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Abstract

Carbon nanotubes (CNT) are promising nanomaterials in modern nanotechnology and their use in
many different applications leads to an inevitable release into the aquatic environment. In this study,
we quantified trophic transfer of weathered multi-walled carbon nanotubes (WMWCNT) from green
algae to primary consumer Daphnia magna in a concentration of 100 pg L™ using radioactive labeling
of the carbon backbone (*C-wMWCNT). Trophic transfer of WMWCNT was compared to the uptake by
daphnids exposed to nanomaterials in the water phase without algae. Due to the rather long observed
CNT sedimentation times (DT) from the water phase (DTso: 3.9 days (d), DTeo: 12.8 d) WMWCNT interact
with aquatic organisms and associated to the green algae Chlamydomonas reinhardtii and
Raphidocelis subcapitata. After the exposition of algae, the nanotubes accumulated to a maximum of
1.6 + 0.4 pg *C-wMWCNT mg? dry weight™ (dw?) and 0.7 £ 0.3 ug *C-wMWCNT mg* dw? after 24 h
and 48 h, respectively. To study trophic transfer, R. subcapitata was loaded with *C-wMWCNT and
subsequently fed to D. magna. A maximum body burden of 0.07 + 0.01 pg *C-wMWCNT mg?* dw'and
7.1+ 1.5 ug “YC-wMWCNT mg? dw for D. magna after trophic transfer and waterborne exposure was
measured, respectively, indicating no CNT accumulation after short-term exposure via trophic transfer.
Additionally, the animals eliminated nanomaterials from their guts, while feeding algae facilitated their
excretion. Further, accumulation of *C-wMWCNT in a growing population of D. magna revealed a
maximum uptake of 0.7 + 0.2 ug mg* dw™. Therefore, the calculated bioaccumulation factor (BAF)
after 28 d of 6700 + 2900 L kg? is above the limit that indicates a chemical is bioaccumulative in the
European Union Regulation REACH. Although wMWCNT did not bioaccumulate in neonate D. magna
after trophic transfer, WMWCNT enriched in a 28 d growing D. magna population regardless of daily

feeding, which increases the risk of CNT accumulation along the aquatic food chain.
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1. Introduction

Nanotechnology and nanoscience have gained more and more attention over the past 20 years (Roco,
2011). Since their discovery in 1991 (lijima, 1991), the production of carbon nanotubes (CNT) rose
continuously and in 2020, the industrial company OCSIAL announced the commissioning of the largest
plant for the production of CNT to date, which will produce 100 tons of CNT annually (KunststoffWeb,
2020; OCSIAL, 2020). Due to their novel and alterable properties CNT are used in manifold applications
like nanocomposites (Barra et al., 2019), energy storage (Mauter and Elimelech, 2008; Thauer et al.,
2020), drug delivery (Newland et al., 2018) and water treatment (Zaib et al., 2014).

Within the life cycle of CNT, most of the material is released during synthesis and handling (Yeganeh
et al., 2008; Tsai et al., 2009). CNT are most widely used in nanocomposites, i.e., plastic materials with
embedded CNT, which is why their disposal can result in additional CNT release. For nanocomposites
it was reported that the plastic polymer degrades by UV irradiation leaving the nanotube network
exposed on the nanocomposites surface. Further, physical transformation processes, e.g., by abrasion,
or sunlight can impair the CNT network leading to the release of nanomaterial (Wohlleben et al., 2013;
Petersen et al., 2014; Hou et al., 2014; Schlagenhauf et al., 2015). Eventually, either through direct
disposal of CNT-containing products in aqueous compartments, or through their weathering on
landfills and subsequent leaching into water bodies, CNT enter the aquatic environment (Sarma et al.,
2015). Thereby CNT will interact with co-contaminants and natural particles (Holden et al., 2016; Naasz
et al. 2018; Glomstad et al., 2018). While lingering in the environment, weathering impacts (e.g.,
irradiation) might alter physico-chemical properties of CNT and as a result influence their
environmental behavior like bioaccumulation and toxicity to organisms (Mitrano et al., 2015).
Bioaccumulation is generally defined as the increase in internal concentration of chemicals in an
organism exceeding the concentration in the surrounding medium, food or both (Gobas et al., 2009).
To date, accumulation of CNT in aquatic organisms was investigated but due to the lack of suitable
guantification methods (Mortimer et al., 2016), nanomaterial concentrations, several orders of

magnitude higher than found in natural environments, were used (Parks et al. 2013; Maes et al. 2014;
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Rhiem et al. 2015; Zhu et al. 2018), except for a few studies (Petersen et al., 2009; Petersen et al. 2011,
Cano et al., 2017; Cano et al., 2018). Since the estimated environmental concentration of CNT is in the
ng L range (Gottschalk et al., 2009; Gottschalk and Nowack 2011), there is a need for studies that
approach such low concentrations. Consequently, we quantified the association of CNT to algae in the
pg L' range which is below the tested concentration in other studies.

Despite of the CNT concentrations used, CNT generally show a low bioaccumulation potential
(Bjorkland et al., 2017), since these nanomaterials do not pass membranes like classical compounds
and are therefore mainly accumulated in the gastrointestinal tract, as well as adhering to external
structures (e.g., gill, skin). In addition, it was increasingly observed that orally ingested CNT are
eliminated again, especially after food intake, which leads to a low body burden in the organism
(Petersen et al., 2009; Guo et al., 2013; Maes et al., 2014). As under environmental conditions mostly
food is available, trophic transfer thus needs to be the focus of further research.

Since green algae represent primary producers in the aquatic food chain the interaction with and the
uptake of radioactively labeled MWCNT (1 mg L) in Desmodesmus subspicatus was reported by Rhiem
et al. (2015). Using radioactive labeling, the uptake of multi-walled CNT (MWCNT) was also quantified
in five to seven days old Daphnia magna where a maximum body burden of 63 ug mg™ after exposure
to 400 pg L over 24 h was obtained (Petersen et al., 2009). The exposure of the same stock of
D. magna with 250 pg L of polyethyleneimine grafted MWCNT resulted in a maximum internal
concentration of 12 ug mg! (Petersen et al., 2011). In both studies, elimination into clean medium was
low, however, in the presence of algae, nearly complete excretion of nanomaterial was observed,
leading to low bioaccumulation. Guo et al. (2013) worked with D. magna neonates to investigate the
uptake of *C-labeled graphene. At 250 pg graphene L'? the maximum body burden was 7.8 pg mg?,
whereas depuration in clean water led to nearly no change in body burden after 24 h, but as in case of
CNT, excretion was facilitated in the presence of algae. Since neonate daphnids show a higher
sensitivity toward chemical exposure than adult animals (Gerritsen et al., 1998; Preuss et al., 2010),

the data obtained from the studies performed with adult Daphnia are of limited value. Therefore, the
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accumulation of CNT in neonate D. magna is still unknown but necessary and consequently in this
study, we focussed on the uptake of CNT in neonate animals.

In more recent studies the accumulation of pristine MWCNT (0.1 mg L), applied together with algae,
in D. magna (five to 15 days old) was quantified using a microwave induced heating technique. An
enrichment of above 0.2 ug MWCNT g after 24 h in a D. magna population of 60 individuals and of
0.02 to 0.05 ug MWCNT g? (BCF < 1) after three days (ten animals in 50 mL) indicated a low
bioaccumulation of CNT in D. magna under environmentally relevant feeding conditions (Cano et al.,
2017; Cano et al., 2018). Further, trophic transfer of MWCNT from bacteria Pseudomonas aeruginosa
to protozoan Tetrahymena thermophila (Mortimer et al.,, 2016) and from water flea D. magna to
fathead minnow (Cano et al., 2018) was recently observed. These more complex studies demonstrated
the food web transfer of CNT over a short period of time, using animals that were several days to
weeks old but did neither look at population dynamics, nor long-term exposures. Consequently, the
influence of complexity of test systems and prolonged investigations on enrichment of CNT in
D. magna remains to be unclear. To close this knowledge gap, we investigated the accumulation of
weathered CNT in a growing population of D. magna in long-term exposure, using radiolabeled
nanomaterials.

So far, only few studies on carbonaceous nanomaterials have been performed at concentrations that
are expected in the environment caused by the absence of quantification methods for CNT in complex
environmental matrices. We aimed to investigate trophic transfer of *C-MWCNT from green algae to
D. magna under low nanomaterial concentrations. Herein, the presence of nutrition on uptake and
depuration was assessed. Additionally, we performed a long-term microcosm experiment to gather
information on uptake of *C-MWCNT in a growing population of D. magna, which, to our knowledge,

has not been investigated until now.
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2. Materials and Methods

2.1. Synthesis and purification of *C-labeled MWCNT (**C-MWCNT)

Synthesis of *C-MWCNT has already been described before (Maes et al., 2014; Rhiem et al., 2015). For
a brief overview, *C-MWCNT were synthesized by catalytic chemical vapour deposition. To remove
remains of catalyst, the *C-MWCNT were washed using 12.5% hydrochloric acid solution resulting in
a C-purity for the product of 95%. Obtained *C-MWCNT consisted of 3 — 15 walls (4 nm for inner and
5-20 nm for outer diameter) and a length of 21 um (Rhiem et al., 2015). Unlabeled MWCNT
(Baytubes® C150P) were provided by Bayer Technology Services GmbH (BTS, Leverkusen, Germany)
and produced under the same conditions as **C-MWCNT. The structural similarity of the nanomaterials

was shown by means of transmission electron microscopy (TEM) (Rhiem et al., 2016).

2.2. Weathering and dispersion of nanomaterials

Unlabeled MWCNT and *C-MWCNT were weathered by simulated sunlight radiation for three months
(2160 h) according to 1SO 3892-2:2006 with minor changes, using a weathering testing apparatus
(Suntest™ CPS+, Altas Material Testing Technology, Germany, standard black temperature 65 °C, dry
conditions). The device provided light with a wavelength range from 300 to 400 nm by means of an
air-cooled xenon lamp (1500 W) with a daylight UV filter. Irradiation intensity was set to 65 W m2and
the total applied energy was 505441 k) m2. During exposure period, samples ((**C)-MWCNT) of
0.8 g CNT agglomerates were placed into each of four petri dishes with glued-on lids made of quartz
glass (transmissibility for UV light). Irradiation was performed without simulated rain or air humidity.
Meanwhile, the internal sample table was cooled with a constant flow of cold water. Samples were
shaken daily and once a week the position of sample bins was changed in order to achieve a uniform
irradiation. After weathering process, the specific radioactivity of *C-labeled weathered MWCNT
(**C-wMWCNT) was determined to 1.66 MBqmg?'. In order to characterize WMWCNT,

thermogravimetric analysis (TGA) and Fourier-transform infrared spectroscopy (FTIR) methods were
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used. Neither differences nor heterogeneous functionalities on surface structures compared to
pristine material were detected (see Sl).

