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Modifications of carbon nanotubes (CNTs) for different
applications may change their physicochemical properties
such as surface charge. Assessments of the extent to which
such modifications influence CNT ecotoxicity, accumulation, and
elimination behaviors are needed to understand potential
environmental risks these variously modified nanoparticles
may pose. We have modified carbon-14 labeled multi-walled
carbon nanotubes (MWNTs) with polyethyleneimine (PEI) surface
coatings to increase their aqueous stability and to give them
positive, negative, or neutral surface charges. Uptake and
elimination behaviors of Daphnia magna exposed to PEI-
coated and acid-modified MWNTSs at concentrations of
approximately 25 and 250 ug/L were quantified. PEI surface
coatings did not appear to substantially impact nanotube
accumulation or elimination rates. Although the PEI-modified
nanotubes exhibited enhanced stability in aqueous solutions, they
appeared to aggregate in the guts of 0. magna in a manner
similar to acid-treated nanotubes. The MWNTs were almost
entirely eliminated by Daphniafed algae during a 48 h elimination
experiment, whereas elimination without feeding was typically
minimal. Finally, PEIl coatings increased MWNT toxicities,
though this trend corresponded to the size of the PEI coatings,
not their surface charges.

Introduction

Carbon nanotubes (CNTs) comprise a novel class of nano-
particles manifesting unique structural, electrical, and chemi-
cal properties. Two unique aspects of CNTs are that their
sidewall ends can be modified and that they can be grafted
with copolymers (I). Numerous applications are expected to
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utilize these properties to functionalize or otherwise modify
the nanotubes, including polymeric composites with stabi-
lized CNT reinforcement (2) and CNTs modified for drug
delivery devices (3—5).

In addition to engineered changing of the surface
chemistry of nanotubes for potential applications, environ-
mental processes such as biotic and abiotic degradation,
photodegradation, and interactions with natural organic
matter (6) may impact the surface chemistry of CNTs in
natural environments. The impacts of changing nanotube
surface chemistries on their environmental fates and ec-
otoxicities are largely unknown. CNTs with different surface
chemistries have been shown to manifest profoundly different
toxicities to Ceriodaphnia dubia (7), with alkyl and amino
functional groups dramatically decreasing Ceriodaphnia
survival and hydrophilic groups having the opposite effect.
Various types of surface-modified fullerenes, another car-
bonaceous nanoparticle, have exhibited substantially dif-
ferent toxicities to Daphnia pulexand Daphnia magna (8, 9).
More than 350 tons of CNTs were estimated to have been
produced during 2007—2008 (10), and increased production
is expected in future years. The extent to which the surface
chemistries of CNTs affect their ecotoxicity is thus a critical
research topic.

A particularly important component of risk assessment
is potential for bioaccumulation in organisms. Detection of
CNTs in environmentally relevant media previously posed
aformidable challenge, but the synthesis of carbon nanotubes
radioactively labeled with the carbon-14 isotope has since
enabled their quantification in soils, sediments, and organ-
isms (11—15). While results consistently indicated negligible
absorption of CNTs by ecological receptors in terrestrial and
sediment ecosystems (11, 13— 16), organism dry mass uptakes
of up to 6.8% were recently measured for D. magna exposed
for 24 h to 400 ug/L of multi-walled carbon nanotubes
(MWNTs) (12). These Daphnia were unable to eliminate
MWNTs from their gut tracts in the absence of feeding with
algae.

The extent to which the surface chemistries of CNTs
influence their accumulation and depuration behaviors,
however, remains unknown. Assessment of the impacts of
various MWNT surface coatings on their accumulation and
elimination behaviors and ecotoxicity in aquatic environ-
ments was thus the goal of the study. To accomplish this
aim, we tested the accumulation and elimination behaviors
and ecotoxicities of MWNTs grafted with polyethyleneimine
(PEI), which endows them with positive, negative, or neutral
surface charges (5), using Daphnia magna. D. magna have
a worldwide distribution, are sensitive to environmental
pollution, and filter large volumes of water on a daily basis.
They are an established model organism for ecotoxicology
testing and have been recently used with various nanoma-
terials (7, 9, 12, 17—28). In this study, the toxicity of various
PEI-grafted and unmodified MWNTs was assessed using
Daphnia immobilization tests, and these results were
compared to previous in vitro assays that showed substantial
cytotoxicity only for positively charged MWNT-PEIs (5).

