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• Graphene oxide showed a high capacity
to sorb PAHs depending on their
hydrophobicity.

• Graphene oxide alone or with PAHs
caused malformations in zebrafish
embryos.

• Adult and embryo zebrafish ingested
graphene oxide.

• Sublethal effects provoked by graphene
oxide included neurotoxicity.

• Graphene oxide with sorbed PAHs
caused oxidative stress in the gills.
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Because of its surface characteristics, once in the aquatic environment, graphene could act as a carrier of pollut-
ants, such as polycyclic aromatic hydrocarbons (PAHs), to aquatic organisms. In this studywe aimed to (1) assess
the capacity of graphene oxide (GO) to sorb PAHs and (2) to evaluate the toxicity of GO alone and in combination
with PAHs on zebrafish embryos and adults. GO showed a high sorption capacity for benzo(a)pyrene (B(a)P)
(98% of B(a)P sorbed from a nominal concentration of 100 μg/L) and for other PAHs of the water accommodated
fraction (WAF) of a naphthenic North Sea crude oil, depending on their log Kow (95.7% of phenanthrene, 84.4% of
fluorene and51.5% of acenaphthene). In embryos exposed to different GOnanomaterials alone andwith PAHs, no
significant mortality was recorded for any treatment. Nevertheless, malformation rate increased significantly in
embryos exposed to the highest concentrations (5 or 10 mg/L) of GO and reduced GO (rGO) alone and with
sorbed B(a)P (GO-B(a)P). On the other hand, adults were exposed for 21 days to 2 mg/L of GO, GO-B(a)P and
GO co-exposed with WAF (GO+WAF) and to 100 μg/L B(a)P. Fish exposed to GO presented GO in the intestine
lumen and liver vacuolisation. Transcription level of genes related to cell cycle regulation and oxidative stresswas
not altered, but the slight up-regulation of cyp1a measured in fish exposed to B(a)P for 3 days resulted in a sig-
nificantly increased ERODactivity. Fish exposed toGO-B(a)P and to B(a)P for 3 days and toGO+WAF for 21days
showed significantly higher catalase activity in the gills than control fish. Significantly lower acetylcholinesterase
activity, indicating neurotoxic effects, was also observed in all fish treated for 21 days. Results demonstrated the
capacity of GO to carry PAHs and to exert sublethal effects in zebrafish.
© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
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1. Introduction

Graphene is a two-dimensional carbon nanomaterial (NM) formed
by a single layer of carbon atoms densely packed into a benzene-ring
structure (Chen et al., 2012). Large specific surface area, mechanical
strength, and remarkable electric and thermal properties make
graphene suitable for many new applications (Ghosal and Sarkar,
2018; Kinloch et al., 2018). The two dimensional single layer of carbon
can be chemically functionalised to produce derivatives, such as
graphene oxide (GO) and reduced graphene oxide (rGO). Functionalisa-
tion of graphene NMs confers them different characteristics, like higher
dispersability and adaptability, and consequently allows additional ap-
plications (Wang et al., 2011). Due to the recent discovery of their po-
tential applications, the scarce implementation in the market (Kong
et al., 2019) and the analytical limitations, graphene NM concentrations
in ecosystems are not reported yet. Nevertheless, predicted concentra-
tions in aquatic ecosystems range from 0.001 to 1000 μg/L, which are
similar to those reported for carbon nanotubes (De Marchi et al.,
2018). Further the production of graphene NMs is expected to increase
in the following years (Ciriminna et al., 2015).

