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® The rapid uptake of fullerenes by C. riparius observed after an acute experiment.
® Oxidative stress was localized in tissues under microvilli layer.
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ABSTRACT

A key component of understanding the potential environmental risks of fullerenes (Cgp) is their poten-
tial effects on benthic invertebrates. Using the sediment dwelling invertebrate Chironomus riparius we
explored the effects of acute (12 h and 24 h) and chronic (10d, 15d, and 28 d) exposures of sediment
associated fullerenes. The aims of this study were to assess the impact of exposure to Cgo in the sed-
iment top layer ((0.025, 0.18 and 0.48) Cgop mg/cm?) on larval growth, oxidative stress and emergence
rates and to quantify larval body burdens in similarly exposed organisms. Oxidative stress localization
was observed in the tissues next to the microvilli and exoskeleton through a method for identifying
oxidative stress reactions generated by reactive oxygen species. Rapid intake of fullerenes was shown
in acute experiments, whereas body residues decreased after chronic exposure. Transmission electron
microscopy analysis revealed oxidative damage and structural changes in cells located between the lipid
droplets and next to the microvilli layer in fullerene exposed samples. Fullerene associated sediments
also caused changes in the emergence rate of males and females, suggesting that the cellular interactions
described above or other effects from the fullerenes may influence reproduction rates.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

The methods to test for the potential ecotoxicological effects of
nanomaterials are still under development. While several studies

The increased use of carbon nanoparticles, e.g. fullerenes (Cgg),
leads to their continued release into the environment. Some appli-
cations of fullerene enabled products, such as cosmetics, provide
a direct route to aquatic ecosystems via waste water treatment
plants [1]. In the aquatic ecosystems, fullerenes may accumulate
in surface sediments [2,3] exposing benthic invertebrates.
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have suggested that standard tests, such as those developed by the
Organization of Economic Cooperation and Development (OECD),
can be used for nanoparticle testing with modifications [4,5], the
exact modifications needed for those tests are unclear. In a recent
review of OECD test methods for nanoparticle ecotoxicity testing,
the appropriate method for spiking sediments with nanoparticles
was recognized as a key topic for additional research [6]. Two rele-
vant spiking approaches are mixing nanoparticles directly with the
sediment, the method traditionally used to spike sediments with
dissolved chemicals, or allowing the particles to settle onto the sed-
iment from the overlying water, forming a layer of particles on the
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surface. It has been suggested though that different nanoparticle
exposure methods lead to different response mechanisms by the
benthic invertebrate Chironomus riparius larvae [ 7,8]. In addition, it
may be more appropriate to relate nanoparticle effects in complex
matrices, such as sediments where quantification of the nanoma-
terial concentration may be challenging, to the body burden inside
the organism instead of the concentration in the sediment [6].

The possible toxicological effects of fullerenes Cgg have been
demonstrated in our previous study [7] in which we observed
decreased growth by C. riparius and areas with damaged microvilli
in the digestive system when larvae were exposed to Cgg in the
top layer of the sediment. However, the body burden was not
quantified. In addition, exposure to fullerenes in sediments spiked
by mixing the fullerenes directly with the sediment have been
shown to negatively impact C. riparius larval growth and devel-
opment rates even at relatively low fullerene concentrations|8].
A subtle change in the emergence period for males and females
was observed which could influence the local species population;
because adult midges have alife span of only a few days, there needs
to be a several day overlap after both the male and female flies
have emerged for reproduction to occur. The underlying mecha-
nisms of these effects are unclear but could be caused by chemical or
physical impacts of the fullerenes on the gut tract and surrounding
tissues.

Formation of reactive oxygen species (ROS) is known to damage
and degrade lipids, proteins and DNA thus changing the structure
and function of the cell and potentially leading to cell death [9,10].
While exposure to nano-TiO, increased antioxidant enzyme activ-
ities in Daphnia magna, necrotic changes conceivably caused by
oxidative stress in alimentary canal cells in this organism have
also been reported [11]. In addition, exposure of C. riparius to silver
nanoparticles in sediments caused changes in the gene-expression
of glutathione S-tranferases indicating oxidative stress [12].