Experimental Methods

Carbon Nanotube Synthesis, Purification, and Character-
ization. Carbon-14 MWNTs were synthesized and purified
as previously described (12—14). The MWNTs were then
treated with HNOs/H,SO, (v/v = 3:1), filtered, and rinsed
with boiling water. These “3:1 MWNTs” were then grafted
with PEI as described previously (5). Briefly, acyl chloride
groups were firstintroduced to 3:1 MWNTSs by extensive reflux
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with thionyl chloride. This allowed amide bond formation
with PEI in a subsequent reaction in an anhydrous N,N-
dimethylformamide (DMF) phase, thus yielding MWNT-PEL.
Amine terminals were then reacted with acetic anhydride
and succinic anhydride in dimethyl sulfoxide (DMSO) yielding
acetylated MWNT-PEI-Ac (Ac denotes acetyl groups) and
carboxylated MWNT-PEI-Suc (Suc denotes succinamic acid
groups). For each class of PEI-grafted MWNT produced,
organic solvent phases, excess reactants, and byproducts were
removed by dialysis against deionized water (6 times, 4 L)
for 3 days. The purified nanomaterial was either kept in
suspension or lyophilized and in both cases stored at 4 °C.

Nanotubes produced by this procedure were thoroughly
characterized previously (5). 'H NMR spectroscopy quali-
tatively confirmed the covalent bonding between 3:1 MWNTs
and PEIL The zeta potential (mV) for the 3:1 MWNTs, MWNT-
PEL, MWNT-PEI-Ac, and MWNT-PEI-Suc were measured as
—45.6, 34.6, —0.756, and —20.6, respectively. Transmission
electron microscopy (TEM) images revealed that PEI grafting
and the surface modifications did not change the morphology
of the carbon nanotubes and that aggregation had not
occurred in deionized water solutions with PEI-grafted
MWNTs. The length distribution of 3:1 MWNTSs was previ-
ously assessed using scanning electron microscopy, and an
average length 0of 407 nm was determined, although the length
distribution was quite broad (12). The percentage of the total
MWNT composite mass that was attributable to the surface
coatings was determined using biological oxidation (OX-500, R.].
Harvey Instruments Company) and comparing the measured
radioactivities to those of the 3:1 MWNTs. The percentages were
24 £+ 1,30 £ 2, and 38 + 4 (n = 4; uncertainties always represent
standard deviations) for the MWNT-PEI, MWNT-PEI-Ac, and
MWNT-PEI-Suc, respectively.

Test Organisms. Daphnia magna were cultured in
COMBO medium, a freshwater medium that can be used to
grow algae and Daphnia (21 + 2 °C, 16:8 h light:dark
photoperiod) (29). D. magna were fed three to five times a
week with a culture of green algae Selenastrum capricornutum
(UTEX 1648) and Chlamydomonas reinhardtii (UTEX 90).

Immobilization Test. Daphnia neonates (1 to 2 d old)
underwent immobilization tests at a range of concentrations
(0 to 40 mg/L) for nonradioactive 3:1 MWNTs and for each
of the three types of PEI-modified MWNTs (30). Immobiliza-
tion is a common toxicological end point for toxicity to
Daphnia, tested by mechanically agitating them and observ-
ing whether they move; immobilization differs from mortality
in that Daphnia may still be alive even if they are immobile
(27). Five replicates of 10 Daphniain 20 mL vials were tested
after 24 and 48 h with 3:1 or PEI-coated MWNTs spiked to
artificial freshwater (CaCl, x 2H,0 58.8 mg L™}, MgSO, x 2
H,0 24.7 mg L™}, NaHCO;3 13.0 mg L™}, and KCl 1.2 mg L'};
hardness [Ca?']+[Mg?*"] = 0.5 mM). Several additional
experiments were performed to verify the validity of these
experiments as described in the Supporting Information.

