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ABSTRACT: Bivalves are hypothesized to be key organisms in the fate
and transport of engineered nanomaterials (ENMs) in aquatic
environments due to their ability to filter and concentrate particles
from water, but how different exposure pathways influence their
interactions with ENMs is not well understood. In a five-week
experiment, we tested how interactions between CeO2 ENMs and a
marine mussel, Mytilus galloprovincialis, are affected through two
exposure methods, direct and through sorption to phytoplankton. We
found that phytoplankton sorbed ENMs in <1 h. The exposure methods
used did not result in significantly different mussel tissue or pseudofeces
Ce concentrations. Approximately 99% of CeO2 was captured and
excreted in pseudofeces and average pseudofeces mass doubled in
response to CeO2 exposure. Final mean dry tissue Ce concentration (±SE) for treatments exposed to 3 mg L−1 CeO2 directly
was 33 ± 9 μg g−1 Ce, and 0 ± 0, 19 ± 4, 21 ± 3, and 28 ± 5 μg g−1 for treatments exposed to 0, 1, 2, and 3 mg L−1 CeO2 sorbed
to phytoplankton. Clearance rates increased with CeO2 concentration but decreased over time in groups exposed to CeO2
directly, indicating stress. These results show the feedback between ENM toxicity and transport and the likelihood of biological
mediation in the fate and transport of ENMs in aquatic environments.

1. INTRODUCTION

With the rapidly rising use of engineered nanomaterials
(ENMs) in consumer products and industry over the past 10
years,1 concerns about their effects on human health and the
environment have grown. The novel size-dependent properties
that have made ENMs a growth industry also make their
behavior in the environment and impacts on organisms difficult
to predict based on knowledge of bulk materials. In conjunction
with research into the physicochemical behavior and toxico-
logical potential of relevant ENMs, environments, and
organisms with high risks of exposure and key transport
pathways need to be identified and investigated to properly
manage and regulate this new class of materials.
The coastal marine environment is a probable sink for many

ENMs as a consequence of patterns of use and disposal (e.g.,
TiO2 in sunscreens,2 paints,3 and other products;4 silver from
fabrics and other household items;5,6 and CeO2 catalyst in
diesel fuel7) which will result in direct release to the ocean or
indirect release through stream and urban runoff3,7 and
wastewater treatment plant effluent.8 Once in the ocean
ENMs will interact with organisms that inhabit the water
column and benthic habitats. Two classes of marine organisms
that are prevalent in coastal marine areas and have important
ecological roles are phytoplankton, which are the base for many
marine food webs, and bivalve filter feeders, including mussels,
which feed on phytoplankton.

Mussels are highly efficient filter feeders, with individual
mussels being able to filter more than 1 L of water per hour,9

and come into contact with large volumes of coastal seawater
each day. Mussels and other marine bivalves have been targeted
as a key model group for ENM studies due to their
specialization in the collection and processing of particulate
matter.10 A previous study11 saw that mussels exposed to CeO2

and ZnO ENMs over four days concentrated and excreted
ENMs primarily in pseudofeces, a mucous-based secretion used
to trap and remove inedible items from their gills before
digestion occurs. The ENM-laden pseudofeces will then likely
become incorporated into ocean sediments, where they may be
bioavailable to a number of infaunal, grazing, and benthic
organisms and may be resuspended in the water column by
tidal action or bioturbation.
Here we explore the interactions between mussels,

phytoplankton, and the common metal oxide ENM CeO2
12

to investigate whether direct exposure to ENMs in the water
column or indirect exposure through ENMs sorbed to live
phytoplankton significantly alters this interaction. Several
studies have looked at the trophic transfer and biomagnification
of ENMs in terrestrial,13 freshwater,14 and marine15 food
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chains, but few have used marine bivalves at a subchronic time
scale, i.e., lasting between 5 and 90 days.16 Marine bivalves are
capable of filtering and selectively excreting inedible particles,17

and so may filter free CeO2 from the water and capture it in
pseudofeces while ingesting phytoplankton which have sorbed
CeO2. The interactions of phytoplankton with ENMs are not
yet well understood, but sorption of CdSe quantum dots has
been seen in a freshwater species.14 This suggests that transfer
of other ENMs from phytoplankton to primary consumers and
higher tropic levels is possible.
On the basis of this, we hypothesized that phytoplankton

would sorb the majority of CeO2 ENMs within three days, but
would not suffer acute growth effects as a result of exposure.18

