%) were purchased from MicroParticles (GmbH, Berlin, Ger-
many) to be used as a model of NPD in this study. The density of the
Eu-PS-NPDwas ~1.05 g/cm3 and the density of Fe-PS-NPDwas ~2 g/
cm3. Water was deionized by reverse osmosis and purified by a
Millipore Milli-Q (MQ) system.
2.2. Characterization of NPD in different media

Polystyrene was used as a model plastic in this study because it
is one of the frequently observed plastic in the environment and at
the moment it is possible to make metal-doped particle at the
nanoscale with this polymer. We used metal-doped PS-NPD of
different sizes being 270 and 640 nm with a relatively narrow size
distribution. The Eu-PS-NPD and Fe-PS-NPD were dispersed in MQ
water to reach a final concentration of 100 mg/L. The dispersions
were sonicated using a bath sonicator (35 kHz frequency, DT 255,
Bandelin electronic, Sonorex digital, Berlin, Germany) for 1 min.
First, we confirmed the stability of the metals in the structure of the
NPD by measuring the solubility of the NPD in water over time.
Accordingly, dispersions (10 mg/L) of the NPD in MQ water were
prepared and left at room temperature. The dispersions were
sampled every 12 h for 72 h in total. The collected samples at each
time point were centrifuged (using Thermo Scientific Sorvall ST 16R
Centrifuge) at 3000�g for 10 min and the supernatants were



F. Abdolahpur Monikh, L. Chupani, M.G. Vijver et al. Environmental Pollution 269 (2021) 116066
removed. The concentrations of the Eu and Fe in the supernatants
were measured using ICP-MS (S1, the Supporting Information).

The hydrodynamic size and the zeta potential were measured
using a Zetasizer Nanodevice (Malvern Panalytical, Almelo, the
Netherlands). The hydrodynamic size of the NPD was measured
over 48 h in MQ water and in the algal exposure medium to
determine the aggregation profile of the NPD in different media.
Transmission electron microscope (TEM; JEOL 1400) operating at
80 kV accelerating voltage was used to image the NPD and deter-
mine their shape and size.

The presence of Eu and Fe in the structure of the PS-NPD in-
creases the density of the NPD and may lead to the sedimentation
of the NPD over time. Consequently, the effective exposure con-
centration in the algal exposure medium could decrease over time.
An experiment was performed where the NPD were dispersed in
100 mL algal exposure medium (without algae) and kept shaking
continually at 80 rpm using a G10 Gyratory Shaker (Washington,
the US), which mimics the conditions at which the algae were
exposed to NPD.We expected this condition tomaintain the NPD as
much as possible in the dispersed phase for 72 h. To evaluate the
sedimentation profile of the NPD, aliquots of the samples were
taken from the top 1 cm of the flask every 12 h and the concen-
tration of the Eu and Fe in the exposure media was measured in the
samples using ICP-MS.

2.3. Exposure of microalgae to NPD

The unicellular microalgae Pseudokirchinella subcapitata was
cultured in the Woods Hole algal medium according to the OECD
guideline 201 (OECD, 2011). The algae density was measured using
an AquaFluor fluorometer (Turner Designs, San Jose, CA, USA) and
kept at 5 � 103 cells/mL in accordance with the OECD guideline
(OECD 201) for initial biomass of algae. In this study, we used
particle number as the dose metric to be able to evaluate the in-
fluence of the particle size (AbdolahpurMonikh et al., 2019c) on the
NPD association with algae and their trophic transfer. The algae
were exposed to 1 mg/L of Fe-PS-NPD and 7 mg/L of Eu-PS-NPD,
which are equal to 4.8 � 1010 particles/L, during their steady-
state phase of growth (6e7 days) (Abdolahpur Monikh et al.,
2019a). The estimated particle to cell ratio at the initial concen-
tration was ~9500 particles/cell. Calculation of the NPD particle
number is described in S2, Supporting Information. Fifteen repli-
cates were used for each treatment. The flasks containing the
exposed algae were placed in a climate chamber (22 �C) on a G10
Gyratory Shaker at a light intensity of 70 mE m�2 s�1 for 72 h.

