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Abstract

Studies investigating the effect of carbon nanotubes (CNTSs) on the bioavailability and toxicity of
hydrophobic organic compounds in aquatic environments have generated contradictory results,
and the influence of different CNT properties remains unknown. Here, the adsorption of the
polycyclic aromatic hydrocarbon phenanthrene (70-735 pg/L) to five types of CNTs exhibiting
different physical and chemical properties was studied. The CNTs were dispersed in the presence
of natural organic matter (nominally 20 mg/L) in order to increase the environmental relevance
of the study. Furthermore, the bioavailability and toxicity of phenanthrene to Daphnia magna in
the absence and presence of dispersed CNTs was investigated. Both CNT dispersion and
adsorption of phenanthrene appeared to be influenced by CNT physical properties (diameter and
specific surface area). However, dispersion and phenanthrene adsorption was not influenced by
CNT surface chemical properties (surface oxygen content), under the conditions tested. Based on
nominal phenanthrene concentrations, a reduction in toxicity to D. magna was observed during
co-exposure to phenanthrene and two types of CNTs, while for the others, no influence on
phenanthrene toxicity was observed. Based on freely dissolved concentrations, however, an
increased toxicity was observed in the presence of all CNTSs, indicating bioavailability of CNT-

adsorbed phenanthrene to D. magna.

Keywords: Nanomaterials, polycyclic aromatic hydrocarbons, adsorption, dispersion, aquatic

organisms, aquatic ecotoxicity.
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INTRODUCTION

The production of carbon nanotubes (CNTs) is increasing due to their incorporation into a
growing number of applications, including in composite materials and environmental
technologies." 2 Due to their hydrophobicity and tendency to aggregate and settle, a significant
proportion of CNTs released into the environment are assumed to accumulate in sediments.?
However, the adsorption of colloidal and dissolved natural organic matter (NOM) to CNT
surfaces has been found to increase the dispersion stability and water column residence time of
CNTs in aqueous media, significantly influencing their environmental fate and behavior.*®.
CNTs are potent adsorbents of hydrophobic organic compounds (HOCs), making them
interesting e.g. in remediation of contaminated sites or in wastewater treatment.>* 1 This raises
questions with respect to their effect on the fate, bioavailability and toxicity of HOCs, including
polycyclic aromatic hydrocarbons (PAHs) which are common pollutants in natural
environments. CNT adsorption of HOCs is influenced by several factors, including the CNT

physicochemical properties, CNT dispersion state, the presence of NOM and media properties.'!”

15

Several studies have observed ingestion of CNTs by aquatic organisms, including daphnids and
fish.!1” Moreover, adverse effects as a direct result of CNT exposure have been observed in
algae, daphnids and fish.* !7- 182023 Fyrther studies have investigated the adsorption of HOCs by
CNTs or other carbon-based nanomaterials (CNMs), such as fullerene Ceo, and the subsequent
bioavailability and toxicity of these contaminants to aquatic organisms. Only freely dissolved
HOC:s are considered bioavailable to aquatic organisms, and the adsorption to CNMs has been

suggested to reduce HOC bioavailability. However, studies have shown contradictory findings.
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Some studies found that CNM adsorption of HOCs led to a reduction in their bioavailability and
toxicity to aquatic organisms.?*® In contrast, other studies have reported that HOCs adsorbed by
CNMs remain bioavailable to both pelagic and benthic organisms.!!> 1> 25 27-28 For example, in
Japanese Medaka (Oryzias latipes) it was demonstrated that a CNT-adsorbed PAH
(phenanthrene) was released after ingestion of the particles, resulting in increased body
concentrations in the fish.!® Our previous study revealed that a range of CNTs with different
physicochemical properties readily adsorbed phenanthrene in the presence of environmentally
relevant concentrations of NOM and that it was bioavailable to freshwater algae
(Pseudokirchneriella subcapitata).'! These results show that CNMs can facilitate the transport of
co-adsorbed contaminants into organisms through alternative uptake routes, indicating that they
remain bioavailable. The bioavailability of CNT-adsorbed HOCs is thought to be influenced by
factors such as CNT aggregation behavior and the presence of NOM. Aggregation behavior is
believed to affect CNT retention/elimination rates in organisms, whilst the presence of NOM has
been suggested to impede PAH desorption from CNTs.!”> * The contradictory results from
previous studies highlight the complexity of combined studies with CNTs and HOCs, and how
the results may be influenced by CNT properties or environmental factors (e.g. NOM). Despite
the fact that CNT properties can influence CNT aggregation behavior® and their adsorption of
organic pollutants,''!® few studies have addressed the effect of CNT properties on co-
contaminant bioavailability and toxicity to aquatic organisms. More knowledge regarding CNT
effects on bioavailability and toxicity of HOCs in the presence of NOM is of importance for the