We also hypothesized that the rate at which mussels accumulate
ENMs would be dependent on whether exposure was via
trophic transfer or not. We predicted that mussels would
accumulate more CeO2 from trophic transfer than direct
exposure due to increased bioavailability of CeO2 ENMs sorbed
to phytoplankton than free ENMs in the water through a
“piggybacking” mechanism that allows the ENMs to bypass the
mussels’ filtering processes. We also predicted that mussels
exposed to phytoplankton-sorbed CeO2 would show propor-
tionally decreased feeding rates with increasing exposure
concentration due to stress19,20 caused by the preferential
accumulation of sorbed CeO2. CeO2 ENMs have an uncertain
biological effect21,22 and did not result in a measurable
physiological impact on mussels during an acute direct
exposure,11 but we hypothesized that with increasing
accumulation toxicity may occur and depress feeding perform-
ance.

2. EXPERIMENTAL SECTION
2.1. Preparation and ENM Exposure. Detailed character-

ization of the CeO2 ENMs and filtered seawater used can be
found in Keller et al.23 Briefly, CeO2 ENMs were obtained from
Melorium Technologies, Rochester, NY and were rod-shaped
(67 ± 8 × 8 ± 31 nm, ≤10% polyhedra) with a surface area of
93.8 m2 g−1. When suspended in 0.45 μm-filtered Santa Barbara
seawater they aggregate rapidly to a stable agglomerate
hydrodynamic diameter of approximately 800 nm as measured
by dynamic light scattering (DLS, Zetasizer Nano ZS-90,
Malvern Instruments), which agrees with previous findings.23

Stock ENM suspensions of 1 g L−1 CeO2 were prepared by
adding dry CeO2 ENM powder to filtered seawater, bath
sonicating for 30 min, and shaking vigorously prior to use.
Cultures of Isochrysis galbana (Prymnesiophyceae: Isochry-

sidales) were grown from axenic cultures obtained from the
Provasoli-Guillard National Center for Culture of Marine
Phytoplankton (Bigelow Laboratory for Ocean Sciences, West
Boothbay Harbor, Maine, U.S.) in standard media ( f/2) made
with autoclaved filtered seawater. Cultures were grown for 13
days at 20 °C on stir plates under cool white fluorescent lights
(100−120 μmol m−2 s−1, 14:10 light/dark), at which time
logarithmic growth had been reached. Cultures were then
exposed to 30 mg L−1 CeO2 added from 1 g L−1 stock
suspensions and incubated for 3 days to allow ample time for
sorption to occur. This exposure concentration was chosen to
reduce the total volume of phytoplankton required to be
grown, while not causing significant toxicity at the time scales of
this experiment. Cell densities were estimated using fluo-
rescence (Trilogy, Turner Designs Model No.7200−043 with
Chl-a in vivo module excitation wavelength 485 nm, emission
wavelength 685 nm), which was converted to cell·mL−1 using a

standard curve made from hemacytometer counts (Reichert,
Buffalo NY). Fluorescence interference from CeO2 was
negligible at the concentrations measured.
Mytilus galloprovincialis (Taylor Shellfish Farms Shelton, WA,