The growth inhibition test (72 h) was performed for algae ac-
cording to the standard guideline (OECD 201) (OECD, 2011) to
assure the exposure to NPD did not lead to algal mortality (see S3,
Supporting Information). The exposed algae were left at 4 �C for
24 h to sediment. After 24 h, the supernatants, which may contain
the free NPD, were removed. Aliquots of the supernatants were
digested using aqua regia and the total concentrations of the Eu and
Fe were measured in the samples using ICP-MS to determine the
total removed NPD by algae from the exposure medium (see S1,
Supporting Information). The rest of the pellets algae were washed
using phosphate-buffered saline (PBS, 10 � , pH 7.5) (see S4, Sup-
porting Information). The washing process removed the unbound
and loosely attached NPD from the surface of the algae, while kept
the strongly attached NPD on the surface of the algae as explained
in the previous study for other nanomaterials (Abdolahpur Monikh
et al., 2019a). We removed the loosely attached NPD from the algae
to reduce the possibility of the NPD detach from the algal cells
when we feed the daphnids with the exposed algae. Subsequently,
the possibility of water-borne exposure of daphnids to the de-
tached NPD would decrease. Aliquots of the algal samples were
3

separated for scICP-MS analysis and the rest was used to feed
D. magna.

2.4. Association of NPD to algal cells

After removing the unbound and loosely attached NPD from the
algae, the pellets were dispersed in PBS (10 � , pH 7.5) and diluted
to a final volume of 10 mL. The concentration of the algal cells was
measured using AquaFluor fluorimeter and 2 mL of the samples
were analyzed using scICP-MS. A PerkinElmer NexION 2000 ICP-MS
was used to perform scICP-MS. An Asperon spray chamber was
used which allowed the introduction of a low volume of algal cell
dispersion at a rate of 0.02 mL/min into the plasma. A high-
efficiency quartz concentric nebulizer (MEINHARD HEN) was
applied. The dwell time and acquisition time was set at 50 ms and
40 s, respectively. Each measured event in scICP-MS represents an
algal cell. From the total number of cells measured with the
Aquaflour fluorimeter, we determined the number of cells with no
NPD. The percentage of NPD containing algae was normalized to
the total number of the cells in the population.

2.5. Exposure of Daphnia magna to NPD and reproduction toxicity
assay

The D. magna specimens were continuously cultured in Elendt
M7 medium, at 22 ± 0.5 �C and light: dark (L:D) cycle of 16:8 h.
Before the exposure experiments, female D. magna specimens were
collected and cultured individually. Healthy neonates (<24-h old)
from their third brood were separated and cultured for the exper-
iments in Elendt M7 medium. The organisms were kept at 22 ᵒC
with a 16: 8 h light: dark cycle.

We exposedD. magna individually to 0.1mg of the NPD-exposed
algae in a 21-day reproduction bioassay following the OECD
guidelines (OECD, 2012). Accordingly, 15 individual D. magna were
divided into 15 jars (50 mL volume). Three times a week, the
D. magnawere fed with 72 h NPD-exposed algae after washing the
algae to remove the unbound and loosely attached NPD from the
surface of the algae. Control groups were fed with unexposed algae.
The exposure medium of the daphnids was refreshed three times a
week with 50 mL of fresh media (pH 8). The total number of sur-
viving individuals was calculated and the dead daphnids were
separated on a daily basis. The organisms were considered dead if
they did not display any movement for 15 s. During the exposure,
some response variables related to reproduction, including the time
to the first offspring, the total number of neonates per daphnia,
neonates’ mortality and the concentration of Fe and Eu in the ne-
onates were measured. The number and the survival of neonates
were monitored daily.

After 21 days, the daphnids were harvested and washed three
times with MQ water. Depuration experiments were performed to
allow the organisms to empty their gut. The fraction of the NPD that
could not pass the gut epithelium and internalized into the or-
ganisms might be excreted during the depuration period. For the
depuration experiment, the daphnids were placed into a clean
Elendt M7 medium for 24 h without feeding. Aliquots of the dep-
uration mediumwere taken at 24 h to measure the total mass of Eu
and Fe and the particle number of the excreted NPD from the
daphnids using ICP-MS and spICP-MS, respectively. The total con-
centration of Eu and Fe in the organisms was also measured after
acid digestion of the samples using ICP-MS (S1, Supporting
information).