For the dispersion of CNT, the needed amount of (**C)-wMWCNT was weighted on a microbalance
(MYA 5.3Y, Radwag) and filled in a flask containing 50 mL (volume was adjusted according to CNT
quantity) of the required test medium. Subsequently, the flask was put into an ice bath and
nanomaterials were dispersed by means of ultrasonication with a micro tip for 10 min (Sonopuls
HD 2070, 70 W, pulse: 0.2 s, pause: 0.8 s). Subsequently, the stock dispersion was diluted by test
medium and dispersed a second time as described above to obtain the target test dispersion. The used
dispersion method has already been described (Rhiem et al., 2015; Hennig et al., 2019). Herein, the
two-stage dispersion process as described is a deviation from this method. An investigation using TEM
revealed that WMWCNT test dispersion contained small agglomerates as well as single tubes (length:

0.2 - 1 um) and was therefore appropriate for dispersion of WMWCNT in aqueous solution.

2.3. Deposition of *C-wMWCNT

The deposition behavior of *C-wMWCNT (100 pg LY) in a static test system was assessed. A total
amount of 219 pg *C-wMWCNT was weighted and filled in a flask containing M4 test medium (main
constituents: 294 mg CaCl, x 2 H,0 L%, 123.3 mg MgS0O,4 x 7 H,0 L2, 5.8 mg KCI L', 64.8 mg NaHCOs; LY,
see Sl) with a pH value between 7 and 8 (OECD, 2004) and dispersed as described above. Subsequently,
the stock dispersion was diluted by test medium and dispersed a second time to obtain 2 x 550 mL
(100 pg **C-wMWCNT L) test dispersions. Two subsamples of 1 mL were drawn, 2 mL of Ultima Gold™
XR scintillation cocktail (Perkin EImer, Germany) was added and samples were submitted to LSC (liquid
scintillation counter, Hidex SL 600, Hidex, Germany) to verify the achieved “C-wMWCNT
concentration, respectively. Out of test dispersions four replicates with each 250 mL were prepared in
glass flasks. Samples were incubated at a temperature of 20+2°C and a photoperiod of
16 h light/8 h dark. At test start (0 h), radioactivity of each replicate was determined by means of LSC

(100% value: 107 + 2 pg L't). For sampling, an aliquot of 1 mL was drawn from the water surface (layer
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depth of 0.5 cm) of one replicate. Initially, a sample was taken every 15 minutes. During the
experiment, the interval between the individual measurements was increased continuously. The last

sample was taken on day 21.

2.4. Test organisms

Green algae Chlamydomonas reinhardtii (strain no. 23.90) and Raphidocelis subcapitata (strain
no. 61.81) were obtained from SAG Go6ttingen and cultured in BG 11 culture medium (SAG, 2013) and
culture medium according to Kuhl and Lorenzen (1964), respectively. Cultures of algae were kept at
20 + 2 °C, permanent aeration and constant illumination. Renewal of medium was performed every
two weeks. Daphnia magna (Straus) were cultured in M4 medium (OECD, 2004) (202 °C,
16 h dark/8 h light photoperiod). Daphnids were fed daily, except on weekends from a culture of the
green alga Desmodesmus subspicatus. In addition, Daphnia was fed with yeast

(Saccharomyces cerevisiae) once a week during medium renewal.

2.5. Characterization of WMWCNT in micro batch experiments

The following approaches were prepared in small-scale:

a) WMWCNT dispersion (0.1 mg L%, 20 mL)

b) WMWCNT (1 mg L) and green algae R. subcapitata (2 x 20 mL, 24 h)

c) WMWCNT (1 mgL?) and five adult D. magna (100 mL) — uptake for 24 h (water exposure) and
excretion for 24 h in presence of algae

d) WMWCNT (0.1 mg L) and three adult daphnids (100 mL) for 72 h.

M4 medium was used for all test approaches. A WMWCNT concentration of 1 mg L't was chosen in b)
and c) as former tests using a WMWCNT concentration of 0.1 mg L™ have not led to qualitative results
(data not shown). Dispersion of nanomaterial was performed as described above. Scenario a) —c) have
been characterized by means of TEM. To characterize wMWCNT in dispersion, copper grids (Plano

GmbH) for TEM analysis were submerged in nanomaterial dispersion directly after assembly and
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placed on a filter heated up to 50 °C. In presence of organisms, subsamples of maximum 40 uL
(2 x 20 L) were taken from the bottom of test vessels using a pipette and placed onto copper grids.
During the process, copper grids were placed on a paper filter. Samples were dried as described above.
After desiccation, copper grids were subjected to TEM analysis using a Philips CM 20 FEG operating at
200 keV. Test organisms of scenario d) were analyzed using a light microscope to visualize internalized

nanomaterials.

2.6. Interaction of *C-wMWCNT with green algae

A suspension of green alga Chlamydomonas reinhardtii was separated from culture medium by
centrifugation (10 min, 943 x g) and resuspended in BG 11 medium (main constituents: 150 mg
NaNOs L2, 4 mg K;HPO4 x H,0 L, 7.5 mg MgS04 x 7 H,0 LL, 3.6 mg CaCl, x 2 H,0 LY, pH value between
7 and 8, see Sl). Cell density was determined using a fluorescence reader (Tecan M200, Mannedorf,
Schweiz, Software: Magellan). A quantity of 703 pg *C-wMWCNT was weighted out on a microbalance
(MYA 5.3Y, Radwag) and dispersed in 100 mL BG 11 medium for 10 min as described above. Three
times, 12.7 mL of this dispersion were then diluted each with 737.3 mL BG 11 medium in a flask and
dispersed for further 10 min in order to obtain an application volume of 2250 mL (3 x 750 mL
suspension). Four aliquots of 1 mL were drawn from each bottle and analyzed using LSC. Furthermore,
84 mL of each “C-wMWCNT dispersion were mixed with 16 mL algal suspension in a 250 mL
Erlenmeyer flask. In this way, a *C-wMWCNT concentration of 122 + 2 ug L' and an algal cell density
of 1x10" cells mL* was achieved. The prepared samples were weighted and incubated at 22 + 2 °C at
a diurnal rhythm of 16 hlight to 8 hdark on a laboratory shaker (80 rpm). Immediately after
completion (t = 0 h) and after 24, 48, 72 and 96 h four replicates were sampled. Three aliquots of 0.5 g
were taken and measured by means of LSC to determine the 100% value. Algal density was determined
as well. In case of t=0h this corresponded to an initial concentration of 1x10" cells mL™.
Subsequently, free CNT were separated from CNT associated to algae by means of density gradient

centrifugation (see Sl). The suitability of this method was already described before (Rhiem et al., 2015).
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After the last step of separation and washing algae cells with BG 11 medium, one to three drops of
remaining algal pellet (five times per sample) were placed in a single well on a 24-well plate and filled
up with BG 11 medium to a weight of 2 g (corresponding to 2 mL) and cell count was determined. The
contents of each well were subsequently transferred completely (rinsed using methanol) to an LSC vial.
The following measurement of the sample using LSC revealed the amount of *C-wMWCNT associated
with the algal cells. A complete recovery was performed by quantifying radioactivity in all
compartments accruing during reprocessing (see Sl). The same was performed using the green algae
Raphidocelis subcapitata. An initial **C-wMWCNT concentration of 123 + 3 pg L™ and an algal density
of 2x10" cells mL* was applied in culture medium (main constituents: 1011 mg KNOs L%, 621 mg
NaH,POs x H,0 L, 71 mg Na;HPO4 LY, 246.5 mg MgSOs x 7 H,0 L, 14.7 mg CaCl, x 2 H,0 L, pH
between 7 and 8, see Sl). A higher starting cell count in the case of R. subcapitata was necessary to

ensure the success of density gradient centrifugation at the time of the first sampling (t =0 h).

2.7. Experiment for uptake of 1*C-wMWCNT by D. magna

Uptake of ¥*C-wMWCNT in D. magna was investigated via water exposure and trophic transfer. Body
burden (application: 100 ug *C-wMWCNT L) was determined after 2, 18, 24, 48 and 72 hours in four
replicates each (water exposure: 72 h, n =5; trophic transfer: 2 and 24 h, n=5). As test medium,
oxygen saturated M4 medium was used. For water exposure a total mass of 107 pg **C-wMWCNT was
weighted on a microbalance (MYA 5.3Y, Radwag), transferred to a flask containing 100 mL of test
medium and dispersed as described above. Afterwards, a certain volume (32.71 mL) was taken from
this stock dispersion and diluted by test medium (317.29 mL) to obtain the test dispersion with
100 pg ¥*C-wMWCNT L (2 x 350 mL). The test solution was dispersed for another 10 min (see above).
Homogeneity and *C-wMWCNT concentration in test dispersion were monitored directly after
sonication. Therefore, three aliquots of 1 mL were mixed with 2 mL of Ultima Gold™ XR scintillation

cocktail (Perkin Elmer, Germany) and measured by means of LSC.
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Immediately after LSC measurements, 30 mL of test dispersion were filled in small glass beakers.
Radioactivity in every test beaker (2 x 0.5 mL) was determined using LSC. Achieved *C-wMWCNT
concentration was 116 +5 pg L instead of 100 pg L. 10 daphnids <24 h were placed into each
beaker. Test organisms were kept at a temperature of 20+2°C and a photoperiod of
16 h light/8 h dark. The animals were not fed during this experiment and were last fed 24 h before test
start.

For sampling, daphnids were taken out of test beakers, placed into a plain glass dish and washed two
times extensively with test medium and distilled water. Washed animals were then transferred to
aluminium boats and dried at 65 °C for 24 h. The amount of radioactivity in test beakers and in water
phases from cleaning steps was determined by LSC (obviously immobile or dead organisms were
captured in this fraction). Glass ware and used pipettes were cleaned using methanol moistened
tissues. To quantify the radioactivity of *C-wMWCNT attached to the working utensils, tissues were
submitted to LSC as well. After determination of dry weight, test animals were transferred to a micro
glass mortar and homogenized using methanol. This way, radioactivity trapped in the animals was
released and detected by LSC to avoid a defective quantification due to quenching processes by
animal’s carapace or compact agglomerated CNT. Afterwards, the crushed animal/methanol mass was
transferred to an LSC Vial. The micro mortar was cleaned carefully, and water used for rinsing was
placed in the same scintillation vial. Quantification of accumulated radioactivity in D. magna was
performed by means of LSC.