In this study C. riparius larvae were exposed to fullerene
(Cgp) using the environmentally realistic method of allowing the
fullerenes to settle down on the sediment surface from the overly-
ing water [7]. Quantitative measurements of Cgg body burdens in C.
riparius after exposure to three fullerene concentrations were com-
pared to several toxicological endpoints to assess potential acute
and chronic effects: larval mortality and growth, emergence time,
mass of adult midges, and localized oxidative stress in the organism
cells. Testing higher fullerene concentrations enabled the compar-
ison between body burden concentrations and results from these
endpoints, while lower concentrations would have yielded chronic
exposure body burdens below the limit of detection with our ana-
lytical method. This study provides the first data on the localization
of oxidative damage in tissues in benthic invertebrates after carbon
nanoparticles exposure.

2. Experimental methods

2.1. Preparation and characterization of the experimental
sediments

Crystalline fullerene (Cgg) powder (purity 98%) (Sigma-Aldrich,
USA) was added to 2 L of artificial fresh water (prepared by adding
inorganic salts MgS0O4-7H,0 (24.7 mg/L), CaCl,-H,0 (58.8 mg/L),
KCl (1.2 mg/L) and NaHCO3 (13.0 mg/L), to MilliQ water, >18.2 m€2,
Ca+Mg hardness 0.5 mmol/L) [13,14]. The fullerene powder was
previously analyzed for metal traces using inductively coupled
plasma optical emission spectrometry (ICP-OES, IRIS Intrepid 1l
XSP) measurements [8] (Supplemental material Table S1). The Cgg
suspension was stirred for two weeks at 1000 rpm (105 rad/s) by
a magnetic stirrer [15-17]. The Cgg concentration of suspensions
was measured before the experiments [13] at a wavelength of

335nm [18] by using spectrophotometric measurements (ultravi-
olet (UV)/vis spectrophotometer, Cary 50BIO mulgrave, Australia).
The absorbance at 335 nm was compared to the calibration curve
documented in our previous paper [8].

The OECD method [19] for preparing artificial sediment was uti-
lized in this study. The sediment was prepared by mixing 20% of
kaolinite clay, 75% of quartz sand (50% of the particles in the range
of 50-200 wm), and 5% of peat powder (Sphagnum sp.) (all per-
centages are on a dry mass basis) and then adjusting the pH to 7.0
with CaCOs3. Based on the results of our previous studies [7,8], 0.5%
Urtica sp. dw (particle size <0.5 mm) were used as a food source.
Urtica was added in each treatment before the beginning of the
experiment. The dry mass of the sediment was 63%-70 % and the
measured total organic carbon content (TOC) ranged from 2.51 g/kg
to 2.72 g/kg (MultiN/C 2100 Analytic Jena AG Germany).

Fullerene particle sizes were characterized by transmission elec-
tron microscopy (TEM) (Zeiss 900, West Germany, 50 kV incident
beam energy) using the same method as in our previous studies
[7,8].In brief, the suspension was diluted (1:30 volumetric dilution)
with artificial freshwater, and 8 L of the diluted sample was added
to a Formvar (SPI supplies US) polyvinyl resin-coated 150-mesh
copper grid (Leica Wetzlar Germany). The grids were air dried for
one hour, after which they were placed into a desiccator overnight
prior to TEM analysis (magnification range 3 kx-85 kx). The largest
dimension of the fullerene agglomerates was used for the size dis-
tribution analysis.

2.2. Test organisms

C. riparius were cultured in the laboratory of the University
of Eastern Finland. Their treatment and hatching was conducted
similarly as in our previous study [7] with a 16:8h light:dark
period. Acute experiments started with fourth instar larvae (10d
post hatch). Chronic experiments started with first instar larvae
(<3d post hatch) as instructed in OECD test guideline 218 [20].
Starting the acute experiment with older larva (10d post hatch)
compared to the chronic experiments was necessary to have a suffi-
cient organism mass for the extractions and because the organisms
would be at a similar age and size at the end of both experiments. All
midges were exposed individually in 50 mL glass containers with a
surface area of 9.6 cm?.