2.6. NPD particle number in the organisms

To measure the NPD particle number using spICP-MS, the NPD
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must be extracted from the organisms. In order to extract NPD from
the algae and daphnids, the organisms were digested using 5%
Tetramethylammonium hydroxide (TMAH). Accordingly, 0.1 of
pellet algae or 3 individuals D. magna were put in glass vials and
5 mL of TMAH (5%) was added to the samples. The samples were
digested on a water bath at 70 �C for 1 h. After 1 h the algal residual
was diluted withMQwater to a final volume of 10mL. In the case of
D. magna, the samples were further digested with 30% H2O2 to
remove the carapace of the organisms, which could not be removed
using the TMAH solution alone. It was reported that 5% TMAH does
not influence PS-NPD e.g. due to polymer degradation (Cole et al.,
2014). The number of NPD extracted from the organisms were
quantified using spICP-MS, by using Eu and Fe as proxies of the Eu-
PS-NPD and Fe-PS-NPD, respectively. The samples resulting from
the depuration experiments were also measured using spICP-MS to
determine the number of NPD excreted from the D. magna into the
depurationmedium. The spICP-MSmeasurements were performed
on a PerkinElmer NexION 2000 ICP-MS. The operational parame-
ters for spICP-MS are summarized in Table S2 (Supporting Infor-
mation). Dispersions of standard gold nanomaterials with sizes of
10, 60, and 100 nm andmass concentration of 50mg/L were used to
determine the transport efficiency. In this experiment, we assumed
that the NPD were stable against metal (Fe and Eu) release and
against particle agglomeration in the organisms. Therefore, any
event measured by spICP-MS represents a NPD particle. The in-
tensity of elements represents the amount of each element in every
single particle and was not considered as the number of the
particles.
2.7. Data analysis

For all concentrations reported, the respective background
concentration of Fe in non-exposed control organisms was sub-
tracted (4.30 ± 0.7 mg Fe/organism, n ¼ 10). All statistical analyses
were performed using SPSS Statistics 25. Normality was verified
using the Shapiro-Wilk test and homogeneity of variances by the
Levene test. The one-way ANOVA followed by Dunnett’s test anal-
ysis was performed to compare the mortality in daphnids between
the treatment groups and the control. The significant differences
between the treated samples, e.g. with regard to the association of
NPD of different size with the algae (df ¼ 25), accumulation of NPD
of different size in daphnids (df ¼ 23), depuration of NPD of
different size from daphnids (df ¼ 26) and numbers of NPD in
daphnids (df ¼ 25) compared to algae were analyzed by the t-test.
The t-test was also used to assess the significant differences be-
tween the reproduction of treated daphnids with NPD and the
controls. The p < 0.05 was taken as a significant cut-off. Results are
reported as mean and standard deviation of 15 replicates.
3. Results and discussion

3.1. Characterization of NPD in different media

The measured hydrodynamic size and the zeta potential of the
NPD in MQ water and in the algae exposure media are reported in
Table 1. The TEM image of the Fe-PS-NPD (Fig. 1a) and Eu-PS-NPD
Table 1
Physicochemical properties of the NPD in MQ water and in the algal exposure medium i

NPD Hydrodynamic size
in MQ water [nm]