For the trophic transfer experiment, the green alga Raphidocelis subcapitata was pre-loaded by
BC-.wMWCNT and subsequently fed to D. magna. A two weeks old culture of R. subcapitata was
centrifuged (10 min, 943 x g) and the pellet was resuspended in 100 mL Kuhl medium. A total of
790 ug “*C-wMWCNT was weighted on a micro balance and dispersed in 100 mL culture medium as
described above. This dispersion was further diluted by 550 mL culture medium and dispersed again
for 10 min. Algae suspension was added to *C-wMWCNT dispersion and incubated for three days

(aerated in a round-bottomed flask) as described for D. magna previously. Determined **C wMWCNT

11
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concentration was 1.3 mg L. After incubation algae were centrifuged (10 min, 943 x g), supernatant
discarded and the pellet washed (centrifugation, 10 min, 943 x g) two times using 50 mL of
M4 medium.

The remaining algal pellet was resuspended in culture medium. ¥*C-wMWCNT concentration was
determined using LSC up to 1.5 mg L. For the volume of test medium required (750 mL) and a
14C wWMWCNT concentration of 120 pg L (see water exposure) a volume of 58.8 mL of suspension with
14C-wMWCNT-loaded algae was diluted with M4 medium to 750 mL test medium. Concentration of
algae was 1.6x10" cells mL™. A test concentration of 120.3 pg *C-wMWCNT L was verified by means
of LSC (three aliquots each 1 mL). Setup of test, incubation and determination of body burden was

performed as described in case of water exposure.

2.8. Experiment for elimination of *C-wMWCNT by D. magna

Uptake of 120 pg *C-wMWCNT L? in D. magna was conducted for 24 h. 120 pg **C-wMWCNT were
weighted on a microbalance and transferred to a flask containing 100 mL M4 medium. After
dispersion, twice 45 mL of stock dispersion were diluted by 405 mL M4 medium and dispersed for
another 10min (for dispersion details see above) to obtain a test dispersion of
120 pg “*C-wMWCNT L. Aliquots were taken and measured by means of LSC. Aberration from one
test dispersion to another was only about 3% and the effect on uptake and elimination of CNT in
D. magna is considered as admissible. The test setup was the same as described for uptake
experiments, 27 samples were prepared. After uptake phase, 7 replicates were sampled to calculate
100% value (0 h) for excretion experiment. The test organisms from the remaining 20 samples were
transferred to clean M4 medium. For every replicate, daphnids were taken out and washed vigorously
using pipettes to subduct nanomaterial attached to the animal’s surface. With a small amount of fresh
M4 medium the daphnids were then transferred into the elimination beakers. Time was noted for
every beaker to verify the start of excretion process. The described test approach was prepared twice.

One test was set up for excretion in water phase (without food, -algae) and one for excretion in

12
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presence of food (+algae). Due to poor recovery, only 5 replicates were included in the calculation of
the 100% value at 0 h for the scenario without algae. After animal transfer to clean medium, 0.1 mg
carbon through green alga D. subspicatus was added to the samples. For incubation conditions see the
uptake experiment. Four replicates (3 replicates after 48 h in the scenario without algae) were sampled
after 2.5, 5, 19, 24 and 48 h, respectively. Sampling of test animals and quantification of accumulated

nanomaterial was performed as described above.

2.9. D. magna population experiment

Uptake of 100 pg *C-wMWCNT L was assessed over 4 weeks in an evolving population of D. magna.
A total of 1.8 mg *C-wMWCNT was weighted out on a microbalance and dispersed for 10 min
(Sonopuls HD 2070, 70 W, pulse: 0.2 s, pause: 0.8 s) in 200 mL ice bath cooled M4 medium. Volume
for stock dispersion was doubled in this case due to the high amount of *C-wMWCNT required.
Afterwards a volume of 22.75 mL was diluted by 1977.25 mL M4 medium and dispersed for another
10 min (see above). Two aliquots of 1 mL were taken from each test dispersion and radioactivity was
measured using LSC. 800 mL of *C-wMWCNT test dispersion were filled in 1L glass beakers.
Subsequently 3 adult (3 to 4 weeks old) and 5 neonate (< 24 h) daphnids were placed into each sample
and gentle aeration was fixed to beakers. Additionally, four controls without *C-wMWCNT were
prepared for supervision of D. magna population growth at every sampling time. Samples were kept
at 20 £ 2 °C and a photoperiod of 16 h light/8 h dark. Animals in control and treatment group were fed
daily 0.5 mg carbon L via a culture of D. subspicatus (Hammers-Wirtz and Ratte, 2003).

In treatments, once a week renewal of test medium and reapplication of **C-wMWCNT (100 pg L) was
performed (semi-batch approach). Therefore, test animals were sieved (mesh for brine shrimp,
180 um), washed with 100 mL clean M4 medium and transferred (with 100 mL clean M4 medium,
dilution was considered while *C-wMWCNT preparation of test dispersion) to beakers containing a
newly prepared (100 pg *C-wMWCNT L) nanomaterial dispersion. Just as in the treatments, the

medium of the controls was renewed every week. Animals from controls were sieved (mesh for brine
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shrimp, 180, 300, 560 and 900 um) and distributions of individuals per size were noted. Counted
daphnids were washed into fresh M4 medium and incubated as described before.

In case of treatments four replicates were sampled after 7, 14, 21 and 28 d. The water body of every
sample was sieved completely using a 4-part brine shrimp sieve set (see above). After that, 100 mL tap
water were filled in test beaker and remaining daphnids were flushed out and sieved. The complete
volume of water phase was collected in a 1L bottle. Using tap water, size sorted animals were
transferred in 4 single petri dishes and sieves were washed thoroughly. Subsequently, water was
removed in order to immobilize test organisms and individuals per size distribution were acquired.
After counting, the animals sorted by size were conveyed to smaller petri dishes and washed
extensively using tap water to remove radioactive material from the animals’ surface. The water used
for rinsing was withdrawn and the animals were transferred to pre-weighted aluminum boats using
distilled water. Boxed animals were dried for 24 h at 65 °C. If the number of individuals in a size class
was < 10 and an exact weight determination therefore impossible, the animals were added to the
aluminium boat of the next larger class. For a complete recovery, working utensils were wiped clean
using methanol moistened tissues, which were submitted to LSC. The rinsing water was pooled with
the collected water phase and the volume was dispersed for 10 min to obtain a homogeneous
distribution of radioactivity. For quantification of radioactivity in water phase, two subsamples of 1 mL
per flask were mixed with 2 mL Ultima Gold™ XR scintillation cocktail (Perkin Elmer, Germany) and
measured by means of LSC.

After determination of dry weight, animals were transferred to 20 mL LSC Vials using methanol. Vials
were kept for 24 h under a fume hood (evaporation of methanol), subsequently 1 mL of solubilizer
Soluene-350°® (PerkinElmer) was added to the samples. Sample vials were closed and incubated at
60 °C. In the first hours, the liquid was swivelled every 30 min and incubation was finished after
complete dissolving of biological matrix. After cooling the samples to room temperature, 19 mL LSC

cocktail was added to each vial and the amount of radioactivity was determined.
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2.10. Data evaluation and statistical analysis

Collected data was processed using Microsoft Excel® (Microsoft Office 365 ProPlus), GraphPad Prism
(GraphPad Prism 5, USA), and SigmaPlot (SigmaPlot Version 12.0, USA). Outliers were identified by
Dixon's Q test (a = 0.05). To identify differences between treatments either a two-sample t-test by
comparing the t-based 95% confidence intervals for mean values or a common t-test (p value to
reject = 0.05) was performed. Raw data were tested for normal distribution with Shapiro-Wilk test
(p value = 0.05) and variance homogeneity with Levene's test (p value = 0.05). If any of the above test
criteria could not be met, a Mann-Whitney Rank Sum test was performed.

For data sets from the deposition experiment, in addition to evaluation of experimental data, the
deposition kinetics were evaluated using Computer assisted kinetic evaluation (CAKE, Version 3.3
(Release), Tesella). A Hockey Stick (HS) model, i.e., an exponential decline function with a breaking
point separating two kinetics (k; and k), was selected for the description of the data set.

Since the usual definition of bioaccumulation is inappropriate regarding nanomaterial uptake, an
approximation of bioaccumulated wMWCNT in different aquatic organisms was performed based on

a one-compartment model according to Connel (1998) (equation 1):
k _ _
Coty = Cw k—:(l - ezt 4 Cpppye Rt (1)

Cy and Cy, are the WMWCNT concentration in biota (mg kg!) and water phase (mg L!), respectively, k;
(Lkg* h?) and k, (h?) represent the uptake and elimination rate constants and t indicates time (h).
Assuming that C,, as well as k; and k; are constant over the test period, the bioaccumulation factor can
be calculated as follows: BAF = ki/k, = Cp/Cw. For green algae, a bioconcentration factor (BCF) was
calculated using Cy/Cw (Bjorkland et al., 2017), where C,, was the applied wWMWCNT concentration
(0.1 mg LY. In case of D. magna, BCF in water exposure scenario was calculated using C,/Cw and ki/ka,
where C, was the wMWCNT concentration in water measured at sampling date. Using ki/ks, uptake
rate ki varied over time, so ki was calculated from time points where interaction of test organism and
WMWCNT were at maximum (pseudo-steady-state). According to Bjorkland et al. (2017), BAF was

calculated using Cp/Cw, Wwhere C,, was the wWMWCNT concentration in water and diet.
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3. Results

3.1. Deposition of *C-wMWCN

Concentration of ¥*C-wMWCNT in top layer of static water phase (M4 medium) decreased over time
(Fig. 1). After one day and three days the radioactivity level in the top layer of water dropped to a value
of 87.7 £ 1.6% and 69.5 £ 0.9%, respectively. After 21 days only <0.35% (0.2 £ 0.1%) of the initially
applied radioactivity remained at the top layer of the water phase. An exponential regression fit to the
decreasing concentrations resulted in a DTso and DTy of 3.91d and 12.82 d, respectively. The
application of a HS model to the data set produced very similar deposition times (DTso = 4.38 d and
DTgo = 10.50 d). Both, the exponential fit and the modelling (Fig. S1, Tab. S1) revealed a coefficient of

determination of R? = 0.99 and showed a good description of the experimental data.