evaluation of their environmental effects.
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In this study, we used phenanthrene as a model PAH to evaluate the bioavailability and toxicity
to D. magna in the presence of CNTs and environmentally relevant concentrations of NOM. To
investigate the influence of the physicochemical properties of CNTs on the bioavailability and
toxicity of phenanthrene, five types of CNTs were used in the study, including one single-walled
CNT (SWCNTs), two non-functionalized multi-walled CNTs (MWCNT-15 and MWCNT-30)
with different diameter and lengths and two functionalized MWCNTs (hydroxyl: MWCNT-OH
and carboxyl: MWCNT-COOH). Adsorption of phenanthrene to the different types of CNTs in
the presence of NOM was determined, and the subsequent influence on bioavailability and

toxicity to D. magna assessed through acute toxicity tests.

MATERIALS AND METHODS

Chemicals. The carbon nanotubes (SWCNT, MWCNT-15, MWCNT-30, MWCNT-OH and
MWCNT-COOH; >95%) were obtained from Timesnano (Chengdu Organic Chemicals Co., Ltd,
Chinese Academy of Sciences). Characterization of the CNTs was performed to determine outer
diameter, purity, specific surface area (SSA) and surface oxygen content. Details on the
characterization techniques has been previously published.!! Phenanthrene (>99.5%, Sigma
Aldrich) was dissolved in methanol (analytical grade, Fluka Analytical) for the preparation of
stock solutions (100 mg/L). Suwannee River natural organic matter (SR-NOM) was purchased

from the International Humic Substance Society (IHSS).

Preparation of CNT dispersions. Elendt M7 medium?® containing 20 mg/L SR-NOM (M7-
NOM) was used as medium for the preparation of CNT dispersions throughout the study. SR-

NOM was dissolved in M7 medium by magnetic stirring for 24 h. Undissolved material was
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subsequently removed by filtration through a 0.2 pm Nalgene filter unit (Thermo Fisher
Scientific, Inc.). The pH of the M7-NOM was 7.74 £+ 0.08 and needed no adjustment after
preparation. CNT stock dispersions in M7-NOM (100 mg/L) were prepared using bath
sonication according to a previously published method.!! After sonication, the stock dispersions
were mixed into larger volumes of the same media to achieve an initial CNT concentration of 10
mg/L. The prepared dispersions were left for 24 h to allow any non-dispersed CNT aggregates to
settle out of the water column before the supernatant containing the remaining dispersed CNTs
was withdrawn and used in the further experiments. The CNT concentration in the supernatant
was determined by UV-vis absorbance measurements at 800 nm (Hitachi U-2000
Spectrophotometer), as no interference from NOM, the media or phenanthrene was observed at
this wavelength. Quantification was performed using calibration curves prepared for individual
CNTs as previously described.!! The calibration curves are presented in Figure S1 in the
Supplementary Information (SI). For MWCNT-15, MWCNT-OH and MWCNT-COOH the
concentration was determined in single replicates which were subsequently used throughout the
adsorption and toxicity studies. Due to an oversight, the concentration of MWCNT-30 and
SWCNT was not measured directly in the dispersions used in the adsorption and toxicity studies.
The concentration of SWCNT and MWCNT-30 was therefore determined independently in
seven and six replicates, respectively. The average concentrations of these were used to
confidently estimate the CNT concentration in dispersions used in adsorption and toxicity
studies. The coefficients of variation (CV) of the replicates were 15% and 27% for SWCNT and

MWCNT-30, respectively.
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Phenanthrene toxicity to daphnids. D. magna were cultivated in Elendt M7 medium at 20 + 2
°C. Prior to testing, they were kept under a 16-hour light and 8-hour dark cycle and fed with the
freshwater algae P. subcapitata. A modified version of the OECD Daphnia sp., Acute
Immobilisation Test? was used to assess phenanthrene toxicity to daphnids, using 3-4 days old
daphnids. Pre-tests showed that for newborn organisms (< 24 h, as recommended in the OECD
test guidelines) attachment of CNT aggregates to the animals could cause mechanical
immobilization. Although mechanical immobilization could be considered as a physical
mechanism of toxicity, it is suggested this would not be of significant relevance in natural fresh
waters where CNT concentrations are expected to be low. To minimize the risk of mechanical

influence of the CNTs, larger 3-4 day old animals were used.

