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Compounds from the nanotechnology industry, such as carbon-based nanomaterials, are strong candi-
dates to contaminate aquatic environments because their production and disposal have exponentially
grown in a few years. Previous evidence shows that fullerene Cgp, a carbon nanomaterial, can facilitate
the intake of metals or PAHs both in vivo and in vitro, potentially amplifying the deleterious effects of
these toxicants in organisms. The present work aimed to investigate the effects of fullerene Cg in a

ﬁ‘;};"(‘)’fgdiolo Danio rerio (zebrafish) hepatocyte cell lineage exposed to benzo[a]pyrene (BaP) in terms of cell viability,
BaP xicology oxidative stress parameters and BaP intracellular accumulation. Additionally, a computational docking
Synergistic effect was performed to investigate the interaction of the fullerene Cgp molecule with the detoxificatory and
Delivery antioxidant enzyme wGST. Fullerene Cgo provoked a significant (p <0.05) loss in cellular viability when

GST co-exposed with BaP at 0.01, 0.1 and 1.0 pg/L, and induced an increase (p <0.05) in BaP accumulation in
the cells after 3 and 4 h of exposure. The levels of reactive oxygen species (ROS) in the cells exposed to
BaP were diminished (p <0.05) by the fullerene addition, and the increase of the GST activity observed in
the BaP-only treated cells was reduced to the basal levels by co-exposure to fullerene. However, despite
the potential of the fullerene molecule to inhibit 7 GST activity, demonstrated by the computational
docking, the nanomaterial did not significantly (p>0.05) alter the enzyme activity when added to GST
purified extracts from the zebrafish hepatocyte cells. These results show that fullerene Cgp can increase
the intake of BaP into the cells, decreasing cell viability and impairing the detoxificatory response by
phase Il enzymes, such as GST, and this latter effect should be occurring at the transcriptional level.
© 2013 Elsevier B.V. All rights reserved.

1. Introduction

The fate of products and effluents from the nanotechnology
industry has been a growing matter of concern because their pro-
duction and disposal have exponentially risen in the last few years
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(Kahru and Dubourguier, 2010). The current data about the actual
risks to humans and to the environment are not conclusive, and
this is mainly due to the lack of information concerning their
mechanisms of toxicity, actual concentrations and chemical behav-
ior in the environment (Christian et al., 2008; Aschberger et al.,
2011). However, the novel chemical and physical properties arising
from the nanoscale greatly enhance the reactivity of the nanoparti-
cles with biomolecules, making the nanomaterials potentially toxic
and capable of harming the environment (Kahru and Dubourguier,
2010). On the other hand, it must also be considered that some
works show low toxicity levels of carbon nanomaterials (such as
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fullerenes) in fish, at least with respect to oxidative stress parame-
ters (Fraser et al., 2011; Henry et al., 2011).

Despite the debate concerning the actual toxicity level of the
nanomaterials, especially in the aquatic environment, there is a
consensus that nanomaterials may potentially affect biological
systems not only per se, but also through interaction with other
compounds (Christian et al., 2008; Henry et al., 2011). Consider-
ing their high reactivity, a question arises about what can happen
when nanomaterials are in the presence of other toxic molecules.
One of the first attempts to investigate this issue was conducted
by Limbach and Wick (2007), who measured the oxidative stress
in human lung epithelial cells induced by nano-silica doped with
a number of metals. This study found higher damage in the treat-
ments with cobalt- and manganese-doped silica nanoparticles than
in metals or silica alone. Because nano-silica facilitated the uptake
of the metals by the cells, this mechanism was so-called the “Tro-
jan horse” effect. This type of delivery mechanism displayed by
nanomaterials has been investigated in a few additional nanotoxi-
cological studies, mainly with metallic nanoparticles. For example,
Fan et al. (2011) showed that nano-TiO, enhanced copper bioac-
cumulation and toxicity in the crustacean Daphnia magna, even
at low nanomaterial concentrations. It was also found that nano-
TiO, enhanced arsenate toxicity in Ceriodaphnia dubia (Wang et al.,
2011) and, when doped with the lanthanide Ce(IV), it caused defor-
mation in the cell morphology of a human hepatocyte cell line (Mao
et al, 2010).

Studies investigating co-exposure with carbon-based nanocom-
pounds, such as nanotubes and fullerenes, are less common.
Fullerene Cgg is a worldwide produced nanomaterial with a unique
cage-like molecular structure made solely of carbon. Although
highly hydrophobic, due to its electronic configuration it can
form strong Cgo—H;0 bonds when in colloidal water suspensions
(Andrievsky et al., 2002; Khokhryakov et al., 2006), resulting in
stable nano-aggregates that can promote deleterious effects in bio-
logical systems (Murdock et al., 2008; Ehrenberg et al., 2009).