120+
100

80+

R®=0.99

60+

40-

20+

Fraction of initial radioactivity [%)]

Time [d]

Figure 1. Deposition of *C-wMWCNT in a static water phase (M4 medium) over 21 days (d). The
measured amount of radioactivity at t = 0 d was set to 100%. The proportion of decrease (%) of the
initially applied radioactivity over the test period is shown. An exponential decay equation model was
fitted to the experimental data. Data points represent single replicates (n = 4). (R? = coefficient of

determination)
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3.2. Characterization of WMWCNT

Fig. 2-B shows that the optimized method to disperse the used nanomaterials (WMWCNT
concentration: 0.1 mg L) resulted in small agglomerates (bundles) and single strand exfoliated CNT.
Weathered MWCNT showed a length of 200 nm to 3 um, visualized by means of TEM. The observed
small agglomerates contained loosely associated individual CNT (Fig. 2 — B). The sickle-shaped structure
in Fig. 2 - A shows a single cell of the green alga R. subcapitata to which long wWMWCNT fibers are
attached (Fig. 2 - A; Fig. S2). We also identified WMWCNT excreted by D. magna. Excreted wMWCNT
in faeces of Daphnia (Fig. 2 - C) occur in agglomerates, which appear much more condensed than, e.g.,
agglomerates in dispersion of 0.1 mg wMWCNT L? (Fig.2 - B). Due to the compression of the
nanomaterials, an exact estimation of wMWCNT length of the few recognizable single strands is
difficult (about 0.8 um to 1 um). Fig. 2 - D shows an adult daphnid with internalized wMWCNT after an
incubation period of 72 h. The black colored intestine, which appears green under normal conditions
(Fig. 2 = E), is particularly well visible. Furthermore, associated small black particles can be seen on the
filter apparatus (black arrow). The rest of the animal’s body is free of foreign particles. Embryos are

visible in the brood chamber. The animal appears pale and colourless.
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Figure 2 (A — D): Transmission electron microscopy (TEM) images of wWMWCNT in association with
green alga R. subcapitata (A), wMWCNT dispersion (0.1 mgL?) (B) and excreted wMWCNT by
D. magna after uptake period of 24 h (C). D and E show the light microscopy image of an adult

D. magna exposed to 100 ug WMWCNT L and without exposure over a period of 72 h, respectively.
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3.3. Interaction of *C-wMWCNT with green algae

Recovery of radioactivity in tests with green algae was 95% to 112%. In a pretest, a wMWCNT
concentration of 100 ug L had no effect on the growth of green algae (data not shown). For
C. reinhardtii, interaction with *C-wMWCNT increased in the first 24 h (Fig. 3 - A), but between 24 h
(maximum uptake: 1.6 +0.4 ug WMWCNT mg?tdw?) and 96 h (0.9 +0.1 ug wMWCNT mg?tdw?) a
decrease in WMWCNT associated to the algae was recorded. Further, WMWCNT association with
R. subcapitata was considerably lower and resulted in a maximum uptake after 48h
(0.7 £0.3 pg WMWCNT mg?! dw?). Subsequently, the associated amount of WMWCNT decreased to
0.1 +0.03 pg WMWCNT mgt dw™? (96 h) (Fig. 3 - A). During the uptake experiments an exponential
growth for both algae species was observed. Initial cell counts increased 5 times and 2.5 times within
96 hours in case of C. reinhardtii and R. subcapitata, respectively (Fig. 3 - B), indicating a significantly
higher growth rate for C. reinhardtii. Considering the amounts of radioactivity associated with the
algae a 24 h BCF (Cp/Cy) of 13,700 L kg™ and a 48 h BCF (Cn/Cw) of 6,800 L kg! was calculated for
C. reinhardtii and R. subcapitata, respectively.

In test systems with both algal species a total of 12 — 13 pg “*C-wMWCNT was applied. The total
associated amount of WMWCNT to green algae was calculated by extrapolation over time. After 48 h
14 + 3 ug WMWCNT (per 9 + 0.1 mg dry weight of algae) were already associated with C. reinhardtii,
leaving no bioavailable fraction of wMWCNT. The total amount of wMWCNT associated to
R. subcapitata fluctuated over the test period and after 48 h a maximum of 5 + 2 ug wMWCNT (per

7 £ 0.2 mg dry weight of algae) was associated (Tab. S2).
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458  Figure 3. Weathered multi-walled carbon nanotube (WMWCNT) concentration linked to green algae
459  over time. A C-wMWCNT concentration of 100 pg L was applied to suspensions of R. subcapitata
460 (circles) and C. reinhardtii (squares) (A). The mean values and standard deviations are given (n = 4). For
461  all timepoints, mean values for uptake of WMWCNT in R. subcapitata and C. reinhardtii proved to be
462  significantly different (visualized using the letters a and b, t-test, a = 0.05). An exponential fit was
463 plotted for the corresponding growth curves, algae density (cells mL) was measured over time in
464 uptake experiment (B). Growth rates for C. reinhardtii and R. subcapitata are p=0.014 h! and
465 u=0.010 h', respectively. A significant difference over time was identified (two-sample t-test). Data
466  points represent single replicates (n = 4).
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3.4. Uptake and excretion of *C-wMWCNT by D. magna

Daphnid mortality was below 10% in every test. In the uptake experiments the recovery of
1C-wMWCNT was 83 + 3% to 96 + 6% and 87 + 8% to 97 + 8% for water exposure and trophic transfer,
respectively. In the water exposure scenario, an increase in body burden was observed up to 18 hours
(7.1 £ 1.5 yg WMWCNT mg? dwl). Subsequently, elimination process exceeded the ingestion resulting
in decreasing internal WMWCNT concentrations. For trophic transfer, the highest body burden was
already observed after 2.5 h (0.07 + 0.01 pg wMWCNT mg™* dw?), which corresponds to an uptake of
2 orders of magnitude smaller compared to water exposure. It has been shown that the addition of
food significantly influences wMWCNT uptake in D. magna. Afterwards, elimination processes
predominated ingestion. After 72 h only 0.014 *+ 0.004 pg WMWCNT mg?* dw? remained in test
organisms. Without food addition, the elimination rate constant (k, = 0.015 h', exponential fit, Fig. 4)
was significantly lower than in presence of food (k. = 0.038 h).

Even though the application of bioaccumulation factors to nanomaterials is not suitable, in the
following accumulation factors to compare with the existing literature are given. For maximum uptake
(18 h) in water exposure scenario a BCF (C,/Cy) of 98,000 + 30,000 L kg was determined. Since no
steady state was reached, the BCF changed over time and after 72h the value was
40,000 + 17,000 L kg*. Bioaccumulation changing over time were also observed in the trophic transfer
scenario. After 2.5 h (maximum uptake) and 72 h the BAF's (Cb/Cw) amounted to 600 + 70 L kg and

120 + 40 L kg%, respectively.
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Figure 4. Uptake of *C-wMWCNT in D. magna after waterborne exposure (circles) and trophic transfer
(asterisks). For trophic transfer green algae R. subcapitata was pre-loaded by radioactively labeled
WMWCNT over 72 hours (h). A one compartment model (R? = 0.96) was fitted to experimental data of
uptake via water exposure (solid line, 0 h — 18 h). Additionally, the further course of the modelling is
shown (dotted line). An exponential fit was adapted to areas with uptake decline for water exposure
(dashed line, 18 h—72 h) and trophic transfer (dashed line) scenario. Error bars indicate standard
deviation (n = 4). For all timepoints, mean values of uptake via water exposure and trophic transfer

proved to be significantly different (visualized using the letters a and b, t-test, a = 0.05).

Elimination of ingested WMWCNT by D. magna was significantly faster in the setup with food supply,
indicated by k, of 1.079 h! compared to that in absence of algae (0.032 h%; Fig. 5). In presence of algae
a portion of 6, 1.6, 0.97, 0.71 and 0.84% of the initial body burden remained after 2.5, 5, 19, 24 and
48 h in the test organisms, i.e., after approximately 5 h the gut was almost completely cleared. At the
same time, elimination in clean M4 medium was slower, i.e., 52, 45, 42, 34 and 15% of the initial body
burden remained in Daphnia. Thus, the presence of food has a significant influence on the uptake of

WMWCNT as well as on its depuration.
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With the use of a one compartment model, fitted to the data from 0 h to 18 h a kinetic BCF (ki/kz) for
the water exposure scenario was determined. The uptake rate constant k; was calculated from the
experimental data and k, was taken from the elimination experiment without food supply
(k2=0.032 h'%, Fig. 5). Nevertheless, that only two time points could be applied, the coefficient of
determination R? = 0.96 showed a good fit (Fig. 4). A kinetic BCF of 140,000 L kg* was calculated, three
orders of magnitude greater compared to BAF's from trophic transfer. Due to the missing uptake data
in trophic transfer scenario (0 h to 2.5 h), no ki could be calculated and therefore no kinetic BAF is

given.
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Figure 5. Internal **C-wMWCNT concentration in D. magna after depuration over a period of 48 hours
(h). Start wMWCNT-concentration in -algae (circles) and +algae (asterisks) scenario was calculated
from 5 and 7 replicates, respectively. Daphnia were fed with green algae (0.1 mg carbon) after transfer
to clean medium. Elimination rates (k,) were determined (exponential fit) to 0.032 htand 1.079 h't in
scenario -algae and +algae, respectively. Elimination in presence and absence of algae was significantly

different over time (two-sample t-test). Error bars indicate standard deviation (n = 4).
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3.5. Uptake of 1*C-wMWCNT by D. magna population

No significant differences in population size between control and wMWCNT treatment groups were
observed except for the last sampling date (Fig. 6). Within 14 days D. magna populations grew up
rapidly from the start with 8 daphnids per sample to a maximum of approximately 200 individuals
(control: 209 + 40 individuals; WMWCNT treatment: 159 + 85 individuals) and afterwards dropped to
half of the population density. As shown in Fig. 7, body burden for **C-wMWCNT uptake in D. magna
increased over time and a maximal value of 0.7 £0.2 pg WMWCNT mg? dw? was achieved after
28 days. A steady state was reached after weekly applications of 100 ug **C-wMWCNT L. The 28 d BAF

(Co/Cw) was 6700 + 2900 L kg™.

300+
O cControl * + WMWCNT

200- a

Number of individuals

100- a
T

0 7 14 21 28
Time [d]

Figure 6. D. magna population dynamics. In 800 mL M4 medium, a population of D. magna developed
from initially 5 neonate and 3 adult animals over 28 days. D. magna were fed daily 0.5 mg carbon
(green algae). Two wWMWCNT concentrations were tested: 0 mg L'? (Control, circles) and 0.1 mg L?
(asterisks). Total number of individuals over time is given. Error bars indicate the standard deviation
on the mean of four replicates (n = 4). The combination of the letters a and b visualizes the identified

significant difference (t-test, a = 0.05).
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Figure 7. Uptake of *C-wMWCNT in a developing D. magna population over 28 days. Renewal of
medium and simultaneous reapplication of *C-wMWCNT was performed once a week. Error bars

indicate standard deviations for arithmetic average of 4 replicates (n = 4).