TEM measured
size

Zeta pote
MQ wate

Fe-PS-NPD 360 ± 23 345 ± 7 - 38 ± 3
Eu-PS-NPD 710 ± 45 680 ± 5 - 37 ± 2

4

(Fig. 1b) showed that the particles are spherical in shape and
have a narrow size distribution. No homoaggregationwas observed
for the NPD dispersion in MQ water (Fig. 1c) as determined by the
increase in the hydrodynamic size of the particles over time.
However, the hydrodynamic size increased in the algal exposure
medium over 48 h (Fig. 1c) as reported for other nanomaterials
(Abdolahpur Monikh et al., 2019c). This indicated that both NPD
underwent homoaggregation in algal exposure medium without
algae. This could be due to the decreases in the absolute value of the
zeta potential to �14 mV and �17 mV for Fe-PS-NPD and Eu-PS-
NPD in the algal exposure medium, respectively (Table 1). The
NPD did not dissolve in water as the concentration of elementary
Eu was lower than the detection limit and Fe measured in the su-
pernatant was stable over 72 h of exposure (see S5, Supplementary
Information). The Eu concentration in the exposure medium
without algae showed (Figure S1) that the particles did not sedi-
ment within 72 h. However, we observed a reduction in the con-
centration of Fe after 24 h of exposure. This indicated that the Fe-
PS-NPD have sedimented over time and the concentration of NPD
in the exposure medium reached a value lower than 80% of the
initial NPD concentration (Figure S1). This decreased the effective
exposure concentration of the Fe-PS-NPD to algae over time.
Therefore, every 12 h, we gently shook the exposure medium, in
which algae were exposed to Fe-PS-NPD, manually for 1 min in a
way not to damage the algal cells. By using this approach, we could
keep the exposure concertation of the Fe-PS-NPD above 80% of the
initial concentration in the exposure medium for 12 h.
3.2. Association of NPD to algal cells

The growth inhibition test showed that 4.8 � 1010 particles/L
NPD did not induce toxicity to the algae after 72 h exposure, as
tested by measuring the chlorophyll content relative to unexposed
controls (Figure S2b, Supporting Information). The NPD were
associated with the algae after 72 h of exposure (Fig. 2aeb). Using
scICP-MS, we measured the total mass of Eu and Fe associated with
the algal cell on a cell-by-cell basis. A high percentage of the cells
accumulated both NPD (<80% cells accumulated Fe-PS-NPD and
<60% accumulated Eu-PS-NPD) particles on their surface
(Fig. 2ced), with the association of NPD to cells being stochastic as
previously reported for other nanomaterials (Abdolahpur Monikh
et al., 2019c). This indicated that the number of NPD which were
transferred to algal grazing organisms such as daphnids could also
differ from organism to organism. The association of the smaller
NPD (Fe-PS-NPD) with the cells was significantly (t-test, p < 0.05)
higher than the association of the larger NPD (Eu-PS-NPD). It is
likely that smaller NPD, which have a higher volume specific-
surface area (2.2 � 105 cm2/cm3), attach stronger to the surface of
algae compared to the larger NPD, which have a smaller volume
specific-surface area (9.3� 104 cm2/cm3) as reported previously for
other nanomaterials (Abdolahpur Monikh et al., 2019a). Although a
previous study showed that different sized plastic particles can
have different toxicity profiles in algal cells (Hazeem et al., 2020),
we, for the first time, showed that the size of NPD influences their
association with algal cells. This can be of paramount importance
for understanding the trophic transfer of NPD in food chains as this
mmediately after sonication.

ntial in
r [mV]

Hydrodynamic size in
algal exposure medium [nm]

Zeta potential in algal
exposure medium [mV]

368 ± 42 - 14 ± 4
734 ± 58 - 17 ± 2



Fig. 1. a) TEM images of the Fe-PS-NPD in MQ water. b) TEM image of the Eu-PS-NPD in MQ water. c) Homoaggregation profile of the NPD in MQ water and in the algal exposure
medium as determined by measuring the hydrodynamic size of the particles over 48 h.

Fig. 2. TEM images showing the association of the Fe-PS-NPD (a) and Eu-PS-NPD (b) with algal cells. Percentage of the algal cell that have Fe-PS-NPD (c) and Eu-PS-NPD (d)
associated with their cell surface after 72 h of exposure.
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finding implies evenwhen the NPD are not internalized in the algae
but accumulated only on the surface of the algae, they may still be
transferred to algal grazing organisms.
5

3.3. Trophic transfer of NPD from algae to daphnids

During a 21-day exposure to NPD, the trophic transfer of the
NPD fromwater to daphnids was determined by measuring Fe and



Table 2
Percentage of the NPD in each trophic level, determined by their proxies, normalized to the NPD in the previous level.

NPD NPD removed by algae from the
exposure medium/NPD in the
exposure medium [%]

NPD accumulated on algae/
NPD in the exposure
medium [%]

NPD in daphnia/NPD in
0.1 mg algae per
daphnia [%]

NPD in daphnia after
deputation/NPD in 0.1 mg
algae per daphnia [%]

NPD depurated from
daphnia/NPD in 0.1 mg
algae per daphnia [%]

Fe-PS-NPD 72 ± 8.5b 26 ± 5b 11 ± 3.5b 0.8 ± 0.2b 7.3 ± 3b

Eu-PS-NPD 58 ± 6a 14 ± 2.5a 6.3 ± 0.7a 0.3 ± 0.01a 4.2 ± 0.2a

The letters (a, b) show the significant differences between the NPD size (p < 0.05).