2.3. Exposure procedure

A modified version of the OECD standard method 218 [20] was
used to create the exposure conditions. Ten g of artificial sediment
were added to 50 mL glass beakers and then different volumes
of a fullerene suspension were added to the overlying water and
allowed to settle for two days, creating thin layers on the top of the
sediment with different fullerene loadings (treatments A-C; aver-
age surface densities of Cgg on the sediment surface in different
experiments are shown in Table 1). Concentrations selected here
were based on our previous findings [7] where the exposure con-
centration, similar to treatment C in this study, caused an adverse
effect to C. riparius growth and based on using the lowest possible
concentration which still formed a complete Cgg layer on the sed-
iment surface. This exposure approach causes C. riparius larvae to
be directly exposed to Cgg since they ingest particles from the sed-
iment surface as a food source. After two days, the Cgy suspension
was removed and carefully replaced with 40 mL of artificial fresh-
water for treatments B and C. However, the suspension was not
removed from the beakers for treatment A, because the volume
added was sufficiently small (2 mL) that it could not be removed
without causing disturbing the Cgg layer on the sediment surface;
the concentration of Cgg on the surface of these beakers was deter-
mined by measuring samples from the Cgg stock suspension and
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Fig. 1. Box plots of the results for larval larvae body burdens after (A) acute (n=6 in treatment A for both time points; for treatments B, C, n=7 for both time points) and (B)
chronic exposures (treatments B, C n=5 after 10d; and B and C n=5 and 6 after 15d, respectively while n=2 for treatment A after 15d) to different treatments of Cgo. The
symbol “+” indicates mean values, and whiskers indicate minimum and maximum values and bars indicates quartile ranges. Asterisks indicate significant differences from

controls. ND = not detectable.

assuming that 100% of the added Cgo formed the surface layer. After
allowing the beakers to set for 1d to ensure a stable layer of Cgg on
top of the sediment, aeration was started. Overnight, one larva was
carefully added below the water surface with a Pasteur pipette to
each beaker while the aeration was stopped for a few hours; the
number of larvae tested per experiment is provided in Table S2.
Water quality parameters in the overlying water were tested at the
beginning and at the end of the experiments and were shown to be
within the suitable range for the larvae [20]. Additional details are
provided in the Supplemental material.

Organisms were exposed individually to exclude the possible
effects of higher larval density on growth and mortality [21]. UV/vis
spectrophotometry was used to measure the mass of Cgg that set-
tled on top of the sediment prior to larvae addition using the
method described in our previous study [7]. Briefly, 200 L of over-
lying water was sampled and mixed with 200 L 2% NaCl solution
and 2mL toluene. The mixture was vortexed and sonicated for
10 min in a bath sonicator (Sonorex Super RK 106; Bandelin).

Fullerenes were extracted from C. riparius larvae by using a
method previously reported for D. magna [13] and Lumbriculus var-
iegatus [2] and analyzed using a spectrophotometric measurement
described in the Supplemental material. Gut tract and histologi-
cal changes were observed with TEM. Because results of a previous
study showed decreased growth when exposing larvae to the high-
est fullerene concentration in this study (treatment C)[ 7], the effect
of only the two lower fullerene treatments (treatments A and B)
were analyzed in 10d growth experiments.

2.4. Experimental setup

2.4.1. Extraction experiments and procedure

Body burdens of seven larvae were measured in each treatment
after acute (12 h and 24 h) and chronic (10d and 15d) exposures.
For acute exposures, larvae were first grown in unamended (i.e.,
without Cgg) artificial sediment to the fourth and final instar stage.
Then, the larvae were carefully moved to exposure beakers con-

Table 1

taining treatments A-C (see Table 1 for exposure concentrations).
Larvae were exposed to fullerenes for 12 h and 24 h. Controls with-
out fullerenes were handled similarly. Chronic experiments started
with first instar stage larvae (<3 d post hatch) and lasted for 10d
or 15d. Depuration was tested for treatments B and C by conduct-
ing a 10d chronic exposure with first instar stage larvae and then
moving the organisms to depurate in sediment without fullerenes
for4d.

2.4.2. Localization of ROS

Reactive oxygen species (ROS) react either spontaneously with
other molecules or are catalyzed by the enzyme superoxide dismu-
tase to form H,0,. We used a method to determine the distribution
of hydrogen peroxide in the C. riparius tissues. This approach is
based on the formation of a water-insoluble electron-dense precip-
itate of cerium perhydroxide (Ce(OH),OOH), which can be detected
by TEM [22] after addition of cerium chloride to thin sections
and the reaction of the cerium chloride with hydrogen peroxide
present in the tissues. The advantage of this approach over mea-
suring biomarkers of oxidative stress in whole organisms is that it
allows for the precise localization of H,O, production in the organ-
ism tissue [23]. A detailed description of this method is provided in
the Supplemental material.