U.S.) were acclimated under flowing, sand filtered seawater for
10 days prior to the start of the experiment. Mussels tested for
CeO2 accumulation (n = 375) were measured for total length
and sorted into five size ranges of 3 mm from 45 to 60 mm in
length (i.e., 45−48 mm, 48.1−51 mm, etc.) and kept in 750 mL
filtered seawater with each cup having an individual from each
size range. Mussels measured for clearance rate effects (n = 25)
ranged from 48 to 51 mm and were kept individually in 150 mL
filtered seawater. All sample cups received aeration and were
kept at 15 °C for the duration of the experiment. Every other
day seawater was changed and mussels were fed a mixture of
unexposed and CeO2 ENM-exposed I. galbana cultures to keep
a consistent concentration of phytoplankton of roughly 200 000
cells mL−1 while making total CeO2 concentrations in the
sample containers of 0, 1, 2, and 3 mg L−1. As mentioned
above, ENM-exposed phytoplankton cultures had a concen-
tration of 30 mg L−1 CeO2. One treatment was fed only
unexposed I. galbana but received direct additions of a CeO2
ENM stock suspension approximately 10 min after feedings for
a final exposure concentration of 3 mg L−1 to simulate
nonbiologically mediated exposure. While no direct data are
available on CeO2 ENM concentrations in coastal areas, the
concentrations used here were chosen to be as close as possible
to potential environmental concentrations near source zones,12

while allowing for detectable levels in the tissue.
2.2. Clearance and Accumulation Rates. A previous

study11 showed low Ce tissue concentrations in M.
galloprovincialis after four days of exposure, so a longer
exposure time (37 days) was chosen to allow for greater
accumulation to occur. Sampling was performed at the end of
the first five days and then at the end of each week for the
duration of the experiment. Maximum clearance rates, i.e., the
rate at which mussels filter phytoplankton from the water
column, were estimated by measuring the decrease in
phytoplankton concentration every 10 min for 40 min post
feeding using chlorophyll fluorescence. ENM filtration rate in
the group fed CeO2 directly was calculated from the clearance
rate and assuming that >99.9% of CeO2 was filtered from the
water over a 2 day time period. In a previous study using M.
galloprovincialis and CeO2 ENMs at a similar concentration (1
mg L−1)11 <0.1% of CeO2 was left in the water after 24 h,
which lends support to our assumption. Mussels sampled for
Ce accumulation were allowed to clear their gut for 72 h in
clean seawater with no added feed and were then dissected
from their shells, rinsed in 5% HNO3 and purified water
(Barnstead Nanopure, Thermo Fisher Scientific, Waltham, MA,
U.S., resistivity >18 MΩcm), and dried for 72 h at 60 °C.
Tissue samples were weighed and digested in a 3:2 mixture of
30% H2O2/HNO3 at 80 °C for 2.5 h. Pseudofeces was allowed
to settle in sample cups after aeration was removed then
collected by pipet and triple washed with purified water.
Identical drying, weighing, and digestion techniques were
followed for pseudofeces samples. Since mussel feces dissolve in
water, it was assumed that in the closed systems used in this
experiment they were refiltered by the mussels and eventually
the CeO2 ENMs would be captured in tissue or pseudofeces.
Tissue and pseudofeces samples were analyzed for Ce via
inductively coupled plasma atomic emission spectroscopy
(ICP-AES, iCAP 6300 Thermo Scientific, Waltham, MA),
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with a detection limit of 50 μg L−1. Standard solutions were
measured every 15 samples for quality assurance. Results are
reported as Ce but samples are assumed to have contained Ce
in the form of nanoparticulate CeO2 before acid digestion.
2.3. Phytoplankton/CeO2 Interactions. Sorption of

CeO2 ENMs to I. galbana was determined by the separation
of the fraction of phytoplankton with sorbed CeO2 using
centrifugal split-flow thin-channel (CSPLITT) fractionation
(CFS 2000, Postnova Analytics, Salt Lake City, UT).
Operational parameters (flow rates and centrifuge rpm) were
calibrated for this experiment to give a roughly 50/50 split of
both I. galbana and CeO2 ENMs into the two fractions (lighter
and denser) produced by this technique, which gave the
greatest sensitivity to changes in either component or fraction.
The cutoff density between the light and dense fractions is
approximately 0.5 g cm−3, the average density of an I. galbana
cell. Sorption of CeO2 ENMs to a cell will increase its density
and increase the likelihood it will be captured in the dense
fraction.
To perform a separation, 0.5 mL of phytoplankton culture