The potential risk of graphene NMs for aquatic organisms is cur-
rently being investigated (DeMarchi et al., 2018). The driving character-
istics of their potential toxicity are surface properties (radicals and
functional groups) that can change due to chemical reactions that
occur in ecosystems, which could, in turn, alter the bioavailability of
graphene NMs for organisms. Effects of graphene NMs are poorly un-
derstood, but evidence shows that graphene is able to go through cell
membranes in invertebrates and fish (Lammel et al., 2014; Lammel
andNavas, 2014; Katsumiti et al., 2017). In zebrafish,which has been re-
ported as a suitable model organism for the assessment of graphene
NMs toxicity (Dasmahapatra et al., 2019), GO has been shown to trans-
locate from thewater to the brains of parental and offspringfish, leading
to remarkable neurotoxicity in the offspring (Hu et al., 2017). Several
studies indicate that zebrafish larval stages are sensitive to graphene
NMs toxicity (Liu et al., 2014; M. Chen et al., 2016; Ren et al., 2016;
D'Amora et al., 2017; Soares et al., 2017; X. Zhang et al., 2017;
Pecoraro et al., 2018). Acute effects have not been reported under expo-
sure to high GO concentrations (1–100 mg/L), but several sublethal ef-
fects including development delay, hatching rate alterations,
neurotoxic effects, oxidative stress, cardiac alterations and locomotor
alterations have been observed (M. Chen et al., 2016; D'Amora et al.,
2017; Soares et al., 2017). In embryos exposed to environmental con-
centrations of GO (0.01–100 μg/L) sublethal effects, such as oxidative
stress, skeletal developmental delay and alterations in the nervous sys-
tem have been reported even at the lowest exposure concentration
(0.01 μg/L) (Ren et al., 2016; X. Zhang et al., 2017). Toxicity of graphene
NMs has also been tested in adult zebrafish (Y. Chen et al., 2016; Souza
et al., 2017). Exposure to 1–50 mg/L GO for 14 days provoked oxidative
stress at short term (4 days) and induction of tissue damage, such as in-
crease of liver vacuolisation, at all the exposure concentrations tested
(Y. Chen et al., 2016). Zebrafish exposed to GO (2–20 mg/L) showed
similar effects with alterations in the liver (vacuolisation and pycnotic
nuclei) and in the gills, such as lamellar fusion and clubbed tips
(Souza et al., 2017).

One characteristic of graphene NMs that could modulate the previ-
ously described effects on aquatic organisms is their ability to sorb or-
ganic compounds, especially polycyclic aromatic hydrocarbons
(PAHs). Due to the surface hydrophobicity, surface area and micropore
volume, graphene NMs display a high PAH sorption capacity (Apul
et al., 2013; Ji et al., 2013; Pei et al., 2013; Wang et al., 2014; Zhao
et al., 2014) based on hydrophobic interactions (π–π interactions). In
addition, graphene NMs can sorb pollutants by other interaction types,
such as ion exchange or hydrogen bonding thanks to thepresence of dif-
ferent functional groups (epoxy groups, C\\O\\C; hydroxyl groups,
C_O; carboxylic groups, C\\OOH) (Wang and Chen, 2015; Smith and
Rodrigues, 2015; Yan et al., 2015). Based on this characteristic, carbon
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NMs are being investigated as remediation materials for water treat-
ment (Tabish et al., 2018; Baig et al., 2019). One example of this applica-
tion is the use of 3D materials containing NMs such as graphene for
remediation of oil spill scenarios (mainly PAHs) (Niu et al., 2014).
These uses could represent an additional source of graphene into
aquatic ecosystems that could modulate the availability of PAHs for
aquatic organisms (Naasz et al., 2018). To the best of our knowledge,
only two studies have addressed the potential “Trojan horse effect” of
graphene NMs contaminated with persistent organic pollutants to
zebrafish (J. Yang et al., 2019; Liu et al., 2020). Mortality increase and
hatching delay were reported in zebrafish embryos exposed to irradi-
ated graphene aerogel combined with naphthalene (Liu et al., 2020).
In contrast, GO reduced the bioavailability of the endocrine disruptor
bisphenol A to early stages of zebrafish embryos (J. Yang et al., 2019).
Other carbon NMs were previously studied for potential transfer of
PAHs to zebrafish (Falconer et al., 2015; Della Torre et al., 2017). Carbon
nanopowder promoted the bioaccumulation of benzo(a)pyrene (B(a)
P), enhanced the cytotoxicity, and the number of necrotic cells in
zebrafish embryos (Della Torre et al., 2017). On the contrary, carbon
nanotubes (CNTs) in combination with phenanthrene increased the
survival rate of zebrafish embryos compared to phenanthrene alone,
showing the capacity of some carbon NMs to reduce the availability of
PAHs to zebrafish (Falconer et al., 2015). Although some studies have al-
ready addressed this issue, work is still to be done to elucidate the role
of graphene NMs to affect and modulate PAH availability and effects to
aquatic organisms. The aims of the present workwere: (1) to assess the
sorption capacity of GO NMs for a model high molecular weight pyro-
lytic PAH such as B(a)P and for an environmentally relevant mixture
of petrogenic PAHs from the water accommodated fraction (WAF) of a
crude oil; (2) to assess the uptake and potential acute toxicity of GO
NMs alone or in combination with PAHs to zebrafish embryos; (3) to
evaluate the sublethal toxicity of GO alone and in combination with
PAHs to adult zebrafish.