2.4.3. Larval development; growth and emergence experiments

Larval growth rates were determined in a separate experi-
ment. Larvae were exposed to different concentrations of fullerenes
(treatments A and B; treatment C was tested for this endpoint in
a previous study [7]) for 10d. At day 10, larvae were sieved out
from the sediment (= 200-pm sieve), counted and preserved in
ethanol (94%). Afterwards, they were analyzed using a stereomicro-
scope (Nikon SMS 800) to measure body length, head capsule length
and width. After heating at 100°C until no further mass change
occurred, larvae dry masses were measured using a microbalance
(Sartorius 4503 micro).

The quantity of settled fullerenes on top of the sediment for each treatment in mg/cm? (mean =+ standard deviations; n=3 (treatment A) or 5 (treatments B and C) samples
taken from individual replicate beakers for treatments B and C or the stock suspension for treatment A).

Body burden & oxidative stress

Developmental effects

Acute exposure Chronic exposure

Growth exposure Emergence exposure

Uptake TEM Uptake TEM

0.023 (+£0.003)
0.181 (+£0.001)
0.480 (+£0.01)

Treatment A
Treatment B
Treatment C

0.031 (+0.001)
0.211 (+£0.001)

0.560 (+£0.003)  0.480 (+0.001)

0.490 (+0.004)

0.031 (+0.001)
0.180 (+0.06)
Previously tested [7], not analyzed in this study

0.028 (+£0.001)
0.210 (+£0.01)
0.540 (+0.12)
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Larval development to adult midges was investigated through
performing an emergence experiment using the same Cgg con-
centration treatments (A-C) as in the uptake experiments. It is
expected that changes in the larval growth rate [7] might be
reflected in a shorter emergence time or the organisms failing to
emerge [21]. After the first 10d, larvae were fed three times a week
with TetraMin suspension (0.12 mg/larva/d) by stopping aeration
and adding the TetraMin suspension gently to the sediment surface
[7]. To prevent adult midges from escaping, nets were placed above
the containers and midges were collected daily, counted and their
dry masses (the adults were heated at 40 °C until no further mass
changes occurred) were measured using a microbalance.

2.5. Calculation and statistics

Data was analyzed using GraphPad Prism 5 (Graphpad software)
and SPSS 19 for Windows. The normality of the data was tested
with the Shapiro-Wilk test for normality. If the data was normally
distributed, one-way analysis of variance (ANOVA) followed by
Dunnett’s multiple comparison post-hoc test was performed. If data
was not normally distributed, the Kruskal-Wallis test followed by
Dunn’s multiple comparison post-hoc test was used. Results were
indicated as being significantly different if P <0.05. The emergence
data was analyzed by comparing survival curves using the Log-rank
(Mantel-Cox) test.

3. Results
3.1. Characterization of aqueous Cgg suspensions

According to the TEM images (Supplemental material Fig. S1)
made from the stock suspensions for the acute, chronic, growth
and emergence experiments, Cgg agglomerates had average sizes of
(1166 £1185,925 +2099, 465 + 314 and 1087 & 1052) nm, respec-
tively (n =200 for each experiment; uncertainties hereafter indicate
standard deviation values). The agglomerates were heterogeneous
in size, consisting of size ranges up to 7693 nm and had large stan-
dard deviations. Three fullerene suspensions (acute, chronic and
emergence) contained over 19% of large particles (>1000nm), a
portion which most likely would settle down on the sediment. In
the fullerene suspension used in the chronic and growth exposure,
particles sized 100 nm to 300 nm were most frequent (Supplemen-
tal material Fig. S1). Agglomerates were observed to be roughly
spherical or cubical in form, a result similar to those in our previous
studies [7,8].

3.2. Larval body residues

Body residues were highest after 12 h of exposure, indicating
rapid uptake of fullerenes, and decreased in all treatments after
24h (Fig. 1); one dead larvae in treatment A for the 12h and 24
time points and dead larvae observed in other treatments (two
dead larvae in Treatment B for the 10d and 15d time points, and
for treatment C, two after 10d and one after 15 d of exposure) were
excluded from determination of the average body burden values.
Table 2 summarizes the uptake and development data from all
experiments. While the Cgg concentrations in treatment A were
similar after 12 h and 24 h, the difference between the two time
points increased with greater fullerene concentrations in treat-
ments B and C (Fig. 1A).