exposed to CeO2 ENMs was injected into the channel at 0.5
mL min−1 using a 1:7 filtered seawater/deionized water carrier
solution with a flow rate of 4.5 mL min−1 and spun at 600 rpm
for 15 min, followed by a second injection of a second 0.5 mL
of exposed phytoplankton. Dense and light fractions were
collected during these steps, which corresponded respectively
to phytoplankton with and without sorbed CeO2. After an
additional 15 min, the centrifuge was shut off and collection
was routed entirely through the dense outflow for 20 min
before stopping. Phytoplankton concentrations were deter-
mined through visual counts. Ce concentrations could not be
reliably detected in either fraction via ICP-AES analysis due to
the large dilution necessitated by this technique.
Sorption of CeO2 ENMs to phytoplankton cells was verified

by exposing cultures to 1, 10, 20, and 30 mg L−1 CeO2 ENMs
for 30 min and separating sorbed and unsorbed fractions.
Sorption kinetics were estimated by exposing phytoplankton
cultures to 30 mg L−1 CeO2 ENMs and measuring
phytoplankton densities in each fraction in a time series,
beginning immediately after exposure then at 6, 12, 24, 48, 72,
and 96 h. Cell weight was calculated by comparing the mass of
identical volumes of seawater and phytoplankton cultures of a
known cell density.
Dissolved extracellular polymeric substances (EPS) were

extracted from I. galbana cultures by centrifuging cultures at
1545 g for 30 min and collecting the supernatant.24 EPS protein
and carbohydrate content was measured using the modified
Lowry Protein Assay Kit (Pierce, 23240, U.S.) and the anthrone
method,25 respectively.
2.4. Statistical Analyses. We tested whether clearance

rate, Ce concentrations in pseudofeces, pseudofeces mass, and
phytoplankton growth varied as functions of time and CeO2
exposure treatment using two-way ANOVA. We also tested
whether the sorption of CeO2 to phytoplankton varied over
time with a one-way ANOVA. When ANOVA showed
significant differences, Tukey’s tests were conducted posthoc.
A linear regression was performed to test the dependence of
clearance rate of mussels exposed to CeO2 ENMs directly on
the length of exposure. Levene’s test was used to ensure
homogeneity of variance between groups. Tissue Ce concen-
trations did not follow a normal distribution, therefore
Kruskal−Wallis tests with posthoc Dunn’s test for multiple
comparisons were used to determine if Ce tissue concentrations

varied significantly as functions of time, exposure method, and
exposure concentration. Hydrodynamic diameters of CeO2
ENMs in dissolved EPS solution and phytoplankton growth
media were compared using a two-sample t test. All statistical
analyses were performed using the statistical software R (v.
2.11.1).

3. RESULTS AND DISCUSSION
3.1. Phytoplankton/CeO2 Interactions. In I. galbana

cultures exposed to 30 mg L−1 CeO2 ENMs for 8 days, we
found that the impact of CeO2 exposure on cell count depends
on exposure time (ANOVA, F2,8 = 2.46, p < 0.05). Only on the
eighth day were cell counts significantly lower in cultures
exposed to CeO2 than in control cultures (Tukey’s test, p <
0.05), showing that CeO2 ENMs cause subchronic toxic effects
in these phytoplankton. However, phytoplankton cultures fed
to mussels were only incubated with CeO2 for 3 days, at which
point cell concentrations between exposed and unexposed
cultures were not significantly different (Tukey’s test, p > 0.05,
Figure 1).