The daphnids were exposed to phenanthrene spiked into M7-NOM at five different
concentrations (70 pg/L, 126 pg/L, 227 ng/L, 408 ng/L and 735 pug/L) in order to determine the
effect concentrations. Five animals were carefully pipetted into 20 mL exposure solution
contained in 22 mL glass vials with PTFE lined screw caps (Agilent Technologies, Inc.),
maintaining a headspace of 1-2 cm. Four replicates were included at each phenanthrene
concentration. The animals were exposed for 48 hours in darkness at a temperature of 19.6 £+ 0.3
°C, after which the number of immobilized animals was counted. Abnormalities, including
mortality and disoriented animals, were also recorded. Negative controls for M7 (n=8), M7-
NOM (n=32) and methanol dissolved in M7-NOM (which was used as a solvent for
phenanthrene, 7.35 pg/L; n=8) were included in the study. Dissolved oxygen (dO>) and pH was

determined in the sample solutions at the start and end of the exposure.
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A total of six tests with phenanthrene-only (i.e. without the presence of CNTs) were performed
in order to investigate the variability of the test. Four of the tests were performed using the same
batch of daphnids, while two tests were performed with different batches of the daphnids, giving
very good control of test variability both within one batch and between different batches of
daphnids. Based on these data, effect concentrations causing 50% immobilization of D. magna
(ECso) resulting from exposure to phenanthrene-only were calculated. Furthermore, the EC30 and
EC7o values were calculated and used as a control for biological variability throughout the rest of
the study (i.e. in the tests subsequently performed with CNTs). This was done by exposing
daphnids to phenanthrene-only at the concentrations corresponding to the calculated EC3p and
EC7o values, and verifying that the responses were similar in all tests. The calculations and
statistical analysis were performed using GraphPad Prism 6.0. EC values were calculated from
nonlinear fit/concentration-response stimulation (log(agonist) vs. response), using an ordinary fit
(least squares) and variable slope, with bottom and top constrain set as 0% and 100%,
respectively. Statistical differences between groups were tested using analysis of variance

(ANOVA) with Tukey’s post hoc test.

Phenanthrene toxicity in the presence of CNTs. The CNT dispersions were prepared as
described, spiked with five nominal concentrations (Crominal) 0f phenanthrene (70-735 pg/L) and
divided into aliquots of 20 mL contained in 22 mL glass vials. The phenanthrene Cuominal range
used was identical to that of the test with pure phenanthrene (no CNTs). The samples were left
on an orbital shaker (165 rpm) in darkness for five days to ensure adsorption equilibrium.!'! 3¢
Once equilibrium had been achieved, five daphnids were placed in each sample vial and exposed

for 48 h under identical conditions as those used in the phenanthrene-only toxicity test described

above. Four replicates at each Chominat Were used. Immobilization and abnormalities (CNT
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attachment to the animals, mortality and disoriented animals) were recorded after the 48 hours.
Controls containing only CNTs (CNT dispersions without phenanthrene) were included to
account for any toxicity due to the CNTs themselves. In addition, animals were exposed to
phenanthrene-only at the calculated EC30 and EC7o from the phenanthrene-only tests to control

for any biological variability (as previously described).

Microscopy analysis. Visual inspections of the exposed daphnids, in the absence and presence
of CNTs, were performed using light microscopy (Leica MZ-APO microscope; Leica

Microsystems, with a DS-5M-U1 camera; Nikon).

Chemical analysis. The concentration of freely dissolved phenanthrene (Cree) Was determined at
the start of the exposure for all phenanthrene concentrations, both in the absence and presence of
CNTs. Three replicates were analysed in the absence of CNTs, while single replicates were
analysed in the presence of CNTs. Duplicate measurements of each replicate were applied in all
cases. In studies where CNTs were present, filtration using a hydrophilic polytetrafluoroethylene
(PTFE) filter membrane (0.1 pm pore size, Merck Millipore) was used to isolate and remove the
dispersed CNTs from the water phase prior to determination of Cpee. Details on the filtration

technique have been previously published.'’ 3!

Briefly, a highly reproducible sorption of
phenanthrene to the filter membrane of approximately 18% was observed at all phenanthrene
concentrations.>’ This allowed for the calculation of phenanthrene loss from the dissolved phase
during the filtration process. Cgee in the presence of CNTs was then used to calculate the
phenanthrene adsorption to CNTs. Csee was determined by direct injection using high-performance

liquid chromatography with photodiode-array UV detection (HPLC-UV; Agilent Technologies, Inc.)

as previously described.’! The Dubinin-Ashtakhov model (DAM), which was successfully used for
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describing phenanthrene adsorption to CNTs in our previous study, was fitted to the adsorption

data.!!