Fig. 3. The number of NPD measured using spICP-MS by measuring the Eu and Fe as
the proxies of the NPD in organisms of each trophic level and in daphnids after dep-
uration. The number of NPD in the algae was measured after 72 h of exposure. The
number of NPD in daphnids was measured after 21 days of feeding with NPD-exposed
algae. After 21 days of exposure, the daphnids were transferred to a clean medium for
24 h, as a depuration period. The number of the particles was also measured in the
daphnids after 24 h of depuration and in the depuration medium.

F. Abdolahpur Monikh, L. Chupani, M.G. Vijver et al. Environmental Pollution 269 (2021) 116066
Eu as proxies for the Fe-PS-NPD and Eu-PS-NPD, respectively. At the
end of the bioassays (21 days), themortality in the exposed daphnia
was not significantly (ANOVA, p < 0.05) different from the mortality
determined in the control (between 1 and 3 organisms out of 15
organisms exposed).

Our findings confirmed that NPD are transferred in the assem-
bled aquatic food chain. Table 2 summarizes the results obtained
for the trophic transfer of the NPD. The mass concentration of NPD
was measured in each trophic level and normalized to the mass
concentration of the NPD in the previous level. A high concentra-
tion of NPD (on average 72% for Fe-PS-NPD and 58% for Eu-PS-NPD)
was removed from the exposure media by algal cells. After washing
the algae, however, only a fraction (on average 26% for Fe-PS-NPD
and 14% for Eu-PS-NPD) of the NPD associated with algae
remained attached to the cells. The percentage of the removed Fe-
PS-NPD by algae from the exposure media was significantly (t-test,
p < 0.05) higher than the percentage of the removed Eu-PS-NPD
(58%). The percentage of the remaining NPD on the algae was
higher for the Fe-PS-NPD compared to the Eu-PS-NPD. Neverthe-
less, only 11% of the Fe-PS-NPD and 6.3% of the Eu-PS-NPD in algae
were transferred to D. magna which fed for 21 days on NPD-
exposed algae. The trophic transfer of NPD has already been re-
ported (Chae et al., 2018b). Our study is the first to quantify the
amount of NPD transferred in food chains.

Although the passive uptake mechanisms of NPD after attach-
ment to algae were proposed as a pathway for NPD entering
daphnids (Rist et al., 2017), this study showed that most of the NPD
(on average 7.3% for FE-PS-NPD and 4.2% for Eu-PS-NPD) taken up
are depurated from the organisms. It is possible that the NPD
accumulated in the gut of D. magna and were not taken up into the
organisms. After 24 h of depuration, the observed decreases in the
body burden of NPD in the daphnids confirmed that only a small
percentage (0.8% for Fe-PS-NPD and 0.3% for Eu-PS-NPD) of the
NPD remained in the daphnids, whereas the rest were excreted. It
was reported previously that 24 h after ingestion, the amount of
NPD in daphnids decreases significantly due to the exertion of NPD
from the organisms (Rist et al., 2017). The feeding habits of the
daphnia could be the reason for the high depuration of NPD. It has
been shown, for example, that the addition of algae to water fa-
cilitates the release of a significant fraction (~50e85%) of the
accumulated carbon nanotubes from D. magna (Petersen et al.,
2009).

The uptake, body burden and the excreted amount of Fe-PS-NPD
were significantly (t-test, p < 0.05) higher than those of the Eu-PS-
NPD. This suggests that NPD with small size are taken up more
efficiently than the larger counterparts. This could be due to the
stronger attachment to the algae. It was documented for other
nanomaterials e.g. gold nanomaterials, that particles of smaller size
have a higher uptake and depuration rate in D. magna compared to
particles of larger size (Skjolding et al., 2014). Our findings showed
that NPDwith small size aremore likely to remain in the gut system
of D. magna compared to larger-sized NPD, possibly due to their
small size that facilitates their easier penetration through the gut
epithelium.