In order to accomplish these objectives, three GO NMs were incu-
bated in three different concentrations of B(a)P and the corresponding
sorption isotherms were calculated. Additionally, GO sorption capacity
was also assessed for the PAHs of the WAF of a crude oil by incubating
GO in three WAF dilutions and calculating the sorption isotherms. The
effect of the PAH contamination on the graphene platelet aggregation
was evaluated by transmission electron microscopy and atomic force
microscopy. The acute toxicity of GO NMs alone and in combination
with PAHs was tested in developing zebrafish embryos by exposing
them up to five days post-fertilisation. Survival and hatching rates,
hatching delay and increased malformation prevalence were scored as
indicators of acute toxicity. Fluorescent reduced GO was used to track
GO uptake in embryos. Based on the results obtained in the sorption as-
says, an in vivo exposure experimentwith adult zebrafishwas designed.
Individuals were exposed for up to 21 days to GO alone andwith sorbed
B(a)P and to B(a)P alone at a concentration equivalent to that estimated
to be sorbed to GO. Due to the low PAH concentration of the produced
WAF, adult fishwere also coexposed to GO and dilutedWAF. The effects
on these individuals were studied using a set of molecular (gene tran-
scription) and biochemical markers (enzyme activities) along with the
histopathological assessment of the gill and liver tissues. GO and PAH
accumulation in fish as well as concentration in exposure media was
monitored.

2. Materials and methods

2.1. Nanomaterials and chemicals

GOwas originally purchased fromGraphenea (San Sebastian, Spain)
in form of a stable suspension. According tomanufacturer's information,
nanoplatelets showed lateral dimensions ranging from 500 nm to few
microns and thickness < 2 nm. Oxygen content was about 40% wt.
Part of the GO suspension was stabilised with 2% of poly N-vynil-2-
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pirrolidone (PVP, Sigma-Aldrich, St. Louis, MO, USA) to produce
GO(PVP). After stabilisation GO(PVP) samples were dialysed
(12–14,000 Da spectral/Por® membranes, Spectrumlabs (Piraeus,
Greece)), in order to remove the excess of PVP, until samples reached
a neutral pH. To obtain reduced rGO, GOwas chemically reduced by hy-
drazine monohydrate (5:1) at 60 °C for 2 h in the presence of PVP as
stabilising agent. Afterwards, rGO samples were also dialysed
(12–14,000 Da spectral/Por® membranes, Spectrumlabs (Piraeus,
Greece)), in order to remove secondary products of the reduction of
GO and excess of PVP. Final rGO suspensions contained 2% PVP (rGO
(PVP)). Fluorescent rGO (Fl-rGO)was produced fromGO originally pur-
chased to Graphene Supermarket (Graphene Laboratories Inc.,
Ronkonkoma, NY, USA). Fluorescent GO was reduced in the same way
as GO. After reduction and fluorescent labelling with fluorescein, the
Fl-rGO was dialysed as previously explained and was stabilised with
2% of PVP.