Additionally, solutions of each type of PEI-coated MWNT
at the highest concentrations tested were filtered using ashless
Whatman cellulose filters (2.5 um, grade 42), and Daphnia
were exposed to the filtrate. While the filtrate from the
MWNT-PEI-Ac and MWNT-PEI-Suc did not cause im-
mobilization, the filtrate from the MWNT-PEIs caused 18%
immobilization. In a secondary study, all three types of
MWNT-PEIs were dialyzed, and their toxicity tested as
described above. Additional experiments using potassium
dichromate were conducted to compare the sensitivity of
the Daphnia used here to literature results. The PEI polymer
by itself was also tested; PEI-Suc and PEI-Ac were not tested
as a result of experimental challenges associated with the
synthesis, purification, and identification of these polymers
in the absence of their covalent bonding to MWNTs prior to
dialysis. The percentages of Daphnia immobilized after 24
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and 48 h of exposure were plotted against test concentrations
and the data analyzed by statistical probit method (BioStat
2009, AnalystSoft) to calculate ECs, values (i.e., the concen-
tration at which 50% of the Daphnia become immobilized)
and their 95% confidence limits.

Uptake Experiments. For experiments using 3:1 MWNTs,
a 3.0-mg CNT sample was added to a 1 L beaker containing
900 mL of artificial freshwater. This solution was then
sonicated for 1 h with the probe tip approximately 0.4 cm
from the bottom of the beaker. Sonication was conducted
the day before the start of an experiment to allow for MWNT
settling overnight. This MWNT solution or stock containers
with different PEI-modified nanotubes were diluted to yield
concentrations of approximately 250 or 25 ug of MWNT
nanotubes/L using artificial freshwater. Uptake experiments
were designed such that the Daphniawere exposed to similar
specific radioactivity values for each sample, even though
the mass of the nanotube conjugates would vary among the
treatments as a result of the additional masses from the PEI
coatings. The 25 ug MWNT/L solution was near the detection
limits of the scintillation counting of residual “C beta
emissions for the 3:1 MWNTs and was selected given that
environmental modeling studies currently predict very low
suspended nanotube concentrations in ecosystems (10, 31).
Before D. magna addition, one 3-mL sample was taken from
each 100 mL exposure container and mixed with Insta-Gel
Plus cocktail (Packard), and the radioactivity was measured
byliquid scintillation counting (LSC). Prior to the experiment,
Daphnia were removed from the primary culture container
and transferred to fresh artificial freshwater without algae
for at least 1 h to allow for partial gut purging and help the
organisms acclimate. Then, 10 organisms were added to each
container with MWNTs. Triplicate containers were sampled
after 1,4, 10, 24, and 48 h, and all 10 Daphniawere sacrificed.
There was no feeding during these experiments. No toxicity
patterns were observed for any of the different types of
MWNTs under these experimental conditions, and any
immobilized Daphnia observed were not included in sub-
sequent measurements. At the end of the exposure period,
D. magna were placed in beakers containing clean water
and pipetted vigorously to remove any nanotubes loosely
attached to the carapace or appendages. After this procedure,
nanotube aggregates were not visible on the exterior of the
organisms. D. magna were then added to foil boats, dried,
weighed, and combusted using biological oxidation. The
radioactivity of each sample was measured using LSC. After
D. magna removal, the aqueous-phase nanotube concentra-
tion of each container was measured as described above.