A comparison between the body burden results from the acute
and chronic exposure conditions showed that the highest Cgg tis-
sue concentrations were measured after 12 h and decreased with
longer exposure durations. This can be clearly seen in a compari-
son among time points for treatment C (Fig. 1A and B). After 10d

(chronic exposures), the concentrations in all organisms for treat-
ment A were below the detection limit (10 ng Cgo/mg wet mass).
Similarly, concentrations over the detection limit could be mea-
sured in only two samples from treatment A after exposure for 15d;
all organisms without detectable fullerene concentrations were
excluded for the calculation of the average body burden values. The
Cgp concentrations ranged from (0.46 & 0.25) g Cgo/mg wet mass
in treatment B to (0.69 &+ 0.31) g Cgp/mg wet mass in treatment C
after 10 d. However, two larvae in both treatments were under the
detection limit, and one of the larvae was also dead for treatment
B. Overall, the body burdens increased with higher fullerene load-
ings in the sediment for each time point. A 4 d fullerene depuration
experiment after a 10d chronic exposure revealed a decrease in
the body burdens to (0.0072 4 0.0065) wg Cgo/mg wet mass and
(0.0079+0.0032) pg Cgp/mg wet mass for treatments B and C,
respectively; values for only three of the larvae were above the
detection limit for each treatment. The percentage decrease for
both treatments was ~99%, a value substantially greater than the
increase in the average organism mass during this period (64% on
average) indicating that the change cannot be explained solely by
organism growth.

3.3. Cell imaging and signs of oxidative stress

TEM imaging revealed that the guts of the exposed larvae were
fully packed with Cgg agglomerates in both the acute and chronic
exposures. TEM images showed black aggregates in the exposed
samples which were not observed at such high quantities in the
control organisms (Supplementary material Fig. S2A-F). Evalua-
tion of the control organism tissues revealed nuclei in cells next
to the microvilli and the exoskeleton layers after 12 h (Supplemen-
tal material Fig. S2A) and after 10 d of treatments (Supplemental
material Fig. S2E) and mitochondria as well (Supplemental material
Fig. S2B and F). The microvilli layer was clearly observed (Fig. 2D)
as was the structure of the tissue next to this layer.

Control organisms had fewer precipitates (Supplemental mate-
rial Fig. S2A-F) compared to all other treatments (Supplemental
material Figs. S3-S5), and had no precipitates distally from the
microvilli layer (Supplemental material Fig. S2D). However, some
precipitates were observed in the control organisms (Supplemen-
tal material Fig. S2C) which is caused by normal oxidative reactions
[24]. The positive control test organisms revealed changes localized
precipitates in tissues, indicative of oxidative stress (Supplemen-
tal material Fig. S3A-F). In addition, lipid droplet formation was
increased (Supplemental material Fig. S3D), which is a feature of
oxidative stress [25]. The tissue next to the microvilli layer showed
large precipitates after chronic exposure (Supplemental material
Fig. S3A-F) which were close to lipid droplets (Supplemental mate-
rial Fig. S3E). These observations were mainly detected after the
chronic exposure, whereas after acute exposure the frequency of
precipitates was lower.

Histological changes occurred in the nucleus and mitochondrial
structures in the fullerene treatments (Fig. 2B and C, Supplemen-
tal material Fig. S4A-E and Fig. S5A, C, E). The precipitated cerium
perhydroxides could be detected by TEM in exposed samples after
12h and 10d of exposure in all treatments (Fig. 2 and Supplemen-
tal material Figs. S4 and S5). The frequency of precipitates was
higher after chronic exposure, aresult similar to that found with the
positive control. After 10 d of exposure in treatment B, numerous
precipitates were observable in the tissue (Supplemental material
Fig. S4E and F) and large precipitates occurred close to lipid droplets
(Supplemental material Fig. S4D). Similarly, in treatment C, precipi-
tates were detected after chronic exposure (Supplemental material
Fig. S5) and histological changes were observable in the structures
of the nuclei and mitochondria (Supplemental material Fig. S5A,
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Table 2
Summary of results for C. riparius experiments.