We found that sorption of CeO2 ENMs to phytoplankton
varied significantly with time (ANOVA, F1,7 = 12.98, p <
0.0001) and occurred within 1 h after exposure to 30 mg L−1

CeO2 ENMs (Tukey’s test, p < 0.0001). This is shown by the
separation of >96% of exposed phytoplankton into the denser
fraction immediately after exposure, as compared to 65% in the
control. We also found that sorption reached a steady state and
did not vary after the first hour (Tukey’s test, p > 0.1). The
rapidity with which sorption occurred points to an electrostatic
attraction between the charged surfaces of the ENMs and the
phytoplankton cells, as opposed to a chemical process or active
uptake by the phytoplankton. In cultures exposed to 0, 1, 10,
20, and 30 mg L−1 CeO2 ENMs, we found that the proportion
of phytoplankton present in the dense fraction increased with
increasing exposure concentration (Figure 2).
From this, we can conclude that most or all of the CeO2

ENMs sorbed to phytoplankton at the exposure concentrations
tested. This is supported by the observation that no
sedimentation of aggregates was seen in exposed phytoplankton
cultures, whereas large (>1 μm) aggregates could be seen under
a light microscope after 1 h when CeO2 ENMs were suspended

Figure 1. Mean ± SE I. galbana growth with and without exposure to
30 mg L−1 CeO2 in filtered seawater (n = 30, Two-way ANOVA with
Tukey’s test, asterisk represents statistically significant difference, p =
0.01).
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in seawater at an equivalent concentration. This is most likely a
consequence of sorption and not disaggregation by EPS
because when CeO2 ENMs were suspended at a concentration
of 30 mg L−1 in a dissolved EPS solution (containing 2.3 ± 0.1
μg mL−1 carbohydrates and 13.3 ± 0.0 μg mL−1 proteins
(±SE)) aggregate sizes measured by DLS were not significantly
different (two-sample t(2.558) = 0.5, p > 0.5) from those in
growth media only. Additionally, sedimentation of aggregates
identical to that seen in seawater was observed. Due to the
presence of phytoplankton, CeO2 particle size in exposed
cultures could not be determined through DLS to give a direct
comparison, but together, these observations point to the
conclusion that all or nearly all ENMs sorbed to phytoplankton.
This gives a per cell mass load of 27 ± 1 picograms CeO2
(±SE) at 30 mg L−1 exposure concentration, which
corresponds to a nonsteady state partitioning coefficient (Ks,
the ratio of phytoplankton Ce concentration to the
concentration of Ce in the surrounding media, akin to a
bioconcentration factor), of 1.1 × 104.
3.2. Accumulation and Rejection of CeO2 ENMs by M.

galloprovincialis. Our primary hypothesis in this experiment
was that mussels would accumulate more Ce when exposed to
CeO2 that was sorbed to phytoplankton than free CeO2 in the
water column, and that they would accumulate more Ce over
time. This was refuted by our results as we found that the
impact of exposure concentration on Ce concentration in
mussel tissue varied significantly with time (Kruskal−Wallis, H
= 52.05, p < 0.0001), but neither the method of exposure nor
the exposure concentration resulted in a significant difference in
general (Dunn’s test, p > 0.5, Figure 3). Although there was a
difference in accumulation based on exposure method on day 5
(Kruskal−Wallis, H = 10.58, p < 0.01), there was no significant
difference over the longer term.
Final tissue Ce concentrations ± SE for treatments exposed

to 3 mg L−1 CeO2 free in the water column, and 1, 2, and 3 mg
L−1 CeO2 sorbed to phytoplankton were 33 ± 9, 19 ± 4, 21 ±
3, and 28 ± 5 μg g−1 Ce in dry mussel tissue, respectively
(Table S1 of the Supporting Information). Although mussels
exposed to CeO2 ENMs did reject large amounts of Ce in
pseudofeces, we did not find a significant dependence of
pseudofeces Ce concentration on time (ANOVA, F2,3 = 0.680,
p > 0.5) or exposure (ANOVA, F2,3 = 0.412, p > 0.1)
corresponding to concentration changes in pseudofeces over

time (Table S2 of the Supporting Information). This was due
to the increased production of pseudofeces with CeO2 exposure
(Figure 4). An estimate of the mass balance for each treatment
can be seen in Figure 5.