Elimination Experiments. Elimination experiments were
conducted in a manner similar to that employed in the uptake
experiments. After allowing the Daphnia to partially purge
their guts for 1 hin clean artificial freshwater, D. magnawere
exposed for 24 h to artificial freshwater spiked with carbon
nanotubes at a ratio of 3 mL solution per organism. Then,
Daphniawere pipetted to clean water to wash them. Triplicate
samples of 10 organisms were sampled and their *C
radioactivities determined as described above. The remaining
Daphniawere transferred either to clean artificial freshwater
or to artificial freshwater amended with 1.0 x 108 algae cells/L
(32). D. magna were removed from these media after 1, 4,
24, or 48 h. For the samples taken after 48 h, an additional
1.0 x 10° algae cells/L was added after 24 h. Daphnia
immobilization was less than 10% for all experiments.

After the 48 h elimination experiment, Daphnia masses
decreased on average by 27% in the absence of algae, whereas
the masses increased on average by 82% when Daphniawere
fed. The mass changes followed a linear pattern reasonably
well; thus, the masses were accordingly adjusted using a linear
fit of the rate of mass change for each individual experiment
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FIGURE 1. ECs values for Daphnia magna exposed to regular
and PEl-modified MWNTSs. Values are given after 24 and 48 h
for (a) the whole mass of the MWNT with the PEIl coating as
indicated by “whole nanomaterial,” and (b) on the basis of the
MWNT core by itself as indicated by “MWNT-mass basis.”
Values provided for the MWNTs after they were recently
dialyzed are marked “(newly) dialyzed.” Error bars represent
the 95% confidence intervals.

(33). This adjustment is necessary when the rate of mass
change is near the rate of change as aresult of the elimination
processes.

Modeling. Data from uptake experiments were fit to the
following first-order accumulation rate model given in eq 1
using nonlinear curve fitting (SAS Institute).

C, B
C = kk"(l — ekl M

e

In this equation, Cis the concentration of the compound
in the organism at time t (mg kg™! dry weight), C, is the
initial concentration in the water phase (mg L™Y), k, is the
uptake coefficient of the compound from the water phase (L
kg™! dry organism mass h™!), k. is the elimination rate
constant of the compound by Daphnia (h™'), and ¢ is the
time (h). This model assumes relatively constant MWNT
concentrations and limited biotransformation so that uptake
and elimination mass transfer processes involved can be
reasonably described by first-order uptake and elimination
rate models and a simple exponential decay between the
initial and equilibrium bioaccumulation factors. The aque-
ous-phase MWNT concentration for all types of MWNTs
tested here was found to decrease by 12% on average across
all of the conditions over 48 h, thus suggesting that the
relatively constant MWNT concentration assumption was
fulfilled. Additionally, the average mass decrease during the
uptake experiment was only 7.6%; thus, corrections for mass
changes were not included.

Results and Discussion

Daphnia Immobilization. The toxicity of the 3:1 and PEI-
modified MWNTs to Daphnia was investigated by assessing
their ECs, values as shown in Figure 1 (for the raw data used
to calculate the ECs, values see Figure S3 of the Supporting
Information). The ECs, 24 h value for polyethyleneimine itself

was 19.3 mg/L (Figure S2 of the Supporting Information),
which is similar to that for MWNT-PEI, even though the PEI
coating only accounted for 24% of the total nanomaterial
mass. The 3:1 MWNTs were the least toxic and yielded a 48 h
ECs value of approximately 12.7 mg/L. Previously determined
48 h ECs values for raw MWNTs were 50.9 mg/L and 8.7
mg/L for Ceriodaphnia dubia (34) and D. magna (27),
respectively. This suggests that Ceriodaphnia dubia may be
less sensitive to MWNT exposure than D. magna. Kennedy
and co-workers (7) also tested the toxicity of MWNTSs with
amino functional groups and found 100% mortality after 96 h
at a concentration of 2 mg/L. According to these results,
MWNT-PEI would be expected to be the most toxic MWNT
tested here as a result of their positive surface charge if surface
charge is the primary determinant of nanotube toxicity.
However, the MWNT-PEIs were found to be less toxic than
the other two types of PEI-modified MWNTs on the basis of
the mass of the whole composite (Figure 1a) and of the MWNT
core by itself (Figure 1b) after 24 h. This implies that the size
of the polymer coating the MWNTs plays a larger role in its
toxicity than the surface charge, despite previous results,
which showed that positively charged dendrimers possessed
elevated cytotoxicity as a result of their ability to damage the
lipid membrane (35).