Uptake

Localization of oxidative stress

Acute exposure

Chronic exposure

Acute Exposure

Chronic exposure

Treatment 12h 24h 10d 15d 12h 10d

Positive minor precipitates, large precipitates

Control localized under localized between
microvilli layer lipid droplets and

under microvilli
layer, increase
number of lipid
droplets

Average

amount of

extracted

fullerene in

larvae (pg/mg

wet mass)

A 0.22+0.10 0.22+0.11 - 0.01 minor precipitates, large precipitates
localized under localized between
microvilli layer lipid droplets and

under microvilli
layer

B 1.60+1.07 1.314+0.80 0.46 £0.25 0.10+£0.06 large precipitates large precipitates
localized between localized between
lipid droplets and lipid droplets and
under microvilli under microvilli
layer layer

C 4.85+2.26 3.04+1.85 0.69+0.31 0.19+0.13 some precipitates, large precipitates

Development

localized under
microvilli layer

localized between
lipid droplets and

under microvilli
layer

Growth exposure (10d) Emergence experiment

average body length (mm) median emergence time (days)

total time period of emergence (days)

median emergence time males/females (days)

Control 8.82+1.42 24 9

A 8.94+1.89 22 11
B 9.08 +1.42 23 10
C 23 10

21.5/255
20.5/23
20/25
19.5/25

C, D-F). Fewer precipitates were observed for treatment C after an
acute experiment compared to the other treatments.

In treatment A, larger precipitates were observed after 10d
(Fig. 2) whereas some precipitate formations were detected after
12 h. Those precipitates were most abundant between the lipid
droplets or close to them (Fig. 2A, D, E, and F). Precipitates were
also detected next to the microvilli layer in the alimentary canal
cells and in the tissue next to the exoskeleton. In addition, the
loss of mitochondrial ultrastructure was localized distally from the
microvilli layer (Fig. 2B and C and Supplemental material Fig. S4A
and C).

3.4. Larval development: growth and emergence

Larval growth, dry mass, and average body length were not sig-
nificantly affected in treatments A or B (Table 2 and Supplementary
material Fig. S6 and Table S3). All larvae in treatment A were in their
final instar stage, whereas in treatment B one larva did not reach
the final instar stage. Dry masses of the adults did not differ sig-
nificantly (Supplementary material Fig. S8). Also, one larva in the
third instar stage was found in the control treatment (Supplemental
material Fig. S7).

The emergence of the adults occurred modestly earlier in
fullerene treatments (Table 2) although a significant difference was
found only in treatment A (Fig. 3A). Analyzing results after combin-

ing all fullerene treatments showed that there was not a significant
difference compared to the control (Fig. 3B) indicating that the
emergence rate is not evidently affected by the fullerene exposures.

The males exposed to fullerenes consistently emerged more
quickly than those in the control organisms, and the result showed
a slight dose-dependent behaviour (Fig. 4). Females exposed to
fullerenes emerged statistically faster compared to the controls
only for treatment A, the lowest fullerene concentration; a dose-
dependent response was not observed.

Although the cumulative emergence in treatment B and C did
not differ compared to the controls a trend affecting population
dynamic can be seen (Fig. 4). In those treatments, males tend
to emerge faster and within a shorter time period compared to
the controls (Fig. 4 inserted figure). Particularly, in treatment C
there was a significant difference in the male emergence times
(*p<0.005) and the time of emergence between males and females
did not overlap (Fig. 4).

4. Discussion
4.1. Body residues
Fullerene agglomerates taken up by the benthic invertebrate C.

riparius could be accurately extracted with toluene (Supplemen-
tal material Fig.S2). Fullerene body burdens, measured for the first

Please cite this article in press as: G.C. Waissi, et al., Chironomus riparius exposure to fullerene-contaminated sediment results in oxidative
stress and may impact life cycle parameters, J. Hazard. Mater. (2016), http://dx.doi.org/10.1016/j.jhazmat.2016.04.015



dx.doi.org/10.1016/j.jhazmat.2016.04.015

G Model
HAZMAT-17623; No.of Pages9

6 G.C. Waissi et al. / Journal of Hazardous Materials xxx (2016) XxX—XXX

Fig. 2. A-F. Transmission electron micrographs of C. riparius after 10d of exposure in treatment A. The symbols MV, LD and NC indicate microvilli layer, lipid droplet and
nucleus, respectively. Solid arrows indicate mitochondria, while dashed arrows indicate precipitates. (A) Lipid droplets and precipitates between them. (B) Precipitates in
the tissue and swollen mitochondria (C) The structure of the nucleus, swollen mitochondria and precipitates next to the microvilli layer. (D) Lipid droplets and precipitates
located near of them; in the inserted figure is a higher magnification of the precipitate. (E) Large precipitates close to lipid droplets. (F) Lipid droplets and large precipitate

between them.