On the basis of these data, the nonsteady state partitioning
coefficients (Kt, the ratio of tissue Ce concentration to the
concentration of Ce in the surrounding media, similar to
bioaccumulation factors) for each treatment were low, ranging
from 8.8 to 18 with a median of 11. This corresponds well with
the results of two other studies using marine invertebrates.14,26

For pseudofeces excreted by the mussels, a pseudofeces-water
partitioning coefficient (Kp, the ratio of pseudofeces Ce
concentration to the concentration of Ce in the surrounding

Figure 2. Mean ± SE proportions of I. galbana cells in light and dense
fractions separated by CSPLITT with increasing CeO2 ENM exposure.

Figure 3.Mean ± SE CeO2 concentration in tissue of mussels exposed
to 0 and 3 mg L−1 CeO2 ENMs directly in the water column or
indirectly through trophic transfer. Direct and indirect treatments were
not significantly different (n = 135, Dunn’s test comparing direct and
indirect treatments at 3 mg L−1 CeO2 exposure, p > 0.05) except at
Day 5, marked by asterisk (Kruskal−Wallis, H = 10.58, p < 0.01).
Treatments exposed to 1 and 2 mg L−1 CeO2 ENMs indirectly
through trophic transfer are not shown for the sake of clarity.

Figure 4. Mean ± SE pseudofeces masses in μg from the final three
sampling days as a function of the total mass fed in μg. From left to
right, the points correspond to the control, 1 μg g−1 CeO2 indirect
exposure, 2 μg g−1 CeO2 indirect exposure, 3 μg g−1 CeO2 direct
exposure, and 3 μg g−1 CeO2 indirect exposure treatments. Letters
represent statistical grouping from Tukey’s test.
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media) was also determined for each treatment. Expressed as
log10 Kp, the values we calculated have a range between 3.45
and 4.0 with a median of 3.6.
We found accumulation of CeO2 in mussel tissues over time

in all experimental groups, which when considered with the
constant Ce concentrations in pseudofeces suggests that some
ENMs were being stored either in the digestive gland or
elsewhere in the organism and were not immediately captured
in pseudofeces and excreted. It is unlikely that a significant
amount remained in the gut as bivalves have been shown to
excrete micrometer-scale particles after 30 h or less with and
without additional food.27,28 In seawater, CeO2 ENMs form
aggregates near 1 μm and so will likely be egested well before
the 72 h allowed for here. CeO2 ENMs have been shown to
disaggregate at lower pH,29 so the presence of Ce in mussel
tissues detected by elemental analysis could be due either to
disaggregation or dissolution caused by the low pH
encountered in the digestive gland. This would allow for
passage of ions or individual ENM primary particles through
the gut wall. Entry into body tissues of 10 nm amine-coated Au
ENMs in a freshwater bivalve30 and ionic zinc released by ZnO
ENMs in M. galloprovincialis11 has been seen, which suggests
that Ce ions and/or CeO2 primary particles may behave
similarly.
3.3. Physiological Effects of CeO2 Exposure. A small

amount of mortality (<1%) was observed in this experiment,
but was not correlated with any group. The effect of exposure

to CeO2 ENMs on clearance rates of phytoplankton from the
water varied significantly over time (ANOVA, F2,16 = 1.90, p <
0.05, Table 1). In general, clearance rates for trophic transfer
treatments showed a positive correlation with exposure
concentration over all time points, while in treatments exposed
to CeO2 directly, clearance rates decreased over time (R2 =
0.39, F1,16 = 10.21, p < 0.01). This agrees with our hypothesis
that exposure method influences clearance rate, but the
response is different than our prediction that clearance rates
in groups exposed to ENMs would be depressed due to
stressin fact, clearance rates in CeO2 treated groups were
higher than the control group. This increase in clearance rate is
likely linked to the similar increase in pseudofeces production
in all exposure treatments (Figure 4). A possible explanation is
that the mussels perceive CeO2 as being inedible and increase
pseudofeces production to capture and reject the ENMs, which
also increases the capture and rejection of phytoplankton.
Decreasing food quality has been seen to result in increased
clearance rate in another marine bivalve,28 and so may account
for this response. To counter the decreased amount of food
ingested, the mussels compensate by increasing clearance rate.
In food-limited environments like those simulated in this
experiment, this could potentially lead to starvation and
associated growth and reproductive effects.
As is shown in Table 1, clearance rates in treatments exposed