A second set of experiments with freshly dialyzed MWNTs
revealed that the 24 h EC5, value of the MWNT-PEI composites
increased by 69% after dialysis, but those for the MWNT-
PEI-Suc and MWNT-PEI-Ac did not significantly change. This
result suggests that there was dissolution of the PEI coatings
from the nanotubes to the aqueous phase solution during
the 8 month period that the nanotubes remained in solution
prior to the finalization of the experiments. While there were
large differences for the ECs, values after 24 h among the
different types of PEI-modified MWNTs, the results were
nearly identical after 48 h with the 95% confidence interval
for the MWNT-PEI-Ac overlapping with those for MWNT-
PEI and MWNT-PEI-Suc. This suggests that varying relative
toxicological profiles may be observed after different time
points and that the influence of the difference surface coatings
and charges was less evident with increased exposure
duration. There was still a difference between the 3:1 MWNTs
and the PEI-grafted MWNTs after 48 h, which suggests that
the presence of a surface coating increased the nanotube
toxicity. Given that natural organic matter (NOM) has also
been shown to coat the surfaces of CNTs (6), NOM coatings
may also increase MWNT toxicity. Chronic exposure tests
may show an effect from the different charges of the surface
coatings if the positively charged coatings interact with the
lipid bilayer of the microvilli in the Daphnia gut, and such
effects may only influence Daphnia health after extended
time periods.

Uptake Results. Daphnia uptake results indicated that a
steady state concentration was usually reached after 10 h for
the 250 ug/L exposures and after 24 h for the 25 ug/L
exposures (Figure 2). The results are somewhat consistent
with data from previous studies on Daphnia uptake of
MWNTs (0.04, 0.1, and 0.4 mg/L) and fullerenes (0.5 and 2
mg/L), which showed a steady state after 24 h (12, 23) and
that for TiO, which showed steady states after 12 and 24 h
for exposure concentrations of 0.08 and 0.52 mg/L, respec-
tively (24).

The maximum concentration measured here was 12 £+
1.1 ug/mg for the MWNTs after exposure to 250 ug/Lfor 48 h,
a value indicating that MWNTSs accounted for 1.2% of the
total Daphnia dry mass. Similarly high nanotube accumula-
tion values have been observed for other nanoparticles such
as fullerenes and TiO, (20, 23, 24). Nevertheless, this value
was smaller than a previously measured body burden of 63
+ 15 ug/mg after exposure to 400 ug/L for 24 h (12). The
cause of the lower accumulation results measured here is
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FIGURE 2. MWNT uptake by Daphnia magna. The aqueous
concentrations ranged from 25 to 53 wug/L in the lower
concentration range experiments (a) and from 200 to 361 pg/L
in the highest levels tested (b) for 3:1 MWNTs, MWNT-PEI,
MWNT-PEI-Ac, and MWNT-PEI-Suc. The initial concentrations
vary based on a consistent radioactivity being used among the
conditions. Mean and standard deviation values for the body
burdens were calculated from triplicate samples.