time here for C. riparius, decreased with longer exposure periods
and followed a dose-dependent behaviour. It is unlikely that the
lower body burdens after prolonged exposure is a result of fullerene
biodegradation, because previous studies have not observed degra-
dation of fullerenes [26,27]; similar results have been observed for
other carbon nanomaterials [28] although a specific microbial con-
sortium which was able to biodegrade multiwall carbon nanotubes
[29]. The decreased concentrations after longer exposure could be
a result of organisms decreasing their feeding when getting close
to the pupal stage or that larvae are able to depurate fullerenes.
In another study with benthic oligochaete L. variegatus, fullerene
uptake was detected after 28 d and the size of Cgp in sediments
was observed to impact the uptake rate [30]. The body burdens
were also much lower in L. variegatus compared C. riparius body

burdens found in this study. The cause of the difference was unclear
but could be from difference between the species, concentrations,
or spiking methods. Previous studies have shown fullerene packing
in the gut tracts of D. magna, L. variegatus, and C. riparius [2,7,13],
and TEM analysis in this study also did not indicate absorption of
fullerenes across the gut tract in C. riparius. Thus, the body burdens
measured in this study differ from bioaccumulation of hydropho-
bic organic chemicals which are absorbed into systemic circulation
in the organisms [31,32]. The finding that fullerenes accumulate
in C. riparius quite rapidly accords with previous studies with D.
magna [13]and studies with D. magna accumulation of other carbon
nanomaterials [14,33,34].

Please cite this article in press as: G.C. Waissi, et al., Chironomus riparius exposure to fullerene-contaminated sediment results in oxidative
stress and may impact life cycle parameters, J. Hazard. Mater. (2016), http://dx.doi.org/10.1016/j.jhazmat.2016.04.015



dx.doi.org/10.1016/j.jhazmat.2016.04.015

G Model
HAZMAT-17623; No.of Pages9

G.C. Waissi et al. / Journal of Hazardous Materials xxx (2016) xxX-Xxx 7

A

100+

=0~ Control

xX
o Treatment A*
8 804 Treatment B
g -~ TreatmentC
12
[ 60+
£
o 50-
e 40
s
g 20-
p=
(@]

c 1 L U U U U

18 20 22 24 26 28
Day

0= Control
-» Treatments A-C

Day

Fig. 3. Cumulative emergence (%) of the midges exposed to thin fullerenes layers on the top of the sediment. (A) Results analyzed separately (n=18, 19, 19, 17, respectively) (B)
Results where all fullerene treatments (A-C) are combined. Asterisks indicate significant differences from controls. (n=18 and 55, respectively). Treatments were compared
to the control using the Log-rank Mantel-Cox test. The significant difference (p <0.05) for Treatment A compared to the control is indicated by an asterisk.

=3 Male = Male
3 Femalke s+ Control O3 Female s Treatment B
4 a2 |
- g
S S o e T o
5 2 3 2
€ g 1 é
£ ; P 2 "
£ A r 1 0
3 17 18 19 20 21 22 23 24 25 26 28 0
£ Day 17 18 19 20 21 22 23 24 25 26 27 28
& P, p_l I: }.| " Day
g 51 Treatment A v %1 Treatment C
2 o
I I § 4 3
© y B® 3
: ] E :
= o o - 21
& ¢ " |—-'—| ] 2
s 19 3 17
HFH )
‘ = . 07 18 15 20 21 22 23 24 25 20 17 18 19 20 21 22 23 24 25 26 27 28
15 20 25 30 Day Day
Day

Fig.4. Emergence day of the females and males for the control treatment and treatments A, B,and C (n=18, 19, 19, 17, respectively). Histogram figures show the differences in
emergence time between treatments. The symbol “+” indicates mean values, and whiskers indicate minimum and maximum values. Asterisks indicate significant differences

from controls (Log-rank Mantel-Cox test, * p<0.05).

4.2. Cell imaging and localization of oxidative stress in cells

As expected, the positive control samples with cadmium
affected the cell nucleus given that ROS can damage the DNA
and membranes, potentially leading to cell death [24]. Sufficient
oxidative stress can lead to apoptosis which can be seen in cells
by the following features: cell shrinkage, chromatin condensation,
cell surface blebbing, chromatin migration to the nuclear margins,
nuclear fragmentation and the formation of several membrane-
bound apoptotic bodies [35,36]. Some of these features were
evident in the cells of organisms exposed to fullerenes, in addition
to the positive control samples, suggesting that apoptosis may have
occurred in some cells. In addition, fullerene exposed organisms
and positive control organisms also showed a number of changes
compared to the control organisms: a higher frequency of lipid
droplet formation (a sign under oxidative stress conditions [25])
nucleus shrinkage, and changes to the mitochondria (swollen mito-
chondria, rupture of mitochondrial membranes, and a decrease in