4. Discussion

4.1. Dispersion and deposition of WMWCNT

Dispersion of 100 ug WMWCNT L in the test media resulted in small agglomerates, formed by van der
Waals forces and electrostatic interactions (Kennedy et al., 2008; Zhou et al., 2015), and some single
strands visualized by means of TEM. Similar behavior of CNT after a dispersion period of 4 h has been
reported (Zhou et al., 2015), indicating that an increase of dispersion interval does not lead to a more
homogeneous dispersion. The use of intensive sonication can further result in damage or shortening
of CNT strands (Zhu et al., 2006; Saleh et al., 2008).

The M4 medium used contains among other ingredients divalent cations like Mg?* and Ca%* which will
further influence the dispersion stability of CNT (Hyung et al., 2007; Chen et al., 2010; Schierz et al.,
2014; Glomstad et al., 2018). Additionally, surface functionalization of CNT increases the stability of
CNT dispersion in aqueous media (Jackson et al., 2013). Our weathering procedure of CNT using
simulated sunlight irradiation was expected to lead to surface functionalization like hydroxyl groups

(Klaine et al., 2008), however, we were not able to detect changes of the surface structure compared
25
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to the pristine material by using TGA and FTIR. A possible explanation is the autoxidation of the pristine
MWCNT, which can occur due to the prolonged storage of this material. This is a change in surface
functionalization, especially also as a function of surface occupancy. Other reasons could be that, e.g.,
COOH functionalities decarboxylate over time and thus the oxidative functionality cannot be detected,
or that the sensitivity of the used method was not adequate to detect the surface modifications. Due
to the use of radioactively labeled (**C) wMWCNT, a homogeneous distribution in M4 medium was
demonstrated by means of LSC.

In the present study a DTso of 3.8 to 3.9 days was calculated for deposition of 100 ug wMWCNT L*?
under non-stirred (static) conditions. Kennedy et al. (2008) found a sedimentation half-life for MWCNT
(100 mg L) in reconstituted freshwater containing 100 mg L natural organic matter (NOM) of 9 min.
Schierz et al. (2014) calculated a half-life for single wall carbon nanotubes (SWCNT, 2.5 mg L?) of
7.4 hours in a mesocosm ecosystem. Since the addition of NOM increases the stability of CNT
dispersions and thus reduces aggregation and deposition (Schierz et al., 2014; Glomstad et al., 2018),
we conclude that the considerably higher DTso values are caused by the lower initial concentration of
introduced CNT. In addition, low CNT concentrations, as in our study, will reduce the probability that
individual particles collide and interact. Thus, homo- and heteroaggregation, which is also influenced
by the physical and chemical properties of the particles and the aqueous medium (Chen et al., 2010),
in our experiment is rather low and consequently the sedimentation rate is reduced in comparison to
other studies. We expect that sedimentation will be similarly slow or even slower at the much lower
environmental concentration in the ng L™ range (Gottschalk et al., 2009; Gottschalk and Nowack,

2011).

4.2. Interaction of WMWCNT with green algae
The association of algal cells and wMWCNT was visualized and quantified. TEM analysis showed the
linkage of single WMWCNT fibers to cells of R. subcapitata. Penetration of the algal cell wall cannot be

excluded (Fig. 2 - A, Fig. S2), since this has already been observed (Wei et al., 2010; Long et al., 2012;
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Rhiem et al., 2015). Additionally, Rhiem et al. (2015) detected MWCNT single tubes in the cytosol of
D. subspicatus cells but most were agglomerated at the surface of cells. An association of CNT with
algal cells instead of the absorption into the cells was further suggested for MWCNT interaction with
bacteria P. aeruginosa (Mortimer et al., 2016). Schwab et al. (2011) found strong binding of algal cells
to CNT and suggested the formation of hydrogen bonds between the cell surface and oxidized gaps in
the CNT structure, which could be an explanation for our findings.

During the test, the green algae C. reinhardtii and R. subcapitata initially showed an increase in the
associated amount of WMWCNT which later decreased. Both algae species showed an exponential
growth over the entire test period, indicating that the observed decrease in concentration is likely due
to growth dilution. Furthermore, increased agglomeration with time may have reduced the
bioavailability of the CNT (Klaine et al., 2008; Chen et al., 2010) and prevented further uptake of CNT.
For the two algae species, a significant difference in the uptake of CNT was demonstrated:
C. reinhardtii adsorbed 100% of applied CNT over time but R. subcapitata only < 43%, indicating a
different association behavior of CNT on the two algae species in the accumulation study.

It is known that algae produce extracellular polymeric saccharides (EPS), which interact with
nanomaterials (Miao et al., 2009; Zhang et al., 2012; Adeleye and Keller, 2016; Zheng et al., 2019). Sijm
et al. (1998) observed that sorption on algae exudates significantly reduced the bioavailability of
hydrophobic organic chemicals as well. It is therefore likely that the two green algae produced
exudates which differ in their composition (Xiao and Zheng, 2016), which might explain the higher
uptake rate for C. reinhardtii. Additionally, in contrast to the samples with C. reinhardtii, in those with
R. subcapitata CNT aggregates, covered by an unidentified material, were observed after 72 h (Fig. S4)
leading to CNT precipitation and reducing CNT bioavailability. Zhang et al. (2013a) observed formations
of similar agglomerates and suggested the presence of quantum dot-algae associates. We assume that
these presented agglomerates are composed of algal cells, their exudates and CNT (Verdugo et al.,

2004; Xiao and Zheng, 2016).
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Sijm et al. (1998) observed a lower bioconcentration of hydrophobic organic chemicals in algae at
higher algae densities and recognized that in addition to the physico-chemical properties of the test
substance, also the physiology (e.g., species, growth stage, structure) of the algae is of particular
importance. Apart from the fact that the spherical C. reinhardtii is larger (diameter: 14 - 22 um) than
the sickle-shaped R. subcapitata (helical diameter: 5.6 - 11.7 um; width: 1.9 - 3.6 um), the two green
algae differ in the composition of their cell wall. While the cell wall of the algae cells from the
Selenastraceae family (Raphidocelis subcapitata) have one homogeneous layer surrounded by a
remarkable mucilage, the cell wall of C. reinhardtii consists of five different layers, whereas the outer
layer contains frayed areas depending on the cell status (Kiefer et al.,, 1997; Fawley et al., 2006;
Baudelet et al., 2017). Therefore, we assume that CNT less likely interact with the mucilage adhering
to the cell wall of R. subcapitata, but more intensely adsorb onto the inhomogeneous cell wall of
C. reinhardetii.

A 24 h BCF (Cp/Cw) of 13,700 L kg and a 48 h BCF (Cn/Cw) of 6,800 L kg* for WMWCNT accumulation
was calculated for green algae C. reinhardtii and R. subcapitata, respectively. Rhiem et al. (2015)
determined a bioconcentration factor of 5000 after 72 h exposure of D. subspicatus to MWCNT
(1 mg L'Y). In calculating the BCF (C»/Cy), the initial exposure concentration was used as Cy. Dispersion
stability influences exposure concentration and sedimentation processes, i.e., organisms are exposed
to test concentrations that change over time (Glomstad et al., 2018). In case of the test system with
algae, agglomeration processes and the presence of exudates as well as the association of CNT to algae
play a decisive role in the bioavailability of the nanomaterials in the water phase. Consequently, the
concentration of the freely available CNT is reduced over time and Cy may have been overestimated.
As a result, bioconcentration factors are underestimated and probably cannot accurately reflect the
accumulation of CNT in algae. Therefore, and since the one-compartment model described has been
simplified for application to the accumulation of wMWCNT in algae the given BCF's should be
considered with reservation (Praetorius et al., 2014; Bjorkland et al., 2017). Regarding the uptake of

WMWCNT, a differentiation between adsorption on and uptake in algal cells was not possible.
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Nevertheless, it has been shown that CNT associate to a large extent with green algae, which explains

the observed food transfer of the nanomaterial to daphnids described below.

4.3. Uptake of WMWCNT by D. magna

Maximum uptake of WMWCNT was observed after 18 h for waterborne exposure and after 2.5 h in
trophic transfer scenario. Maximum uptake within the first 24 h has been shown for MWCNT and
fullerenes previously (Petersen et al., 2009; Tervonen et al., 2010; Petersen et al., 2011). In our test,
maximum concentrations after  water exposure and trophic  transfer  were
7.1+1.5 yg WMWCNT mg?tdw? and 0.07 +0.01 pg wWMWCNT mg? dw?, respectively. Accumulated
WMWCNT accounted for 0.71 wt% after water exposure and 0.007 wt% after trophic transfer of total
Daphnia dry mass, similarly to a study with MWCNT by Petersen et al. (2011) and graphene by Guo et
al. (2013). In a previous study, Petersen et al. (2009) measured body burdens in the range of up to
70 pg mgt dwtin a study on the uptake of MWCNT (40, 100 and 400 pg L) from the water phase in
daphnids, i.e., considerably higher than the body burdens in our experiment. The author explained
that the enormous difference in body burdens can be due to the smaller weight of the Daphnia used
(5 -7 days old). The weights of the 5-7 days old Daphnia (0.01 - 0.02 mg per individual) in the
Petersen study of 2009 were equivalent to the weight of the neonate animals (< 24 h) in our study
after 18 h exposure, which on average was 0.01 mg per individual (see Tab. S3). In a more recent study
(Petersen et al., 2011) and in the present study Daphnia were fed daily, which most likely resulted in
fitter and healthier animals compared to the animals from the Petersen study of 2009.

As shown in Figure 4, body burden in water exposure increased over the first 18 h, followed by a
decrease from 18 hto 72 h. Guo et al. (2013) revealed very similar results for graphene uptake in 1-day
old daphnids (max. uptake of 250 pg L* after 24 h: 7.8 ug mg* dw'). Decrease in body burdens after
18 h probably resulted from agglomeration and settling of CNT, and thus lower concentrations in the
water column. The deposition experiment (Fig. 1) showed that after 18, 24, 48 and 72 h a *C-wMWCNT

portion of 88.4, 87.7, 77.5 and 69.5% remained in the water column. In addition to this fast
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sedimentation behavior in an abiotic test system, in the presence of animals, it was suggested that
agglomeration of CNT is enhanced by passage through the gut tract and biomodification of the CNT
surface (Roberts et al., 2007; Petersen et al., 2009; Guo et al., 2013).