unclear, but it can be explained in large part as a result of
different initial MWNT concentrations and from differences
in the Daphnia sizes. In the previous study (12), the MWNT
body burden directly corresponded to the aqueous phase
concentration at concentrations of 40, 100, and 400 ug/L. If
this pattern was followed here, the Daphnia body burden
after exposure to 400 ug/L should be twice as large as that
for 200 ug/L, but the body burden measured here is
comparatively smaller even after this adjustment. While the
Daphnia used in both studies were 5 to 7 days old, the
Daphnia in the current experiment were typically fed more
frequently, which resulted in body masses four times larger
thanin the previous study; the Daphniamasses after exposure
for 1 h to MWNTs in this experiment ranged from 0.0408
(£0.0036) to 0.0612 (£0.0041) mg/per Daphnia, while those
in the previous experiment ranged from 0.0107 (+0.0006) to
0.0188 (+0.0007) mg/per Daphnia. Given that past experi-
ments with carbon nanotubes and fullerenes consistently
indicated that the accumulated nanoparticle masses were
related to the concentration of carbon nanomaterials in the
organism guts and that the relative ratio of the gut volume
to the total organism mass is expected to be smaller for larger
organisms, the smaller MWNT body burdens in these
experiments can be partly explained by the larger Daphnia
masses. While additional experiments testing the effect of
Daphniasize on body burdens for nanomaterials are needed
to further investigate this hypothesis, comparatively smaller
fullerene accumulation was measured for adult Daphnia (250
mg/kg wet weight Daphnia after exposure to 0.2 mg
fullerene/L for 48 h (22)) compared to 5 to 7 day old Daphnia
(4300 £ 700 mg/kg wet weight Daphnia after exposure to a
0.5 mg/L solution for 24 h (23)). The fullerene suspensions
in these two experiments were prepared differently. These
differences may have unknown effects on the Daphniabody
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burdens, so this comparison only provides tentative evidence
for a Daphnia size-related accumulation effect.

No trend was evident among the 3:1 MWNTs and different
types of PEI-modified MWNTs with regards to their uptake
behaviors on the basis of Figure 2. Exposures to 25 ug/L for
48 h resulted in body burdens for the MWNT-PEI-Ac that
were approximately 2.5 times larger than for the other types
of MWNTs, which had nearly identical body burdens.
Conversely, in 48 h exposures to highest concentrations (~250
ug/L), the 3:1 MWNTs had the highest body burdens, while
the lowest were for the MWNT-PEI-Suc. This shows that the
different surface coatings did not cause a systematic trend
in body burdens, a result consistent with the hypothesis that
MWNT accumulation in Daphnia results from gut compac-
tion (12, 23, 24). Given that the PEI coatings did not have a
systematic effect on the body burdens, CNT wrapping by
NOM, a ubiquitous compound in environmental water
bodies, would also not be expected to influence MWNT body
burdens.

Modeling did reveal, however, some apparent trends in
uptake and elimination rates (Table 1). For example, the k,
and k. values were nearly identical between the two
concentrations for the 3:1 MWNTs and the MWNT-PEI-Suc,
both of which are negatively charged. However, significant
differences in kinetics were observed for the MWNT-PEI and
MWNT-PEI-Ac, which have positive and neutral surface
charges, respectively. This difference may be a result of
different propensities for the nanotubes to aggregate on the
basis of their surface charges. Additionally, MWNT-PEI-Suc
had much smaller k, values compared to those of other
MWNTs at the lower concentration, but the cause of this
difference was unclear.

Elimination Results. The elimination results shown in
Figure 3 are largely consistent with those from previous
studies with carbon nanoparticles (12, 23). As was the case
in a previous investigation of MWNT elimination (12),
elimination data in the presence or absence of algae was not
consistently well fit with a first-order exponential decay model
(data not shown). These results contrast with elimination
behaviors of fullerene which were well fit using a first-order
decay model (23). A clearer trend may have been observed
for MWNTs in this study if there had not been such substantial
mass changes. Elimination rate constants were also fit from
the uptake data modeling (Table 1), but there were generally
no significant differences among the types of nanotubes,
and no readily apparent patterns among coefficients between
the two concentrations were evident. These elimination
coefficients were similar but slightly larger than the values
0f0.094+0.02h 'and 0.11 £ 0.02 h~! determined for Daphnia
exposed to fullerenes at 0.5 and 2 mg/L, respectively (23).