RESULTS AND DISCUSSION

CNT properties and dispersion behavior. A detailed summary of the CNT physicochemical
properties determined have been previously published!' and is available in Table S1. Briefly,
transmission electron microscopy analysis indicated that the SWCNT had an average diameter of
~2 nm whilst the four MWCNTs had average diameters that ranged between 14-20 nm. The
SWCNT exhibited a SSA of 483.7 m?/g, significantly higher than the MWCNTSs with SSA
values <177.4 m*/g. Surface oxygen content was 5.7% and 3.9% for MWCNT-COOH and
MWCNT-OH, respectively, while the non-functionalized CNTs all had similar surface oxygen

contents of <2%.

The concentration of the five different CNTs remaining dispersed in the supernatants after the 24
h settling period was determined and these values were used to calculate the available surface
area in each dispersion (Table 1). The available surface area in each dispersion is calculated
based on the individual SSA values determined for the dry CNTs rather than dispersed CNTs,
and can therefore only be considered as estimates. However, as surface area is likely to be an
important factor in controlling adsorption and to have a potentially decisive effect on co-

11, 13, 32

contaminant bioavailability and toxicity, these estimates offer a useful measure for

interpreting the results generated in the subsequent toxicity studies.

The SWCNT and MWCNTs exhibited large differences in dispersibility, with the percentage of

the original 10 mg/L of each CNT remaining in dispersion being 5 % SWCNT, 25 % MWCNT-

10
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15, 26 % MWCNT-30, 23 % MWCNT-OH, and 24 % MWCNT-COOH. The SWCNT exhibited
a lower dispersed concentration than the MWCNTs, consistent with the observations made in our
previous study'! and in accordance with studies reporting a positive relation between CNT
diameter and dispersibility.® The dispersion concentrations for the four functionalized and non-
functionalized MWCNTs were all very similar, being in the range 2.29-2.62 mg/L (23-26%).
Interestingly, this is in contrast to our previous study using the same CNTs in algae medium with
NOM, where higher dispersed concentrations were observed for the functionalized MWCNTSs
than for the non-functionalized MWCNTs.!! Previous studies have shown a positive relationship
between surface oxygen content and dispersibility.® However, artificial freshwater containing
high concentrations of divalent cations and NOM has been shown to reduce the effect of CNT
surface oxygen on dispersibility.*® The Elendt M7 medium used in the current study is more
complex and has a higher ionic strength and concentration of divalent cations than the algae
medium used in our previous study.!! The specific conductivity (measure of ionic strength) for
Elendt M7 and the algae medium is 658 and 161 pS/cm, respectively, while the Ca®"
concentration (calculated from the media composition®-3*) is 2.0 and 0.1 mM, respectively. As
the same CNTs, dispersion method and NOM concentration was employed in both studies, it is
suggested that the Elendt M7 medium composition is causing the comparable dispersion
concentrations for functionalized and non-functionalized MWCNTs. It is therefore important to
consider the role of aquatic ecotoxicity media recommended for different species in standard
tests. This also highlights the importance of such parameters in natural waters and the role they

will have on CNT behavior in the aquatic environment.

11
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Phenanthrene adsorption to CNTs. The determination of phenanthrene Cgee showed
significant phenanthrene adsorption to all five types of CNTs. When present at their individual
maximum dispersion concentrations shown in Table 1, the five CNTs adsorbed 25-50% of the
Crominat phenanthrene over the concentration range tested (70-735 pg/L; Figure S2). The
adsorption isotherms are presented in Figure 1, and adsorption capacity and adsorption affinity
for each of the CNTs, described by the DAM parameters log Q° and E, respectively, are
presented in Table S2. Furthermore, Cgee as a function of nominal phenanthrene concentrations
(Chominal) 1s presented in Figure S3. As the adsorption data used for model fitting was based on
single data points, no statistical tests of the data were performed. The use of single data points
was based upon (i) high reproducibility was observed between the replicates from adsorption
studies in our previous study employing the same method!!, (ii) the DAM provided a strong fit
for the single data points generated in the current study, and (iii) the calculated maximum
adsorption capacities were highly comparable between the current and previous study for the
non-functionalized MWCNTSs. The generated adsorption isotherms and the fitted parameters
contribute valuable information for comparison of adsorption behavior between the different

CNT types in the M7 Elendt media.