To provide insight into the number-based trophic transfer of
6

NPD, the number of NPD at each trophic level was measured using
spICP-MS whilst considering two assumptions. Our first assump-
tion is that there is no homoaggregation between the particles and
each measured event represents one NPD regardless of the in-
tensity of the signal. Our second assumption is that there is no Eu
and Fe release from the particles in the organism. The number
based-trophic transfer of the NPD was similar to their mass-based
trophic transfer. Our findings (Fig. 3) showed significantly (t-test,
p < 0.05) lower numbers of NPD in daphnids (ranging on average
from 6.3� 105 for Eu-PS-NPD to 7.2� 106 for Fe-PS-NPD) compared
to algae (ranging on average from 5 � 107 for Eu-PS-NPD to
4.8 � 108 for Fe-PS-NPD). Although the algae were exposed to the
same number of NPD of different sizes, the number of NPD which
were associated with the algal cells and transferred to daphnids
was significantly (t-test, p < 0.05) different between the two NPD.

Trophic transfer of NPD, as determined based on the particle
number, also confirmed the dependency on NPD size. The number
of the smaller NPD (Fe-PS-NPD) in all trophic levels was signifi-
cantly (t-test, p < 0.05) higher than the number of the larger NPD
(Eu-PS-NPD). This is in agreement with a previous study, where the
author showed that on average a higher particle number of 100 nm
PS-NPD (5.29 � 107 particles/animal of the) compared to 2 mm PS
particles (1.24 � 105 particles/animal) were taken up by D. magna
(Rist et al., 2017). The number of depurated NPD fromdaphnids was
also higher than the number of retained NPD in the daphnids for
both NPD after 24 h depuration. Our study for the first time
quantified the trophic transfer of NPD on a particle number basis.
This approachmust be carried out with realistic concentrations and
particle properties in terms of shape, size and polymer type when
the numbers of environmental concentrations of NPD are available



Table 3
Reproduction toxicity of Fe-PS-NPD in the offspring of D. magna fed with NPD-exposed algae for 21 days.

Offspring Time to production [days] Average number of
neonate/organism

Mortality Fe-PS in offspring/in
parent [%]

Control Exposed Control Exposed Control Exposed Control Exposed

First brood 10e11 10e12 13 ± 1.8b 4 ± 0.7a 0 %a 5% ± 0.4b e 1.2 ± 0.6
Second brood 13e14 14e16 11 ± 2.5b 6 ± 2a 3% ± 0.4a 7% ± 1.3b e 0.7 ± 0.3
Third brood 17e18 18e21 12 ± 1.5b 4 ± 1.5a 1% ± 0.01a 10% ± 2.5b e 0.9 ± 0.3
Fourth brood 21e22 NA 10 ± 2 e 0% e e e

aeb indicate significant differences from control (P < 0.05). Data are presented as means ± standard deviation (SD). n ¼ 15, NA: not achieved.
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in field samples to facilitate the risk assessment of NPD as a func-
tion of their physicochemical properties.

3.4. Reproduction toxicity to D. magna

To assess the toxic effects of the NPD on the reproduction of
D. magna after 21 days of feeding with NPD-exposed algae, we
measured the time to the reproduction, the number of offspring per
brood, mortality in offspring, and the body burden of NPD in the
offspring. The results (Table 3) showed that the Fe-PS-NPD pro-
longed the reproduction time and significantly (t-test, p < 0.05)
decreased the number of neonates compared to the control. The
percentage of the mortality in the offspring of D. magna exposed to
Fe-PS-NPD was significantly (t-test, p < 0.05) higher than in the
offspring of the control groups. Our finding is in agreement with a
previous study that showed exposure to PS-NPD induced the
reproduction toxicity in daphnids (Liu et al., 2019; Zhang et al.,
2020). The concentration of Fe in the offspring of treated organ-
isms was similar to the concentration of Fe in the offspring of the
control and to the Fe in the parents. We could not confirmwhether
or not there is a parental transfer for Fe-PS-NPD because of the
limitation in measuring low concentrations of Fe using ICP-MS and
the presence of polyatomic interferences in biological samples
which interfered with the Fe of interest (Costo et al., 2019).