Benzo(a)pyrene (B(a)P, C20H12, purity ≥ 96%), its internal standard
(B(a)P d12), other deuterated PAHs (naphthalene d8, acenaphthylene
d10, acenaphthene d10, fluorene d10, anthracene d10, phenanthrene
d10, fluoranthene d10, pyrene d10, benzo(a)anthracene d12, chrysene
d12, benzo(e)pyrene d12, perylene d12, benzo(b)fluoranthene d12,
benzo(k)fluoranthene d12, indeno(1,2,3-cd)pyrene d12, benzo(ghi)
perylene d12 and dibenz(a,h)anthracene d14) and dimethyl sulfoxide
(DMSO, purity ≥ 96%) were purchased from Sigma-Aldrich. The naph-
thenic North Sea (NNS) crude oil was provided by Driftslaboratoriet
Mongstad, Equinor (former Statoil; Statoil, 2011). The oil was a very
light naphthenic crude oil, with a density of 0.845 g/cc at 15 °C and
pour point at −15 °C, rich in branched and cyclic saturated hydrocar-
bons, little wax content, poor thermal and oxidative stability and high
octane content (Statoil, 2011).

2.2. PAH sorption to GO NMs

B(a)P was firstly dissolved in 100% DMSO at a concentration of
10 g/L. Successive dilutions were made in pure DMSO to obtain B(a)P
stocks of 0.01, 0.1 and 1 g/L. From each of them, a 1:10,000 dilution in
conditioned water (600 μS/cm, 7–7.5 pH) was prepared to obtain the
nominal B(a)P concentrations that were used in the sorption experi-
ments: 1, 10 and 100 μg/L (0.01% DMSO (v/v)). WAF was prepared,
based on Singer et al. (2000), in a glass bottle of 150mL filled with con-
ditionedwater andNNSoil (1/50, NNS to conditionedwater). The bottle
was wrapped with aluminium foil and placed in a magnetic stirrer
(IKA®-Werke GmbH & Co. KG, Staufen, Germany) at 800 rpm without
vortexing and 21 °C. After 40 h, the aqueous phase was collected in a
clean glass bottle avoiding taking oil droplets. 100% WAF samples
were stored at−20 °C until chemical analysis.

For sorption experiments, 50 mg/L GO, GO(PVP) or rGO(PVP) were
incubated in triplicate for 24 h in capped aluminium-wrapped glass
vials containing 10 mL of 1, 10 and 100 μg/L of B(a)P or of 6.25, 25
and 100%WAF (v/v). Vials containing the corresponding PAH solutions
without graphene were processed in parallel to monitor potential PAH
loss due to degradation, sorption onto the vialwalls or other factors dur-
ing the experimental procedure. Vials were kept in an orbital shaker
(M1000 VWR, Thorofare, USA) at 300 rpm in darkness in a
temperature-controlled room (21 ± 1 °C). After incubation, samples
were centrifuged (Hettich Universal 32R centrifuge, Tuttlingen,
Germany) at 9509 g for 30min. Recovery of GONMs after centrifugation
was assessed by spectrophotometry at 230 nm (Fig. S1). Then, superna-
tants were diluted up to 1 μg/L according to nominal PAH concentration
with deionised water in 10 mL glass solid phase micro extraction
(SPME) vials. The 18 PAHs (16 priority PAHs selected by theUSEPA (En-
vironmental Protection Agency) and 2 additional parent PAHs (benzo
(e)pyrene and perylene)) were quantified by isotopic dilution using
deuterated standards added prior the extraction to calculate raw recov-
eries for surrogate internal standards. The 18 deuterated PAHswere dis-
solved separately in ethanol at a concentration of 20 ng/g for SPME
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extraction. A blank analysis was carried out to ensure the absence of
contamination prior and during analysis. SPME consisted in a heating
process at 40 °C with 35 min stirring period at 250 rpm of the polydi-
methylsiloxane fibre (100 μmPDMS, Supelco, Sigma-Aldrich, Johannes-
burg, South Africa). After extraction, the fibre was thermally desorbed
into the gas chromatography/mass spectrometry (GC/MS) system
(Agilent GC 7890A/Agilent MSD 5975C, Agilent Technology, California)
for 10 min at 280 °C. Limits of detection and quantification (L.Q.) were
defined at which the signal to noise ratio was >3 and 10, respectively,
in spikedwater samples. The GC/MS instrumentation, quality assurance
and controls (L.Q., control charts and percentage of PAH recovery in
control samples) that were carried out are reported on the Supporting
Information (Tables S1 and S2).