There was generally only a minimal change in organism
body burdens in the absence of feeding with algae, although
for some conditions, there was a decrease during the first
hour of elimination. These results contrast to some extent
with previous results that did not indicate a decrease in
MWNT body burdens in the absence of algae feeding (12).
In the presence of algae feeding in this study, however, there
was nearly complete elimination for the 25 ug/L condition
(89 to 99% of the initial body burden) and substantial, but
not complete, nanotube removal for the 250 ug/L conditions
(63 to 96% of the initial body burden). Similarly, Kennedy et
al. microscopically observed nearly complete removal of
MWNTs from Ceriodaphnia dubia after 24 h elimination with
algae but minimal elimination without algae (34). The results
for the 250 ug/L exposures tested here may have been
influenced to some extent by the large Daphniamass increase
in the presence of feeding and the larger initial body burdens.
These results differ from those by Petersen et al. (12) in that
elimination was only observed during the first few hours of
feeding in that study, while elimination during the full 48 h



TABLE 1. Modeled Uptake and Elimination Coefficients

lower C, level k,? k, 95% C.1.°
MWNT-PEI 13280 (2060)° 9150, 17410
MWNT-PEI-Ac 10340 (1730) 6320, 14360
MWNT-PEI-Suc 2830 (461) 1090, 2950
3:1 MWNT 14730 (2130) 9490, 19970
higher C, level k, k, 95% C.I.
MWNT-PEI 3370 (390) 2030, 4710
MWNT-PEI-Ac 2040 (340) 860, 3220
MWNT-PEI-Suc 1380 (480) 400, 2370
3:1 MWNT 12420 (2690) 6860, 18000

k. ke 95% C.1. R
0.442 (0.051) 0.332, 0.552 0.920
0.162 (0.023) 0.118, 0.206 0.951
0.183 (0.017) 0.069, 0.142 0.943
0.298 (0.049) 0.205, 0.392 0.939

k. k. 95% C.I. R
0.184 (0.024) 0.079, 0.298 0.911
0.196 (0.021) 0.133, 0.259 0.950
0.264 (0.053) 0.151, 0.376 0.902
0.275 (0.040) 0.207, 0.342 0.953

? These k, values can be converted to a wet mass basis by taking into account that the wet to dry mass ratio for 5 day
old daphnia was 16 + 1. ® C.l. refers to confidence interval. ° Data represent the modeled value with the standard error in

the parentheses.
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FIGURE 3. MWNT elimination by Daphnia magna. The concentration for the 24 h uptake period before elimination was
approximately 25 pg/L (a, c) or 250 pg/L (b, d) for 3:1 MWNTs, MWNT-PEI, MWNT-PEI-Ac, and MWNT-PEI-Suc. Elimination occurred
either in the absence (a, b) or presence of algae (c, d). Mean and standard deviation values were calculated from triplicate samples.

elimination period was observed here. This outcome may be
in part a result of larger and healthier Daphnia in this
experiment; while Daphnia immobilization was observed
after 48 h in the previous study, Daphnia immobilization
was less than 10% in this study. The difference in the
immobilization findings between these studies may relate to
the larger Daphnia size if the lack of feeding during the
elimination period during this experiment resulted in mass
loss instead of mortality (see Table S1). Similar to the uptake
experiments, differences in the elimination rates among the
different types of MWNTSs was generally not observed. This
result suggests that NOM wrapping would not be expected
to influence MWNT elimination rates, and that modifications
of the surfaces of MWNTs either intentionally for consumer
products or through other environmental processes would
not be expected to influence their elimination behaviors with
Daphnia magna.

Environmental Implications. Overall, these results in-
dicate that coating of MWNTSs with polymers will increase
their toxicity to Daphniaas compared to unmodified MWNTs,
and that the charge of the coating may not play a significant

role in Daphnia immobilization. The presence of polymers
with different surface coatings did notimpact MWNT uptake
or elimination rates, and feeding with algae was confirmed
to be necessary for elimination. Thus, the availability of food
in surface waters may profoundly influence the extent to
which MWNTs accumulate in Daphnia.
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