mitochondrial matrix density). Identification of cerium in tissues by
energy dispersive spectroscopy was inconclusive because cerium
has more than one characteristic peak over the spectrum and these
peaks seems to overlap with peaks from other elements more abun-
dant in the sample such as carbon, oxygen, copper (originating
from the grids) or osmium (used in the post fixation process). Thus,
observations from generated ROS-species were based on identi-
fying clear precipitates which were not as abundant in the control
samples. It is interesting to note that the markers of oxidative stress
were greater after exposure for 10d compared to 12 h even though
the body burdens were smaller after 10d. The cause of this find-
ing is unclear but seems to indicate that prolonged exposure to the
fullerenes caused more oxidative stress than acute exposure with
a higher body burden. Oxidative stress initiated by some stressor
is largely dependent on the formation of reactive oxygen species.
Once initiated this process can be self-sustaining and goes on with-
out the original stressor [37,38]. Additional research is needed to
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better understand the relationship between fullerene body bur-
dens, exposure duration, and oxidative stress.

4.3. Growth and emergence rate

The development time for both males and females was nor-
mal with males emerging earlier [21,39,40]. However, this study
revealed slightly faster emergence rate in the lowest treatment A
(0.028 mg/cm?), but no changes in treatments B and C or when all of
the data from the fullerene treatments were combined. The cause
of the change in the emergence time at only the lowest treatment
is unclear, but there does seem to be an overall but not statistically
significant trend toward earlier emergence times. A shifted emer-
gence time has also been observed with metal nanoparticles [41]
as well as with fullerenes with lower doses concentrations around
0.5 mg Cgo/kg sediment dry mass [8]. Importantly, there were sev-
eral days between the distribution of emergence times for the males
and females for treatment C which could lead to a situation where
breeding is impaired given their short life span (approximately 5d
to 7d).

Overall, some similar trends were observed when comparing the
two different fullerene spiking methods. For example, the growth
rates were not decreased for the concentrations tested in this study
using the fullerene settling method which is similar to findings in
the previous study with direct mixing at concentrations of 40 mg/kg
and 60 mg/kg. However, direct mixing with the 80 mg/kg concen-
tration did have an effect on the growth rate as did treatment C in
our previous study [7,8]. As previously described, the two spiking
approaches were also similar in that clear dose-response trends
were not observed across the fullerene concentrations tested for
the growth rate endpoint and that earlier emergence was also
observed for higher fullerene concentrations with the direct spiking
method.

Nevertheless, there are several challenges related to the
fullerene settling exposure method. First, a high concentration of
fullerene needs to settle to the sediment surface to form a layer of
fullerene particles. If the lowest concentration tested in this study
was converted to a concentration in terms of mg/kg of sediment, it
would be several orders of magnitude higher than the highest con-
centration used in the previous study in which the fullerenes were
directly spiked to the sediment. It was necessary to use this high
of a concentration because a lower concentration may not form a
complete fullerene layer on the sediment surface. If a lower con-
centration of fullerenes was present on the sediment surface after
settling, it is possible that the settled fullerenes would get mixed
into the sediment when the overlaying water was added thus form-
ing a condition analogous to that in the direct spiking method. In
addition, it is possible that the concentration of fullerenes in the
suspension in the overlying water used to form the fullerene layer
would impact the results because it could impact the size distribu-
tion of the fullerene agglomerates on the surface. Using too low of
a fullerene concentration in the overlying water could result in a
lack of settling thus hindering preparing lower fullerene exposure
concentrations. Thus, producing a fullerene concentration range
spanning several orders of magnitude in which the only parameter
that varies is the fullerene concentration on the sediment surface
could be highly challenging with the settling method.

5. Conclusion

This study revealed several key findings: rapid uptake of
fullerenes by C. riparius, impact of fullerenes on certain endpoints
such as the emergence rate of males and females, and the gen-
eration of oxidative stress. Signs of oxidative stress, identified as
a formation of precipitates in tissues and from the increased for-

mation of lipid droplets, occurred next to the microvilli layer and
in alimentary canal cells. Importantly, the results generated in
this study enabled a comparison between the fullerene body bur-
dens and multiple endpoints and between toxicological impacts
observed for the two fullerene spiking methods.
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