Based on the PAH concentration measured in the aqueous phase,
sorption of PAHs to GO was indirectly calculated. Values of sorption
were expressed as Qe (μg/g), which is the sorption concentration of
PAH to GO at equilibrium and it was calculated as follows (Eq. (1)):

Q e ¼
C0−Ceð Þ V

M
ð1Þ

where Ce (μg/L) is the equilibrium concentration in the aqueous phase,
C0 (μg/L) is the average PAH concentration of the control sample after
centrifugation, V (L) is the medium volume and M (g) is the GO mass.
When the 100% of a given PAH was sorbed to GO, L.Q. value of that
PAH was used as Ce. In order to evaluate PAH sorption to GO, the linear
and Freundlich sorption isotherm models were applied. Linear model
(Eq. (2))was applied fromQe andCe values obtained for the sorption ca-
pacity of GO for PAHs:

Qe ¼ kdCe ð2Þ

where Kd (L/g) is the partition coefficient of the PAH between GO and
the aqueous phase.

Freundlich model (Eq. (3)) was used for parameter acquisition:

Q f ¼ kf Ce
N ð3Þ

where Kf [(μg/g)/(μg/L)N] is the Freundlich affinity coefficient, and N is
the exponential coefficient.

2.3. Characterisation of the GO NMs

GO-B(a)P and GO(PVP)-B(a)P were prepared as described above by
incubating GO and GO(PVP) for 24 h in 100 μg/L B(a)P (0.01% DMSO).
GO, GO(PVP), rGO(PVP) and GO-B(a)P and GO(PVP)-B(a)P were di-
luted in conditioned water at a concentration of 100 mg/L for transmis-
sion electron microscopy (TEM) and at 10 mg/L for atomic force
microscopy (AFM). For TEM, onedrop of eachNMdispersionwasplaced
over a 150 mesh copper grid previously covered with Formvar®
(Sigma-Aldrich) and dried at 35 °C. Micrographs were taken using a
high resolution JEOL 2000microscope (JEOL Co., Tokyo, Japan) operated
at 80 kV. For atomic force microscopy (AFM) each NM dispersion was
placed in grade V mica disks and deposited by spin coating. AFM mea-
surements were performed using Dimension ICON AFM (Bruker Corpo-
ration, Massachusetts, USA) and micrographs were obtained in the
intermittent-contact (tapping)mode (320 kHz)with a TESP-V2 cantile-
ver with a spring constant of 40 N/m. Three representative platelets
were taken from each sample to measure their length and thickness
using the NanoScope Analysis 1.9 software (Bruker Corporation, Santa
Barbara, USA).

2.4. Zebrafish maintenance and egg production

The zebrafish (wild type AB Tübingen) stock was maintained in a
temperature-controlled room at 28 °C with a 14-hour light/10-hour
dark cycle in 100 L tanks provided with mechanic and biological filters
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following standard protocols for zebrafish culture. Conditioned water
was prepared from deionised water and commercial salt (SERA,
Heinsberg, Germany). Fish were fed with Vipagran baby (Sera) and
brine shrimp larvae (Artemia Koral GmbH, Nürnberg, Germany) twice
per day.

Breeding femalefishwere selected andmaintained separately in fish
breeding nets inside the same tanks in order to avoid continuous
spawning. The day before the assay, one female and twomale zebrafish
were placed separately in the same breeding tramp, which had previ-
ously been located in a 2 L tank containing conditioned water. Fish
were left overnight and, just before the light switched on, the separation
barrier was removed. The fertilised eggs were collected in a Petri dish
with the help of a Pasteur pipette. The eggs selected as viable under a
stereoscopic microscope (Nikon smz800, Kanagawa, Japan) were trans-
ferred to the exposure microplates.