to CeO2 free in the water decreased over time, whereas those
exposed to CeO2 sorbed to phytoplankton remained
consistently high. One possible explanation for this is that the
mussels become desensitized to the presence of free CeO2
ENMs over time and consequentially decrease their feeding
rate. Alternately, exposure to free CeO2 could be causing a mild
toxic response that results in a gradual depression of the initially
elevated clearance rate. Since both exposure methods resulted
in accumulation of Ce within tissue but only unsorbed CeO2
caused depressed feeding rates the toxicity of unsorbed CeO2
ENMs may be expressed before storage in body tissue, perhaps
in the form of irritation to the gastrointestinal lining.
Multiple studies of mussels and other bivalves have shown

that clearance rates decrease in response to exposure to toxic
substances,19,31,32 including one study that used another ENM,
C60.33 The mechanism for toxicity of CeO2 ENMs is currently
under debate.11,21,22,29,34,35 Two of the main toxicity paradigms
for metal and metal oxide ENMs currently considered are
release of toxic ions and reactive oxygen species (ROS)
production,18,36,37 but these mechanisms are not likely to be
responsible for the response we found in mussels or
phytoplankton. CeO2 has a very low rate of dissolution38 and
while possibly dissolving slightly at the lower pH of the mussel
digestive gland will not release large amounts of toxic ions like
ZnO and Ag ENMs39−41 during their short residence time in

Figure 5. Mass balance of accumulation and excretion of CeO2 by M.
galloprovincialis showing the average masses of Ce in tissue and
pseudofeces (±SE) as a function of the total mass fed in μg. From left
to right, the points correspond to the control, 1 μg g−1 CeO2 indirect
exposure, 2 μg g−1 CeO2 indirect exposure, 3 μg g−1 CeO2 direct
exposure, and 3 μg g−1 CeO2 indirect exposure treatments. The
diagonal line represents a 1:1 ratio for mass Ce fed vs mass of Ce in
pseudofeces.

Table 1. Mean ± SE Clearance Rates (×103 cells mL−1 min−1) over Time of M. galloprovincialis Exposed to 0, 1, 2, or 3 mg L−1

CeO2 ENMs Indirectly through Trophic Transfer or 3 mg L−1 CeO2 ENMs Suspended Freely in the Water (Direct)a,b

day of exposure

[CeO2]nominal (mg L−1) 5 13 21 29 37

3 (direct) 11.2 ± 1.0a 10.4 ± 1.7N.S. 8.24 ± 1.5ab 8.31 ± 1.1b 5.19 ± 2.1N.S.

3 10.3 ± 2.8ab 9.16 ± 0.9N.S. 11.4 ± 0.8ab 13.0 ± 0.5ab 9.92 ± 3.5N.S.

2 4.35 ± 2.1abc 6.19 ± 0.2N.S. 7.55 ± 0.3bc 9.72 ± 0.7b 8.46 ± 2.5N.S.

1 4.11 ± 1.9bc 6.64 ± 0.2N.S. 7.57 ± 0.2bc 7.54 ± 0.2b 6.67 ± 1.0N.S.

0 1.95 ± 0.8c 5.24 ± 1.6N.S. 4.14 ± 0.2c 2.18 ± 0.8c 3.49 ± 1.6N.S.

aLetters represent statistical groupings from Tukey’s test by day of exposure. bN.S. = not statistically significant.
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the gut. Additionally, there are several reports that CeO2 ENMs
can act as an antioxidant and anti-inflammatory by mimicking
and outperforming the superoxide dismutase enzyme, thereby
quenching ROS.39,42−45 However, CeO2 ENMs may participate
in several other toxicity mechanisms that have the potential to
cause harmful effects at high enough concentrations or over
long time scales due to their unusual electron configurations
and redox capacities,46 such as cell membrane disruption or
energy transduction pathway interruption.7 Without further
testing, however, hypotheses on the precise cause of the toxic
response seen here remain speculation.