Cgo has been widely investigated in terms of the chemical and
physical interactions with a range of molecules and devices looking
for applications as nano-probes, nano-sensors and nano-electrodes
(Nakashima et al., 1998; Cho et al., 2005; Goyal et al., 2005) and
in medicine (Partha et al., 2008; Pinteala et al., 2009; Ganji et al.,
2010; Tarabukina et al., 2010; Adini et al.,, 2011; Santos et al.,
2011). Despite being poorly studied, the uptake rate and toxic-
ity of other environmental contaminants seem to be somehow
affected when co-exposed to fullerene. Baun et al. (2008) indi-
cated that co-exposure with fullerene Cgy enhanced the toxicity
of phenanthrene to the microcrustacean Daphnia magna and to
the algae Pseudokirchneriella subcapitata. This was due, at least in
part, to the high adsorption of phenanthrene molecules onto Cgg
nano-aggregates, which facilitated phenanthrene uptake. Similarly,
Costa et al. (2012) observed that arsenic (As'!!) uptake was higher
in zebrafish hepatocytes co-exposed to fullerene (1 mg/L).

Among the polycyclic aromatic hydrocarbons (PAHs),
benzo[a]pyrene (BaP) is one of the most important due to its
ubiquitous presence in most environments. It is produced mainly
during the incomplete combustion of organic matter and in
cigarette smoke (Rose and Levi, 2004). It is also a carcinogen and
mutagen toxicant and reactive oxygen species (ROS) generator
(Sasco et al., 2004; Naspinski et al., 2008). Its detoxification process
includes metabolization by phase I enzymes that can produce
electrophilic epoxides that can readily bind to DNA (Walker et al.,
2001). BaP contamination can be harmful through the generation
of oxidative stress (Palanikumar et al., 2012), the inhibition of
retinoid synthesis (Alsop et al., 2007) and the formation of DNA
adducts (Kurelec et al., 1991). The exposure of cultured cells to BaP
can also cause changes in gene expression (Castorena-Torres et al.,
2008), oxidative impairment (Winzer et al., 2001) and an increase

of the carcinogenic risk by interaction with 17@3-estradiol (Chang
et al., 2007), among many other deleterious effects.

In order to investigate the influence of fullerene Cgy upon the
toxicity of an important environmental contaminant, such as BaP,
the present work aimed to assess the oxidative stress parame-
ters, cell viability and bioaccumulation of BaP in ZF-L cells, an
established culture of hepatocytes from the zebrafish Danio rerio
(Cyprinidae). This cell lineage was chosen because Danio rerio is a
highly suitable biological model widely used in toxicology, includ-
ing in studies with nanomaterials (Fako and Furgeson, 2009; Costa
etal., 2012). Additionally, an in silico study was performed by com-
putational docking to verify the hypothesis of the interaction of the
fullerene Cgg molecule with the antioxidant and phase II detoxifi-
catory enzyme glutathione-S-transferase (GST).

2. Materials and methods
2.1. Preparation of the chemicals

2.1.1. Preparation and characterization of Cgg suspension

In order to produce a homogeneous suspension of Cgy nanopar-
ticles, 200 mg of fullerene Cgy in powder form (99% purity, SES
Research, USA) was added to 11 of ultra-pure Milli-Q water and
stirred for two months under artificial light. After this period,
the suspension was centrifuged at 25,000 x g and 15°C for 1h to
remove the bigger aggregates and was then sequentially filtered by
0.45 and 0.20 pm nylon membranes. This methodology was based
on the work of Lyon et al. (2006) where no organic solvent was
employed because these solvents can release residual degradation
products that affect the toxicity of the nanomaterial (Henry et al.,
2007). The concentration of the suspension was determined by
measurement of the total organic carbon content in a total organic
carbon analyzer (TOC-V CPH, Shimadzu Corp., Japan). The charac-
terization of the Cgg suspension was performed by transmission
electron microscopy (TEM) in a JEOL JSM 1200 EX II transmission
electron microscope operating at 100 kV. For the TEM, aliquots of
the Cgp suspension (10 1) were disposed onto 300 mesh TEM grids
(SPI) that were coated with Formvar. The analysis was performed
after 24 h to allow sample evaporation, according to previous stud-
ies (Britto et al., 2012; Costa et al., 2012; Ferreira et al., 2012). As
previously reported for Cgg suspensions prepared using the water-
stirring method without the addition of organic solvents (Lyon
et al., 2006; Britto et al., 2012; Costa et al., 2012; Ferreira et al.,
2012), the ubiquitous presence of fullerene nano-aggregates in the
nanometer range were seen in the Cgo suspension analyzed by TEM

(Fig. 1).

2.1.2. Preparation of BaP solutions

BaP solutions ranging from 0.01 to 10.00 pg/mL were obtained
by dissolving benzo[a]pyrene (Fluka, purity > 96%) in dimethyl sulf-
oxide (DMSO) (Synth, Brazil). The final concentration of DMSO in
contact with the cells was 1% since Filgueira et al. (2007) showed
that this DMSO concentration was not deleterious for an ery-
throleukemic cell line. In addition, the DMSO control group showed
no effects in the analyzed variables (see Section 3).

2.2. Maintenance of the hepatocytes

Zebrafish hepatocytes (ZF-L lineage) purchased from the Amer-
ican Type Culture Collection (ATTC) were maintained in culture
flasks with 10 mL of RPMI 1640 (Gibco) medium supplemented
with 10% fetal bovine serum and a 1% antibiotic/antimycotic cock-
tail (streptomycin, amphotericin and penicillin) at 28 °C. For the
exposure assays, cells were initially removed from the flasks with
0.125% trypsin, washed with phosphate buffered saline (PBS) and
transferred to 24-well culture plates (0.5 mL per well, 106 cells/mL)
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