During the 21 days exposure, no significant (t-test, p < 0.05)
differences between Eu-PS-NPD treated daphnids and the control
were found for the time to first-forth brood (Table 4) and the
offspring mortality. The number of neonates per brood in the
treated daphnids was significantly lower than the number of neo-
nates per brood in the control groups. Our findings show that the
smaller NPD (Fe-PS-NPD) have a higher impact on the reproduction
of D. magna than the larger NPD (Eu-PS-NPD). Previous results
suggested that mortality in offspring and the reproduction of
D. magna exposed to microplastics were linked to the availability of
food rather than particle concentrations. It is also possible that NPD
induced reproduction toxicity by influencing the ingestion of NPD-
associated algae by D. magna. Accumulation of NPD in the gut and
retention in the gut epithelia might decrease the feeding activity in
the long term and result in further impairment of physiology and
fitness of organisms (Cole et al., 2015), thus influencing the
reproduction of the organisms (Rist et al., 2017).
Table 4
Reproduction toxicity and the concentration of Eu-PS-NPD in the offspring of D. magna f

Offspring Time to production [days] Average number of neona
organism

Control Exposed Control Expos

First brood 10e11 10e11 14 ± 1b 10 ±
Second brood 13e14 13e14 13 ± 0.5b 9 ± 0
Third brood 17e18 17e18 16 ± 1b 8 ± 0
Fourth brood 21e22 21e22 13 ± 1.5 11 ±

aeb indicate significant differences from control (P < 0.05). Data are presented as mean

7

The concentration of Eu could be measured in the offspring
(0.4%e0.8% of Eu in parent transferred to offspring), suggesting that
Eu-PS-NPD might transfer to offspring through parents. We have
exposed the mother D. magna to the NPD-associated algae after
removing the unbound and loosely attached NPD from the algae.
This procedure does not fully rule out the possibility that the NPD
could be detached from the surface of algae in the exposure media
of the daphnids and accumulated in the neonates through brood
pouch-mediated uptake as reported previously (Brun et al., 2017).
There is also the possibility that when the daphnids ingested the
NPD-associated algae, the NPD might be detached from the algal
cells in the gut of the daphnids due to e.g. the variation of the
composition of the surrounding medium, activities of some en-
zymes, the activity of gut bacteria and/or the low pH (~4) of the
daphnids’ gut. After excretion of the detached NPD into the expo-
sure media, they might be taken up again by daphnids through the
brood pouch and accumulate in the neonates.

4. Conclusion

Our results show that NPD have the potential to transfer to
higher trophic levels. While algae were exposed to similar numbers
of each NPD of different sizes (270 nm and 640 nm), a higher
amount of the smaller NPD accumulated on algal cells. The asso-
ciation of NPD with algae is an important pathway for NPD transfer
in aquatic food webs. Daphnids ingested a considerable amount of
algal-associated NPD. However, only a small fraction of the NPD
accumulated in daphnids and the rest were depurated from the
organisms. The reproduction toxicity in daphnids after feeding
with NPD-associated algae also differed for the two NPD sizes. It
confirmed that dietary uptake of NPD could also cause reproductive
effects in daphnids as a function of NPD size. Parental transfer is
occurring for small NPD, either directly through mothers or
through water exposure, but we could not differentiate these pro-
cesses. Taking all findings together it can be concluded that by
circumventing the challenges associated with NPD detection,
identification, and characterization it was shown that smaller NPD
are potentially more hazardous. Future studies can make use of the
approach described here to understand the trophic transfer of NPD
under environmentally realistic conditions; considering for
instance weathering of NPD and long-term exposure of organisms
ed with NPD-exposed algae for 21 days.

te/ Mortality Eu-PS in offspring/in parent
[%]

ed Control Exposed Control Exposed

1a 2% 3% ± 0.2 e 0.4 ± 0.06
.5a 2% ± 0.4 4% ± 1 e 0.7 ± 0.03
.7a 1% ± 0.01 2% ± 0.6 e 0.8 ± 0.04
0.8 4% 3% ± 0.5a e 0.7 ± 0.02

s ± standard deviation (SD). n ¼ 15.
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along the food chain to non-biodegradable NPD.
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