The data showed a higher 0” of SWCNT compared to the MWCNTs. This is in accordance with
our previous study using the same CNTs with algae medium and NOM,!! and with other reports
demonstrating a positive correlations between CNT SSA and Q°.3? Interestingly, no relationship
between CNT surface oxygen content and O was observed in the current study. This was further
supported by the adsorption isotherms, which were similar for both functionalized and non-

functionalized MWCNTs (Figure 1A). These data are in contrast to previous observations using

12
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the same CNTs in algae medium and NOM!! and to other studies where a decrease in O with
increasing surface oxygen content has been observed.!” 32 The Q” of the non-functionalized
MWCNTs was very similar in both our current (8.28 pg/kg and 8.37 pg/kg for MWCNT-15 and
MWCNT-30, respectively) and previous studies (8.22 pg/kg and 8.39 ng/kg for MWCNT-15
and MWCNT-30, respectively). However, a higher Q° was observed for the functionalized
MWCNTs in the current study, with values being similar to those of the non-functionalized
MWCNTs. For example, the Q° of MWCNT-COOH in the current study was 8.20 pg/kg,
compared to 7.64 pg/kg in the previous study. Normalizing the data against the estimated
available surface area allows for further investigation of the effect of surface chemistry. Using
data from our previous study, surface area normalized adsorption isotherms of the functionalized
MWCNTs, in particular for MWCNT-COOH, differed from those of the non-functionalized
MWCNTs (Figure S4). This indicated a suppression of phenanthrene adsorption due to the
presence of oxygen containing surface functional groups. In the current study, normalizing the
adsorption isotherms against the estimated available surface area resulted in very similar
adsorption isotherms for all MWCNTs irrespective of surface chemistry (Figure 1B). In the M7-
NOM medium, the presence of functional groups does not appear to influence phenanthrene
adsorption to CNTs significantly. We have already demonstrated that media properties (ionic
strength, concentration of divalent cations) can influence the role of CNT surface chemistry on
CNT dispersibility. The current study also indicates that media properties are of importance with
respect to the role of CNT surface chemistry on adsorption behavior. Media properties have been
reported to affect adsorption of NOM to CNTs,* but there is limited knowledge regarding the
effect of media properties on the adsorption of HOCs, such as phenanthrene, to CNTs. Further

studies are required to assess the role of aquatic media properties on adsorption behavior, as it

13



285

286

287

288

289

290

291

292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

would also have implications for the further effect of CNTs on co-contaminant bioavailability

and the process of HOC adsorption in different aquatic environments.

In the current study, no clear relationship was observed between CNT properties and E. Similar
observations were made in our previous study with the same CNTs in algae medium.!' It has
been previously reported that £ of PAHs (pyrene) to CNTs varied with the type functionalization
when dispersed by shaking. However, treatment with sonication removed differences in E
between different CNT types, but also resulted in an overall increase in E for all CNT types."?
The presence of NOM has been shown to reduce E.'* Despite the identical sonication treatment
and SR-NOM concentration used in both our current and previous studies'!, slightly lower E
values were observed for all CNTs in the current study, in particular for the MWCNTs. Again,
this suggests an influence of media properties on CNT adsorption behavior, which should receive

attention in future studies.

Phenanthrene toxicity to daphnids. In all of the control exposures (pure Elendt M7, M7-NOM
and M7-NOM with methanol) <10% of the animals were immobilized, meeting with the OECD
test criteria. This confirmed there was no toxicity that could be attributed to the M7 media, the
presence of NOM or from the methanol used for dissolving phenanthrene. There were no
variations in pH outside the recommended range in any of the tests, and the dO> concentration at

the end of the experiment was well above the validation criteria (>3 mg/L) of the test guideline.

The percentage immobilization of daphnids as a function of phenanthrene concentration for the

six individual tests performed is presented, together with the calculated ECso values, in Figure

14
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S5. Although the Cgee (i.e. the measured phenanthrene concentration in the water phase) varied
by <10% from Cromina at all phenanthrene concentrations tested in the absence of CNTs, dose-
response curves were calculated both for Cnominal and Cpree. This was done as the response of D.
magna to phenanthrene exposure was subsequently compared in the absence and presence of
CNTs, both for Chominal and Csee. The CV of the calculated ECso values for the six tests was <6%.
As the variability between the tests was low, the data from the six tests were pooled in order to
create an average dose-response curve and determine ECso values for phenanthrene. The average
dose-response curves for phenanthrene-only are presented in Figure 2 (together with dose-
response curves for phenanthrene in the presence of CNTs), while the average 48 h ECso value is
shown in Table 2. Based on Crominat and Cfree, the ECso values were 342.1 ug/L (ECs0,nominal) and
310.9 pg/L (ECsofiee), respectively. The 48 h ECso for 3-4 day old daphnids exposed to
phenanthrene was comparable to the 48 h ECso values for <24 h old daphnids previously
reported (range from 230 pg/L to 550 ug/L).?> 3337 Although we observed comparability with
literature values for <24 h old daphnids, a detailed assessment of the implications of using 3-4

day old daphnids was not tested in the current study.