As for trophic transfer, uptake of WMWCNT was two orders of magnitude lower compared to water
exposure. A study of MWCNT uptake in D. magna showed that the presence of food during exposure
revealed body burdens of up to 0.8 pug g* and 0.02 - 0.06 pg g'on dry mass basis for 5 to 15 days old
daphnids after 24 h and 3 d, respectively (Cano et al., 2017; Cano et al., 2018). The fact that uptake in
the presence of algae results in decreasing body burdens over time (Fig. 4) and k; is more than twice
as large in the presence of food indicates that besides agglomeration and sedimentation processes,
excretion determines the body burden, as described in the model of Connel (1998). Roberts et al.
(2007) showed that solubilized lipid coated SWCNT were ingested by D. magna and egested as
precipitated SWCNT without coating. Because survival of test organisms was dose-dependent, the
authors suggested that Daphnia were able to accept lipid coating as food source. In our trophic transfer
study, WMWCNT were loaded on algae, therefore algae from ingested algae-wMWCNT complexes
might be absorbed in the digestive system leading to the significant increase in weight of the exposed
daphnids compared to the animals from the water exposure study (Fig. S5). Animals after 72 h water
phase exposure looked pale and their gut was filled with nanomaterial (Fig. 2 - D). Well-fed daphnids
are more intensely coloured than starving organisms and colouring corresponds to the food intake
(Ebert, 2005). Nanomaterials were mainly observed in the gastrointestinal tract of the test organisms
and adhered to thoracopods. Previous studies already established that CNT are unlikely to be absorbed
by the organism beyond the intestine (Petersen et al., 2009; Edgington et al., 2010; Parks et al., 2013;
Edgington et al., 2014), which is one reason why they are not bioaccumulated in the classical sense like
soluble chemicals (Praetorius et al., 2014; Bjorkland et al., 2017). Due to the lack of food, animals of
waterborne exposure were obviously in poor physical constitution.

The calculated bioconcentration factors were 140,000 (kinetic BCF, L kg!) and 120 (BAF, L kg?) on dry

mass basis for waterborne exposure and trophic transfer, respectively. For trophic transfer,
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bioconcentration factor was three orders of magnitude smaller than after water exposure. Mortimer
et al. (2016) revealed similar differences in BCF values by two orders of magnitude of 35,000 L kg and
800 L kg when T. thermophila was exposed to MWCNT-amended medium and MWCNT encrusted
bacteria, respectively. Petersen et al. (2009) described BCF values of 360,000 L kg, 440,000 L kg and
350,000 L kg* for exposure of D. magna to 40, 100 and 400 pg L over 48 h. All above mentioned BCF
values indicate high bioaccumulation of CNT which originate predominantly from accumulation of
nanomaterial in the gut. CNT amounts attached to animals’ outer surfaces can be considered

negligible.

4.4. Elimination of WMWCNT by D. magna

As shown in Fig. 5, daphnids were able to fully purge CNT from their intestine in presence of algae.
Elimination of CNT in pure M4 medium was significantly slower and incomplete. The positive influence
of food on elimination processes is also shown by the different weights of the animals in the
experiment. The increasing weight of Daphnia in the scenario with algae from 0.127 to 0.267 mg per
10 neonates (Fig. S6, Tab. S4) suggests that these animals were considerably fitter than their
conspecifics (0.136 to 0.118 mg). Petersen et al. (2009) showed no excretion of MWCNT by Daphnia in
clean or filtered lake water and after addition of algae during depuration, body burdens decreased
only by 50 - 85% in the first hours. As already mentioned, Daphnia from this study were 5 — 7 days old
and as heavy as the neonate daphnids in our study, which probably were not able to efficiently purge
their guts due to health issues. The ability of daphnids to empty their intestines even without food
source was also shown after gold nanoparticle intake (Lovern et al., 2008). It is known that daphnids
can defecate by peristaltic movements, but still need the pressure of further ingested food (Ebert,
2005). Depuration of graphene and coated MWCNT in presence of algae revealed clearance of more
than 90% and 89 - 99%, respectively (Petersen et al., 2011; Guo et al., 2013). The addition of algae as
food source therefore facilitates excretion (Gillis et al., 2005; Kennedy et al., 2008; Petersen et al.,

2011; Guo et al,, 2013). Nevertheless, it was shown that depuration of CNT by neonate daphnids

31



713

714

715

716

717

718

719

720

721

722

723

724

725

726

727

728

729

730

731

732

733

734

735

736

737

738

increased over time even without food intake since Daphnia take up water from their surroundings to

stimulate their digestion (Fox, 1952).

4.5. Uptake of WMWCNT by D. magna population

As shown in Fig. 6, population of D. magna grew rapidly in the first two weeks to a maximum of
approximately 200 animals and then population density leveled off to an equilibrium size. Similar
population dynamics were observed in laboratory (Hammers-Wirtz and Ratte, 2003) and model
systems (Preuss et al., 2009). In our study, no significant differences on growth of population between
control and treatment groups were observed except for the last sampling date. The significantly
smaller population size after 28 d in the treatment group may be due to chance, but a long-term effect
on the growth of a D. magna population caused by a wWMWCNT concentration of 100 ug L' cannot be
completely excluded, especially since the population size of the treatment over the whole period
shows lower numbers than the controls. Biologically evaluated, the exposure to wWMWCNT under
normal feeding conditions for 28 days had no effect on population dynamics. Uptake of *C-wMWCNT
increased from 0 d to 14 d before steady state was reached.

Maximal body burden was 0.7 + 0.2 ug mg?* dw? after 28 d. The value for the received body burden
from population experiment (Fig. 7) is smaller than the maximum body burden from experiment
without food apply (water exposure) and one order of magnitude higher than maximum body burden
from trophic transfer scenario, where CNT were loaded to algae prior to exposition (Fig. 4). In
population experiment steady state was reached unlike water exposure and trophic transfer scenario.
The significant smaller body burden in population experiment compared to the water exposure group
can be explained by the facilitated excretion due to feeding and because of D. magna in different
growth stages - from neonates to adults - existed. The ratio of accumulated nanomaterial mass to total
organism mass is smaller when larger organisms are applied (Petersen et al., 2011). As for the daily
feeding in population experiment, Daphnia do not have a pronounced food preference and consumes

particles ranging in size from 0.1 to 30 um (Lynch, 1978), which is why algae and dispersed CNT were
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competing for uptake. The maximum body burden of WMWCNT in D. magna population experiment
was, despite of weekly applications over 28 days, significantly smaller compared to exposure of
neonates in the test medium without food. This can serve as further indication that CNT are not
enriched and stored in tissues other than the intestine (Edgington et al., 2014).

The significant higher body burden in the population experiment can be explained by the fact that
daphnids were fed daily with weekly *C-wMWCNT applications, compared to the trophic transfer
study where a single application of CNT-loaded algae was performed. Additionally, the reduced
settlement of CNT by aeration and turbulence of water phase led to a higher bioavailability of CNT.
Furthermore, it has already been shown that increasing volumes of water at the same concentration
leads to higher body burdens because of the larger amount of available CNT (Petersen et al., 2009).
Our results suggest that the constant discharge of CNT into a water body under normal food conditions
causes the accumulation of these by D. magna until a steady state is reached. A further transport of
CNT along the food chain is thus possible.

In the present study, a BAF of 6700 + 2900 L kg was calculated. Cano et al. (2017) investigated the
uptake of MWCNT at a concentration of 0.1 mg L in D. magna (60 individuals) at 600 mL water for
24 h and obtained body burdens up to 0.0008 ug MWCNT mg* dw! under the application of food. The
body burden is two and three orders of magnitude smaller compared to our trophic transfer and
population experiments, respectively, probably because of the short exposure duration of 24 h
compared to 7 - 28 days of exposure in our study. Another reason for the lower accumulation in the
study of Cano et al. (2017) may be the use of a surfactant (sodium dodecyl benzene sulfonate) that has
been shown to have toxic effects on D. magna in high concentrations and therefore might have
influenced the uptake of CNT by test animals. The influence of different food and starving conditions

on uptake of CNT in an evolving D. magna population should be further investigated.
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5. Conclusion

In the present study it was shown that weathered CNT at pg L™ concentrations persist for several days
in the water phase of a static aquatic system and interact with living organisms. Depending on the
shape and metabolic activity of green algae, CNT associate to algal cells to a large extent and, as
nanomaterial carriers, lead to food web transfer. In case of D. magna, trophic transfer resulted in
orders of magnitude lower body burdens compared to waterborne exposure indicating no
bioaccumulation. Daphnids excrete CNT in absence and presence of food.

To our knowledge we are the first to investigate uptake of CNT in a growing D. magna population.
Multiple CNT (100 pg L) applications lead to steady state body burdens in daphnids after 14 days but
no toxic effects compared to control groups. Results indicate that uptake of nanomaterials by
D. magna depends on CNT dispersion stability, food supply and therefore on the physiological
constitution of test organisms. Finally, long residence times of CNT at low concentrations in the water
phase increase the interaction and association probability with algae and subsequently lead to the
food-chain transport of CNT to higher organisms.

Compared to other published investigations, our population experiment reflects natural conditions
and resulted in a bioaccumulation factor of > 2000 for the weathered MWCNT which would be
classified as a bioaccumulative chemical and therefore hazardous under the EU REACH regulation.
However, it must be considered that bioaccumulation of nanomaterials differs from that of dissolved
organic chemicals, because accumulation is located mainly in the intestine of organisms. Considering
that the estimated environmental concentration of CNT (ng L) is lower than our tested concentrations
by five orders of magnitude we can assume, that no risk is to be expected for aquatic organisms by

exposure to CNT.

34



791

792

793

794

795

796

797

798

799

800

801

802

803

804
805

806
807
808
809

810
811

812
813

814
815
816
817

818
819
820

821
822
823

824
825
826

Acknowledgements

This work was supported by the EU Project NANO-Transfer (grant no. 03XP0O061A) that receives
funding from the German Federal Ministry of Education and Research (BMBF) under agreement with
the FP7 ERA-NET SIINN. The responsibility for the content of this publication belongs to the authors.
The authors declare no financial conflict of interest. We would particularly like to thank Prof. Dr. Heinz
Sturm and Dr. Ulrike Braun from BAM (German Federal Institute Materials Research and Testing) for
their ambitious attempt to characterize the irradiated MWCNT. Furthermore, we want to thank Dr.

Oliver Schliiter (Bayer Technology Services) for support in the synthesis of 1*C-labeled MWCNT.

Appendix A. Supplementary Information (SI)

Supplementary information to this article is available on:

Literature

Adeleye, AS., Keller, A.A., 2016. Interactions between Algal Extracellular Polymeric Substances and
Commercial TiO2 Nanoparticles in Aqueous Media. Environ Sci Technol 50, 12258-12265.

Barra, G., Guadagno, L., Vertuccio, L., Simonet, B., Santos, B., Zarrelli, M., Arena, M., Viscardi, M., 2019.
Different Methods of Dispersing Carbon Nanotubes in Epoxy Resin and Initial Evaluation of the
Obtained Nanocomposite as a Matrix of Carbon Fiber Reinforced Laminate in Terms of Vibroacoustic
Performance and Flammability. Materials 12.