4. ENVIRONMENTAL SIGNIFICANCE
We hypothesized here that close association of ENMs with
phytoplankton may potentially bypass the mussels’ filtering
processes through a “piggybacking” mechanism. Figure 3 shows
that this may have been causing enhanced uptake in the first 5
days of exposure, and although this effect disappeared after two
weeks, this finding has significant implications for acute
environmental exposure scenarios. Mussels in the environment
may uptake ENMs rapidly upon introduction into the
environment (where ENMs will be associated with phyto-
plankton or natural sediments47), which may not be predicted
by studies that do not take dietary exposure into account. This
and other studies have shown differential effects between
dietary and direct exposure to toxicants in aquatic organisms,
with dietary exposure generally exhibiting greater toxic
effects.48−50 Even though we did not find a clear indication
of toxicity due to association with food items, the multifold
increase in clearance rate seen in all exposures followed by a
subsequent decrease in the direct exposure has environmental
significance for both the health of the mussels and the fate and
transport of these ENMs in aquatic environments.
Additionally, phytoplankton in this experiment were seen to

sorb all available CeO2 ENMs within 1 h of exposure and
remain in this sorbed state for at least five days. The rapid rate
with which sorption occurs means that some amount of
sorption may have occurred before the mussels took up the
phytoplankton in the exposure group we have been referring to
as direct or unsorbed, despite the high clearance rates typical of
mussels and other bivalve filter feeders. This issue was at least
partially mitigated as a consequence of the ∼10 min period
between the addition of phytoplankton and the addition of
CeO2 to the sample containers, which allowed for the majority
of the phytoplankton to be filtered from the water before the
introduction of the ENMs. The fact that we found a
toxicological response in the direct exposure treatment
supports the distinction between the two exposure scenarios,
although the high affinity of CeO2 ENMs for phytoplankton
suggests the environmental relevance of a direct exposure
method may in fact be low.
When this rapid sorption is taken into consideration, along

with the effects of CeO2 ENM exposure on mussel
accumulation and physiology, a coherent model of the
interactions between the components of our system begins to
emerge. With increasing exposure concentrations, mussels
increase their clearance rates as a response to what they
perceive as a low-quality food source as well as increasing their
production of pseudofeces in order to prevent the ingestion of
ENMs. Due to these responses Ce concentrations in the tissue
and pseudofeces remain constant with increasing exposure
concentrations, although as can be seen in the mass balance
(Figure 5), total Ce mass in the pseudofeces is positively

correlated with exposure concentration. Over time, the direct
exposure to CeO2 begins to exert toxic effects, resulting in a
lowering of clearance rate. This may or may not lead to an
eventual increase in bioconcentration compared to dietary
exposure, depending on whether pseudofeces production also
declines. If so, mussels may be less able to reject CeO2 ENMs
and will ingest and bioconcentrate more of the ENMs.
A model summarizing the processes and rates calculated in

this study is shown in Figure 7. Despite not being at steady

state, the partitioning coefficients calculated can still provide
information on the environmental significance of these results.
For example, the low Kt and high Kp values we saw for mussels
in this study lead to the conclusion that ENM rejection in
pseudofeces resulting in buildup in marine sediments will be a
primary fate for insoluble metal oxide ENMs in ecosystems
characterized by large populations of filter-feeding bivalves,
such as rocky intertidal zones or shellfish farms. Additionally,
based on what we have shown here, it is likely that a significant
portion of the fate and transport of ENMs in aquatic
environments will be biologically mediated in some way. This
could either occur through sorption to phytoplankton and
other algae or by exposure to concentrated organic deposits like
pseudofeces, which has been verified in other studies looking at
marine and estuarine systems.51,52 The next step as indicated by
this and other research is to evaluate the uptake of ENMs by
decomposers and other benthic organisms and any toxic effects
they may have to continue to build a more complete picture of
the fate and consequences of ENMs in the marine environ-
ment.
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