Phenanthrene toxicity in the presence of CNTs. In control exposures containing CNTs-only
(no phenanthrene), the immobilization of daphnids was <10% in all cases, indicating there was
no acute toxicity from any of the five CNT types at the concentrations tested (Table 1). Previous
studies have reported a 50% mortality (LCso) of D. magna (<24 h) exposed to MWCNTs
dispersed in NOM at concentrations of 2-2.5 mg/L.' 3 These LCso concentrations are
comparable to the CNT concentrations used in the current study. However, they were achieved

after a 96 h exposure time rather than the recommended 48 h exposure time in the test guideline.
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One of these studies also investigated D. magna (<24 h) mortality after 48 h, observing no
mortality even at 20 mg/L MWCNT exposure concentrations.® The absence of an acute toxic
response after 48 h and at the CNT concentrations employed in the current study therefore
appears comparable to previous studies despite the difference in age of the D. magna used. The
positive control samples contained daphnids exposed to phenanthrene-only (no CNTs) at
concentrations representing the calculated EC3o and EC7o from the phenanthrene-only tests.
These exhibited similar responses as those obtained in the phenanthrene-only tests, indicating no

biological variability between the tests.

D. magna immobilization as a function of phenanthrene concentration in the presence of CNTs is
presented in Figure 2, and the calculated ECso values are presented in Table 2. When using the
ECs0,nominat values, a significant reduction in phenanthrene toxicity (»p<0.003) was observed in the
presence of SWCNT and MWCNT-30 compared to phenanthrene-only (Figure 2A, Table 2).
For the three other CNTs (MWCNT-15, MWCNT-OH and MWCNT-COOH), no significant
difference in phenanthrene toxicity was observed in exposures with and without the presence of
CNTs. Owing to the slightly higher dispersion concentration (2.62 mg/L) and available surface
area (0.46 m?/L) of MWCNT-30 compared to the other MWCNTSs (2.29-2.45 mg/L and 0.32-
0.34 m?/L, respectively; Table 1), MWCNT-30 adsorbed a higher quantity of the added
phenanthrene. As a result, Cfee was lower in the presence of MWCNT-30 than for the other
MWCNTs (Figure S3). In the SWCNTSs dispersions, the Cree Was also lower than the Cree values
determined for MWCNT-15, MWCNT-OH and MWCNT-COOH for most of the Chominal
phenanthrene values used in the study. As it was only the SWCNT and MWCNT-30 that reduced

phenanthrene toxicity through adsorption, this could indicate that increased adsorption of
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phenanthrene by CNTs (Ccnr) causes a reduction in phenanthrene bioavailability to D. magna.
Importantly, similar ECso values were observed for both the phenanthrene-only exposures and
the combined phenanthrene-CNT exposures for MWCNT-15, MWCNT-OH and MWCNT-
COOH despite a reduction in Cgee 0of 25-40% in these dispersions. These results indicate that
phenanthrene adsorbed to CNTs remains bioavailable to D. magna. This bioavailability was
further investigated by calculating dose-response curves for each CNT type based on their
corresponding Cpee values (Figure 2B, Table 2). The data show a significant increase in
phenanthrene toxicity in the presence of all CNT types when compared to phenanthrene-only.
Therefore, the study strongly indicates that the phenanthrene adsorbed to all five different CNT
types remained at least partially bioavailable and contributed directly to the observed toxicity.
Similarly, it has been observed that phenanthrene adsorbed to the fullerene Cso and to suspended
sediment remain bioavailable and contribute to toxicity when exposed to D. magna.>> 3’

Moreover, phenanthrene absorbed to the same CNTs as used in the current study remained

bioavailable to the algae P. subcapitata.'!