Baudelet, P.H., Ricochon, G., Linder, M., Muniglia, L., 2017. A new insight into cell walls of Chlorophyta.
Algal Res 25, 333-371.

Bjorkland, R., Tobias, D., Petersen, E.J., 2017. Increasing evidence indicates low bioaccumulation of
carbon nanotubes. Environ Sci Nano 4, 747-766.

Cano, A.M., Maul, J.D., Saed, M., Irin, F., Shah, S.A., Green, M.J., French, A.D., Klein, D.M., Crago, J.,
Canas-Carrell, J.E., 2018. Trophic Transfer and Accumulation of Multiwalled Carbon Nanotubes in the
Presence of Copper lons in Daphnia magna and Fathead Minnow (Pimephales promelas). Environ Sci
Technol 52, 794-800.

Cano, A.M., Maul, J.D., Saed, M., Shah, S.A., Green, M.J., Canas-Carrell, J.E., 2017. Bioaccumulation,
stress, and swimming impairment in Daphnia magna exposed to multiwalled carbon nanotubes,
graphene, and graphene oxide. Environ Toxicol Chem.

Chen, K.L., Smith, B.A., Ball, W.P., Fairbrother, D.H., 2010. Assessing the colloidal properties of
engineered nanoparticles in water: case studies from fullerene C-60 nanoparticles and carbon
nanotubes. Environ Chem 7, 10-27.

Connel, D.W., 1998. Bioaccumulation of chemicals by aquatic organisms. in: Schiilirmann, G., Markert,
B. (Eds.). Ecotoxicology: ecological fundamentals, chemical exposure, and biological effects. John Wiley
& Sons Inc., New York, USA, and Spektrum Akademischer Verlag, Heidelberg, Germany, pp. 439-450.

35



827
828

829
830
831

832
833
834

835
836

837

838
839

840
841
842

843
844
845

846
847

848
849

850
851
852

853
854

855
856
857

858
859
860

861
862
863
864
865
866
867
868

Ebert, D., 2005. Ecology, Epidemiology, and Evolution of Parasitism in Daphnia [Internet]. National
Library of Medicine (US), National Center for Biotechnology Information, Bethesda (MD).

Edgington, A.., Petersen, E.J., Herzing, A.A., Podila, R., Rao, A., Klaine, S.J., 2014. Microscopic
investigation of single-wall carbon nanotube uptake by Daphnia magna. Nanotoxicology 8 Suppl 1, 2-
10.

Edgington, A.J., Roberts, A.P., Taylor, L.M., Alloy, M.M., Reppert, J., Rao, A.M., Mao, J.D., Klaine, S.J.,
2010. The Influence of Natural Organic Matter on the Toxicity of Multiwalled Carbon Nanotubes.
Environmental Toxicology and Chemistry 29, 2511-2518.

Fawley, M.W., Dean, M.L., Dimmer, S.K., Fawley, K.P., 2006. Evaluating the morphospecies concept in
the Selenastraceae (Chlorophyceae, Chlorophyta). J Phycol 42, 142-154.

Fox, H.M., 1952. Anal and Oral Intake of Water by Crustacea. J Exp Biol 29, 583-599.

Gerritsen, A., van der Hoeven, N., Pielaat, A., 1998. The acute toxicity of selected alkylphenols to young
and adult Daphnia magna. Ecotoxicol Environ Saf 39, 227-232.

Gillis, P.L., Chow-Fraser, P., Ranville, J.F., Ross, P.E., Wood, C.M., 2005. Daphnia need to be gut-cleared
too: the effect of exposure to and ingestion of metal-contaminated sediment on the gut-clearance
patterns of D. magna. Aquat Toxicol 71, 143-154.

Glomstad, B., Zindler, F., Jenssen, B.M., Booth, A.M., 2018. Dispersibility and dispersion stability of
carbon nanotubes in synthetic aquatic growth media and natural freshwater. Chemosphere 201, 269-
277.

Gobas, F.A., de Wolf, W., Burkhard, L.P., Verbruggen, E., Plotzke, K., 2009. Revisiting bioaccumulation
criteria for POPs and PBT assessments. Integr Environ Assess Manag 5, 624-637.

Gottschalk, F., Nowack, B., 2011. The release of engineered nanomaterials to the environment. J
Environ Monitor 13, 1145-1155.

Gottschalk, F., Sonderer, T., Scholz, R.W., Nowack, B., 2009. Modeled environmental concentrations of
engineered nanomaterials (TiO(2), ZnO, Ag, CNT, Fullerenes) for different regions. Environ Sci Technol
43,9216-9222.

Guo, X., Dong, S., Petersen, E.J., Gao, S., Huang, Q., Mao, L., 2013. Biological uptake and depuration of
radio-labeled graphene by Daphnia magna. Environ Sci Technol 47, 12524-12531.

Hammers-Wirtz, M., Ratte, H.T., 2003. Erstellung eines Gutachtens zur Entwicklung eines
Verfahrensvorschlages fiir einen Daphnia Multi Generation Test. Federal Environmental Agency
Germany.

Hennig, M.P., Maes, H.M., Ottermanns, R., Schaffer, A., Siebers, N., 2019. Release of radiolabeled
multi-walled carbon nanotubes (C-14-MWCNT) from epoxy nanocomposites into quartz sand-water
systems and their uptake by Lumbriculus variegatus. Nanoimpact 14.

Holden, P.A., Gardea-Torresdey, J.L., Klaessig, F., Turco, R.F., Mortimer, M., Hund-Rinke, K., Cohen
Hubal, E.A., Avery, D., Barcelo, D., Behra, R., Cohen, Y., Deydier-Stephan, L., Ferguson, P.L., Fernandes,
T.F., Herr Harthorn, B., Henderson, W.M., Hoke, R.A., Hristozov, D., Johnston, J.M., Kane, A.B.,
Kapustka, L., Keller, A.A., Lenihan, H.S., Lovell, W., Murphy, C.J., Nisbet, R.M., Petersen, E.J., Salinas,
E.R., Scheringer, M., Sharma, M., Speed, D.E., Sultan, Y., Westerhoff, P., White, J.C., Wiesner, M.R,,
Wong, E.M., Xing, B., Steele Horan, M., Godwin, H.A., Nel, A.E., 2016. Considerations of
Environmentally Relevant Test Conditions for Improved Evaluation of Ecological Hazards of Engineered
Nanomaterials. Environ Sci Technol 50, 6124-6145.

36



869
870
871

872
873

874

875
876

877
878
879

880
881

882
883
884

885
886

887
888
889

890
891

892
893

894
895

896
897
898

899
900

901
902
903

904
905
906

907
908
909

Hou, W.C., Beigzadehmilani, S., Jafvert, C.T., Zepp, R.G., 2014. Photoreactivity of unfunctionalized
single-wall carbon nanotubes involving hydroxyl radical: chiral dependency and surface coating
effect. Environ Sci Technol 48, 3875-3882.

Hyung, H., Fortner, J.D., Hughes, J.B., Kim, J.H., 2007. Natural organic matter stabilizes carbon
nanotubes in the aqueous phase. Environmental Science & Technology 41, 179-184.

lijima, S., 1991. Helical Microtubules of Graphitic Carbon. Nature 354, 56-58.

Jackson, P., Jacobsen, N.R., Baun, A., Birkedal, R., Kuhnel, D., Jensen, K.A., Vogel, U., Wallin, H., 2013.
Bioaccumulation and ecotoxicity of carbon nanotubes. Chem Cent J 7, 154.

Kennedy, A.J,, Hull, M.S,, Steevens, J.A., Dontsova, K.M., Chappell, M.A., Gunter, J.C., Weiss, C.A,, Jr.,
2008. Factors influencing the partitioning and toxicity of nanotubes in the aquatic environment.
Environ Toxicol Chem 27, 1932-1941.

Kiefer, E., Sigg, L., Schosseler, P., 1997. Chemical and spectroscopic characterization of algae surfaces.
Environmental Science & Technology 31, 759-764.

Klaine, S.J., Alvarez, P.J., Batley, G.E., Fernandes, T.F., Handy, R.D., Lyon, D.Y., Mahendra, S.,
McLaughlin, M.J., Lead, J.R., 2008. Nanomaterials in the environment: behavior, fate, bioavailability,
and effects. Environ Toxicol Chem 27, 1825-1851.

Kuhl, A., Lorenzen, H., 1964. Handling and Culturing of Chlorella. in: Prescott, D.M. (Ed.). Methods in
Cell Physiology. Academic Press; NEW YORK and London.

KunststoffWeb, 2020. Ocsial: Erweiterte Produktion von Kohlenstoff-Nanoréhrchen. Kunststoff
Information, Bad Homburg. https://www.kunststoffweb.de/branchen-news/ocsial_erweiterte_produ
ktion_von_kohlenstoff-nanoroehrchen_t244537. September 17, 2020

Long, Z., Ji, J., Yang, K., Lin, D., Wu, F., 2012. Systematic and quantitative investigation of the
mechanism of carbon nanotubes' toxicity toward algae. Environ Sci Technol 46, 8458-8466.

Lovern, S.B., Owen, H.A., Klaper, R., 2008. Electron microscopy of gold nanoparticle intake in the gut
of Daphnia magna. Nanotoxicology 2, 43-48.

Lynch, M., 1978. Complex Interactions between Natural Coexploiters Daphnia and Ceriodaphnia.
Ecology 59, 552-564.

Maes, H.M., Stibany, F., Giefers, S., Daniels, B., Deutschmann, B., Baumgartner, W., Schaffer, A., 2014.
Accumulation and distribution of multiwalled carbon nanotubes in zebrafish (Danio rerio). Environ Sci
Technol 48, 12256-12264.

Mauter, M.S., Elimelech, M., 2008. Environmental applications of carbon-based nanomaterials.
Environ Sci Technol 42, 5843-5859.

Miao, A.J., Schwehr, K.A,, Xu, C., Zhang, S.J., Luo, Z., Quigg, A., Santschi, P.H., 2009. The algal toxicity
of silver engineered nanoparticles and detoxification by exopolymeric substances. Environ Pollut 157,
3034-3041.

Mitrano, D.M., Motellier, S., Clavaguera, S., Nowack, B., 2015. Review of nanomaterial aging and
transformations through the life cycle of nano-enhanced products. Environment International 77,
132-147.

Mortimer, M., Petersen, E.J., Buchholz, B.A., Orias, E., Holden, P.A., 2016. Bioaccumulation of Multiwall
Carbon Nanotubes in Tetrahymena thermophila by Direct Feeding or Trophic Transfer. Environ Sci
Technol 50, 8876-8885.