No significant difference in toxicity was observed between any of the CNT types based on Cree
values. Thus, at similar Cgee values, the contribution to toxicity from CNT-adsorbed
phenanthrene was comparable for all types of CNT. This indicates that CNT physicochemical
properties did not significantly influence the mechanisms by which CNT-adsorbed phenanthrene
was bioavailable or toxic to D. magna. It has been previously suggested that aggregation,
expected to be higher for SWCNTs than MWCNTs due to the smaller diameter of SWCNTs,
influences CNT elimination rates from the organisms and therefore affects PAH bioavailability

to fish (Oryzias latipes and Pimephales promelas)."> ** Although the similar ECso fee values
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determined for each CNT type in the current study does not support this hypothesis, the
importance of CNT aggregation behavior could vary for different organisms depending on their
exposure and uptake routes. The data for D. magna are comparable to our previous study with
freshwater algae (P. subcapitata), where no clear relationship was observed between any of the
CNT physicochemical properties evaluated and the ECso see values determined.!'! It is interesting
to note that in both studies the hill slope of the dose-response curves were somewhat steeper for
MWCNT-15 compared to the other CNTs and phenanthrene-only.!! This indicates there may be
some variation in the bioavailability of phenanthrene in the presence of the different CNTs,
despite the similar ECsofee observed for all CNTs. However, this would need further
investigation. The same observation regarding hill slope was made both for algae and for
daphnids, suggesting this possible variation in phenanthrene bioavailability is independent of the
organism exposed to the CNT/phenanthrene mixture, and more likely related to one or more of

the physicochemical differences between the test CNTs.

Optical microscopy images showed that CNTs were present in the digestive tracts of the
daphnids (Figure 3). In some cases, CNT aggregates were observed attached to the surface of
the daphnids; however, these were easily removed or dislodged by slight movement of the
organisms with a pipette. As these surface-attached CNT aggregates were only occasionally
observed, their influence on phenanthrene bioavailability and toxicity to D. magna is considered
negligible when compared to the large quantity of ingested CNTs (observed in the gut). Uptake
of PAHs through biological membranes and by pelagic invertebrates by passive diffusion has
previously been reported.’” ° In the absence of CNTs, passive diffusion is considered the main

uptake route of dissolved phenanthrene by D. magna in the current study. In the presence of
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CNTs, uptake by passive diffusion would be lower due to the lower Cgee. Thus, data from the
toxicity study indicate that another uptake route contributed to the toxicity. Ingestion of CNTs by
daphnids appears to represent an alternative uptake route for phenanthrene, and the data suggest
that CNT-adsorbed phenanthrene must be desorbing from the CNTs when passing through the
digestive tract. Dissolved PAHs in aqueous systems will undergo adsorption or desorption to
CNTs in order to establish equilibrium.*! When CNTs with adsorbed phenanthrene are ingested
by D. magna, a lower (or most likely zero) phenanthrene concentration in the digestive tract will
therefore promote desorption of phenanthrene from the CNTs into the dissolved phase where it is
known to be bioavailable. Furthermore, the altered chemical environment in the digestive tract of
D. magna might also promote desorption of phenanthrene from CNTs (e.g. pH which is 6.0-7.2
in daphnids*?). The high O’ of CNTs implies that their presence could significantly alter the
exposure routes of phenanthrene or other HOCs, increasing the likelihood of dietary exposure. A
increased negative impact on endpoints such as reproduction and egg production in daphnids has
been observed following dietary exposure and uptake to silver nanoparticles when compared to
uptake of dissolved silver through passive diffusion from the water.*> However, the importance
of dietary uptake with respect to uptake by passive diffusion for PAHs in D. magna is not

known.

In the current study, no acute toxicity (immobilization) was observed due to the presence of the
CNTs at any of the dispersion concentrations employed. However, sublethal effects caused by
CNTs, and which may be compounded in the presence of phenanthrene, cannot be excluded.
Furthermore, the presence of CNTs in the exposure system may facilitate an increased uptake or

toxicological response to the dissolved phenanthrene fraction. Synergistic effects arising from
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the mixture of CNTs and phenanthrene could therefore represent another mechanism responsible
for the increased toxicity based on Ceee Observed in the current study. An insight into the role of
mixture toxicity could be gained by investigating other, more sensitive, endpoints for CNT
toxicity, or by employing different CNT concentrations in a study where phenanthrene
concentration remains constant. In the current study, no difference in toxicity was observed
between the different types of CNTs when evaluating Cee. This implies that the contribution
from the CNTs to any mixture toxicity effect should be similar for all CNT types, irrespective of
their different properties and different dispersion concentrations (e.g. SWCNTs compared to
MWCNTs). This would be in contrast to previous studies where a higher toxicity for non-
functionalized MWCNTs compared to functionalized MWCNTs has been reported for daphnids
(Ceriodaphnia dubia).** Furthermore, comparable observations were made in our previous study
where no difference in toxicity (based on Cgee) Was observed between CNT types. Although the
combined effects of CNTs and phenanthrene could be a mechanism of toxicity, the data of our
current and previous study suggest that this alone cannot explain the increased toxicity observed

based on Crree.

There are several similarities between the toxicity data in our current study and our previous
study with freshwater algae (P. subcapitata).'!! Most importantly, in the previous study a
significant reduction in algal toxicity was only observed when using Crominat values in the
presence of SWCNT. However, when considering Cree, an increase in algal toxicity compared to
phenanthrene-only control samples was observed in the presence of all CNTs, similar to the
observations made in the current study.!! These similarities were observed despite the fact that

the exposure routes of CNT-adsorbed phenanthrene are significantly different for algae (e.g.
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dietary exposure is not relevant). Attachment of algal cells to CNT aggregates with adsorbed
phenanthrene was believed to be of importance. In addition, a measurable reduction in Cfee due
to the presence of algae was observed, implying that desorption of phenanthrene from CNTs
could contribute to maintaining a higher Cee.!! In contrast, the current study found there was no
significant difference in Cgee in the presence and absence of D. magna in solutions with
phenanthrene-only (Figure S6). Thus, desorption of phenanthrene from CNTs in the water phase
is not believed to significantly influence Cree. It has been previously suggested that the presence
of NOM impedes desorption of PAHs from CNTs, thus reduces the PAH bioavailability to fish.?*
However, our current and previous studies!' suggest that the presence of NOM does not in
general prevent bioavailability of PAHs adsorbed to CNTs, as the CNT-adsorbed phenanthrene
was bioavailable to both algae and daphnids despite the presence of NOM in these studies.
However, the mechanisms of uptake and toxicity of CNT-adsorbed PAHs are different in
different species and trophic levels (e.g. algae, daphnids and fish). Both the mechanisms by
which CNT-adsorbed phenanthrene contributes to toxicity for different organisms and the role of
NOM in affecting the bioavailability of HOCs adsorbed by CNTs is of high environmental

relevance and should be further investigated.
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Table 1. CNT dispersed concentration in M7-NOM and calculated available surface area.

Dispersed concentration

Percentage dispersed

Available surface area

(mg/L) (%) (m*/L)
SWCNT 0.46 4.6 0.22
MWCNT-15 2.45 24.5 0.34
MWCNT-30 2.62 26.2 0.46
MWCNT-OH 2.29 22.6 0.32
MWCNT-COOH 2.41 24.1 0.34
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Figure 1. Adsorption isotherms of phenanthrene adsorbed to five types of CNTs calculated
based on A) CNT mass and B) CNT available surface area.
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639  Figure 2. Immobilization of D. magna after exposure to phenanthrene in the absence and
640  presence of CNTs. Phenanthrene concentrations are presented as A) nominal concentrations

641  (Chominal), and B) freely dissolved concentrations (Cree). Error bars represent the standard error of
642  mean.

643
644

28



645
646
647
648
649
650

651
652

653

654
655
656
657
658

Table 2. Calculated ECso values for both Chominal (EC50, nominal) and Céree (ECso, frec) following
exposure to phenanthrene-only and phenanthrene in the presence of CNTs. Variations are
presented as the 95% confidence interval (CI) and the goodness of fit described by the
coefficient of determination (R’). The ECso values for phenanthrene-only are based on pooled
data from six individual toxicity tests. Differing letters indicate statistical significant difference

(»<0.05) within columns.

ECSO,nominal

ECSO,free

CNT (ug/L) 95% CI R’ (ug/L) 95% CI R’

Phenanthrene-only 342.12 327.3-357.5 09207 310.9* 298.5-323.6 0.9207
SWCNT 423.2° 393.1-455.7 0.9373  257.5° 235.6-281.4 0.9373
MWCNT-15 347.8® 316.6-382.0  0.9632  222.1°  203.4-242.6  0.9632
MWCNT-30 417.9 379.9-459.6 09119  227.9 205.1-253.3 09163
MWCNT-OH 347.28 316.4-381.0  0.9602  250.0° 224.4-278.5  0.9601
MWCNT-COOH 369.0%° 340.8-399.5  0.9601  251.3°>  231.1-273.3  0.9599

Figure 3. Light microscopy images (x40) of D. magna after 48 hours with A) no exposure or B-
F) exposed to CNTs. (SWCNT, MWCNT-15, MWCNT-30, MWCNT-OH and MWCNT-COOH
for B, C, D, E and F, respectively.) The presence of CNTs in the digestive tract was clearly
visible in exposed animals. Black arrows show CNT aggregates attached to the surface of the

organisms.
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