37


https://www.kunststoffweb.de/branchennews/ocsial_erweiterte_produktion_von_kohlenstoff-nanoroehrchen_t244537
https://www.kunststoffweb.de/branchennews/ocsial_erweiterte_produktion_von_kohlenstoff-nanoroehrchen_t244537

910
911

912
913
914

915
916

917

918
919
920

921
922

923
924
925

926
927
928

929
930
931

932
933
934

935
936
937

938
939
940

941
942
943
944

945
946
947

948
949

950
951

Naasz, S., Altenburger, R., Kuhnel, D., 2018. Environmental mixtures of nanomaterials and chemicals:
The Trojan-horse phenomenon and its relevance for ecotoxicity. Sci Total Environ 635, 1170-1181.

Newland, B., Taplan, C., Pette, D., Friedrichs, J., Steinhart, M., Wang, W., Voit, B., Seib, F.P., Werner,
C., 2018. Soft and flexible poly(ethylene glycol) nanotubes for local drug delivery. Nanoscale 10, 8413-
8421.

OCSIAL, 2020. About us. OCSIAL, Leudelange, Luxembourg. https://ocsial.com/about/. September 17,
2020.

OECD, 2004. Test No. 202: Daphnia sp., Acute Immobilisation Test.

Parks, A.N., Portis, L.M., Schierz, P.A., Washburn, K.M., Perron, M.M., Burgess, R.M., Ho, K.T., Chandler,
G.T., Ferguson, P.L., 2013. Bioaccumulation and toxicity of single-walled carbon nanotubes to benthic
organisms at the base of the marine food chain. Environ Toxicol Chem 32, 1270-1277.

Petersen, E.J., Akkanen, J., Kukkonen, J.V., Weber, W.J., Jr., 2009. Biological uptake and depuration of
carbon nanotubes by Daphnia magna. Environ Sci Technol 43, 2969-2975.

Petersen, E.., Pinto, R.A., Mai, D.J., Landrum, P.F.,, Weber, W.., Jr.,, 2011. Influence of
polyethyleneimine graftings of multi-walled carbon nanotubes on their accumulation and elimination
by and toxicity to Daphnia magna. Environ Sci Technol 45, 1133-1138.

Petersen, E.J., Lam, T., Gorham, J.M,, Scott, K.C., Long, C.J., Stanley, D., Sharma, R, Liddle, J.A,,
Pellegrin, B., Nguyen, T., 2014. Methods to assess the impact of UV irradiation on the surface
chemistry and structure of multiwall carbon nanotube epoxy nanocomposites. Carbon 69, 194-205.

Praetorius, A., Tufenkji, N., Goss, K.-U., Scheringer, M., von der Kammer, F., Elimelech, M., 2014. The
road to nowhere: equilibrium partition coefficients for nanoparticles. Environmental Science: Nano 1,
317-323.

Preuss, T.G., Hammers-Wirtz, M., Hommen, U., Rubach, M.N., Ratte, H.T., 2009. Development and
validatlion of an individual based Daphnia magna population model: The influence of crowding on
population dynamics. Ecol Model 220, 310-329.

Preuss, T.G., Hammers-Wirtz, M., Ratte, H.T., 2010. The potential of individual based population
models to extrapolate effects measured at standardized test conditions to relevant environmental
conditions--an example for 3,4-dichloroaniline on Daphnia magna. J Environ Monit 12, 2070-2079.

Rhiem, S., Barthel, A.K., Meyer-Plath, A., Hennig, M.P., Wachtendorf, V., Sturm, H., Schaffer, A., Maes,
H.M., 2016. Release of (14)C-labelled carbon nanotubes from polycarbonate composites. Environ
Pollut 215, 356-365.

Rhiem, S., Riding, M.J., Baumgartner, W., Martin, F.L., Semple, K.T., Jones, K.C., Schaffer, A., Maes,
H.M., 2015. Interactions of multiwalled carbon nanotubes with algal cells: quantification of association,
visualization of uptake, and measurement of alterations in the composition of cells. Environ Pollut 196,
431-439.

Roberts, A.P., Mount, A.S., Seda, B., Souther, J., Qiao, R,, Lin, S., Ke, P.C., Rao, A.M., Klaine, S.J., 2007.
In vivo biomodification of lipid-coated carbon nanotubes by Daphnia magna. Environ Sci Technol 41,
3025-3029.

Roco, M.C., 2011. The long view of nanotechnology development: the National Nanotechnology
Initiative at 10 years (vol 13, pg 427, 2011). J Nanopart Res 13, 1335-1335.

SAG Gottingen University (Culture Collection of Algae), 2013. BG 11 Medium for Cyanobacteria.
http://sagdb.uni-goettingen.de/culture_media/20%20BG11%20Medium.pdf. November 18, 2020.

38


https://ocsial.com/about/
http://sagdb.uni-goettingen.de/culture_media/20%20BG11%20Medium.pdf

952
953

954
955
956

957
958

959
960
961

962
963
964

965
966
967

968
969
970

971
972
973
974

975
976
977

978
979

980
981
982

983
984
985

986
987

988
989

990
991
992

993
994

Saleh, N.B., Pfefferle, L.D., Elimelech, M., 2008. Aggregation kinetics of multiwalled carbon nanotubes
in aquatic systems: measurements and environmental implications. Environ Sci Technol 42, 7963-7969.

Sarma, S.J., Bhattacharya, I., Brar, S.K., Tyagi, R.D., Surampalli, R.Y., 2015. Carbon Nanotube-
Bioaccumulation and Recent Advances in Environmental Monitoring. Crit Rev Env Sci Tec 45, 905-
938.

Schierz, A., Espinasse, B., Wiesner, M.R., Bisesi, J.H., Sabo-Attwood, T., Ferguson, P.L., 2014. Fate of
single walled carbon nanotubes in wetland ecosystems. Environ-Sci Nano 1, 574-583.

Schlagenhauf, L., Buerki-Thurnherr, T., Kuo, Y.Y., Wichser, A., Nuesch, F., Wick, P., Wang, J., 2015.
Carbon Nanotubes Released from an Epoxy-Based Nanocomposite: Quantification and Particle
Toxicity. Environ Sci Technol 49, 10616-10623.

Schwab, F., Bucheli, T.D., Lukhele, L.P., Magrez, A., Nowack, B., Sigg, L., Knauer, K., 2011. Are carbon
nanotube effects on green algae caused by shading and agglomeration? Environ Sci Technol 45, 6136-
6144,

Sijm, D.T.H.M., Broersen, K.W., de Roode, D.F., Mayer, P., 1998. Bioconcentration kinetics of
hydrophobic chemicals in different densities of Chlorella pyrenoidosa. Environmental Toxicology and
Chemistry 17, 1695-1704.

Tervonen, K., Waissi, G., Petersen, E.J., Akkanen, J., Kukkonen, J.V., 2010. Analysis of fullerene-C60 and
kinetic measurements for its accumulation and depuration in Daphnia magna. Environ Toxicol Chem
29, 1072-1078.

Thauer, E., Ottmann, A., Schneider, P., Moller, L., Deeg, L., Zeus, R., Wilhelmi, F., Schlestein, L., Neef,
C., Ghunaim, R., Gellesch, M., Nowka, C., Scholz, M., Haft, M., Wurmehl, S., Wenelska, K., Mijowska,
E., Kapoor, A., Bajpai, A., Hampel, S., Klingeler, R., 2020. Filled Carbon Nanotubes as Anode Materials
for Lithium-lon Batteries. Molecules 25.

Tsai, S.J., Hofmann, M., Hallock, M., Ada, E., Kong, J., Ellenbecker, M., 2009. Characterization and
Evaluation of Nanoparticle Release during the Synthesis of Single-Walled and Multiwalled Carbon
Nanotubes by Chemical Vapor Deposition. Environmental Science & Technology 43, 6017-6023.

Verdugo, P., Alldredge, A., Azam, F., Kirchman, D., Passow, U., Santschi, P., 2004. The oceanic gel phase:
A bridge in the DOM-POM continuum. Mar Chem 92, 67-85.

Wei, L., Thakkar, M., Chen, Y., Ntim, S.A., Mitra, S., Zhang, X., 2010. Cytotoxicity effects of water
dispersible oxidized multiwalled carbon nanotubes on marine alga, Dunaliella tertiolecta. Aquat
Toxicol 100, 194-201.

Wohlleben, W., Meier, M.W., Vogel, S., Landsiedel, R., Cox, G., Hirth, S., Tomovic, Z., 2013. Elastic
CNT-polyurethane nanocomposite: synthesis, performance and assessment of fragments released
during use. Nanoscale 5, 369-380.

Xiao, R., Zheng, Y., 2016. Overview of microalgal extracellular polymeric substances (EPS) and their
applications. Biotechnol Adv 34, 1225-1244,

Yeganeh, B., Kull, C.M., Hull, M.S., Marr, L.C., 2008. Characterization of airborne particles during
production of carbonaceous nanomaterials. Environ Sci Technol 42, 4600-4606.

Zaib, Q., Aina, 0.D., Ahmad, F., 2014. Using multi-walled carbon nanotubes (MWNTs) for oilfield
produced water treatment with environmentally acceptable endpoints. Environ Sci Process Impacts
16, 2039-2047.

Zhang, L., Petersen, E.J., Habteselassie, M.Y., Mao, L., Huang, Q., 2013a. Degradation of multiwall
carbon nanotubes by bacteria. Environ Pollut 181, 335-339.

39



995
996

997
998
999

1000
1001

1002
1003
1004

1005
1006

Zhang, L., Petersen, E.J., Zhang, W., Chen, Y., Cabrera, M., Huang, Q., 2012. Interactions of 14C-labeled
multi-walled carbon nanotubes with soil minerals in water. Environ Pollut 166, 75-81.

Zheng, S., Zhou, Q., Chen, C,, Yang, F., Cai, Z,, Li, D., Geng, Q., Feng, Y., Wang, H., 2019. Role of
extracellular polymeric substances on the behavior and toxicity of silver nanoparticles and ions to
green algae Chlorella vulgaris. Sci Total Environ 660, 1182-1190.

Zhou, L., Zhu, D., Zhang, S., Pan, B., 2015. A settling curve modeling method for quantitative description
of the dispersion stability of carbon nanotubes in aquatic environments. J Environ Sci (China) 29, 1-10.

Zhu, B., Zhu, S., Li, J., Hui, X., Wang, G.X., 2018. The developmental toxicity, bioaccumulation and
distribution of oxidized single walled carbon nanotubes in Artemia salina. Toxicol Res (Camb) 7, 897-
906.

Zhu, Y., Zhao, Q.F,, Li, Y.G,, Cai, X.Q., Li, W., 2006. The interaction and toxicity of multi-walled carbon
nanotubes with Stylonychia mytilus. J Nanosci Nanotechno 6, 1357-1364.

40