2.5. Embryo toxicity test

For the embryo toxicity tests, GO NMs alone, GO NMs with sorbed
PAHs and B(a)P solutions were diluted in embryo water (600–800 μS/
cm, pH 6.5–6.8, Brand et al., 2002) at the desired nominal concentra-
tions: 0.1, 0.5, 1, 5 and 10 mg/L GO or B(a)P. GO NMs with sorbed B
(a)P were prepared as described above by incubating GO and GO
(PVP) in 100 μg/L B(a)P (0.01% DMSO) for 24 h followed by centrifuga-
tion to separate GO from the incubationmedium. In the case of GOwith
sorbed PAHs from WAF, GO was incubated in 100% WAF for 24 h and,
then, diluted at the above mentioned GO concentrations. Thus, in the
case of GO + WAF, co-exposure to adsorbed and soluble PAHs took
place. The toxicity tests were carried out in covered 24-well polystyrene
microplates placing one embryo per well in 2 mL of test solution based
on the OECD guideline TG236 (OECD TG236, 2013). In each microplate,
two different concentrations were tested (10 embryos per concentra-
tion). In the remaining wells, four control embryos were placed in em-
bryo water. For each compound three replicates were prepared,
resulting in 30 embryos exposed to each concentration and 36 control
embryos. Embryos were exposed up to 120 hours post fertilisation
(hpf). The exposure medium was not renewed during the 5 day expo-
sure period. The test was considered as valid only when the survival
of the control group of each replicate was ≥90%. Daily and up to the
end of the test, embryos were examined to determine survival rate (as
the percentage of alive embryos at 120 hpf), hatching time (as the
time that embryos needed to hatch) and malformation prevalence (as
the percentage of malformed embryos over surviving embryos at
120 h). Normal embryo morphology and malformation identification
were based on Fako and Furgeson (2009). Developmental abnormalities
scored as malformations were spinal cord flexure, caudal fin alteration,
tail malformation, pericardial edema, yolk sac edema, eye abnormality
and stunted body. Malformations were recorded and photographed
under a stereoscopic microscope (Nikon AZ100, Kanagawa, Japan).

Groups of 10 embryoswere exposed in Petri dishes for 120 h to fluo-
rescent rGO (1 and 10mg/L) in order to analyse the uptake and distribu-
tion in the embryo body. At 120 h of exposure the individuals were
observed under a fluorescence stereoscopic microscope (Nikon
AZ100). For the micrographs, the organisms were anesthetised with
benzocaine (200 mg/L).

2.6. Waterborne exposure of adult zebrafish

The experimental procedure described herein was approved by the
Ethics Committee in Animal Experimentation of the UPV/EHU
(NoRefCEID: M20/2018/232) according to the current regulations.
Adultfishmore than 7months oldwere placed in 35 L aquariawith con-
ditioned water. Fish were exposed to 2 mg/L of GO alone, 2 mg/L of GO
with sorbed B(a)P, 2mg/L of GO+WAF and to 100 μg/L B(a)P alone for
21 days. Water and pollutants were renewed every 3 days by changing
5/7 of the tank volume (25 L from a total of 35 L). This allowed
4

maintaining water quality parameters along the whole experiment
without the need of biological filters that could interfere with the expo-
sure. An unexposed control groupwas run in parallel in identical exper-
imental conditions. Fish were feed with live brine shrimp larvae twice
per day. Samples were taken after 3 and 21 days of exposure after eu-
thanasia by overdose of anaesthetic (200 mg/L benzocaine).

For the preparation of the exposure media containing GO with
sorbed PAHs, the GO mass/PAH mass ratio used in the sorption experi-
ments was maintained. For the initial dose, 70 mg GO were incubated
for 24 h in 100 mL of 1400 μg/L of B(a)P prepared in MilliQ water. For
the following doses, 50 mg GO were incubated in 71 mL of 1400 μg/L
of B(a)P. After centrifugation, the pellet was resuspended with condi-
tioned water and added to the 35 L exposure tanks, resulting in a nom-
inal exposure concentration of 2 mg/L of GO-B(a)P. The concentration
used in the group exposed to B(a)P alone was based on the results of
the sorption experiments. In the case of GO incubated in 100 μg/L B(a)
P, 96.7% B(a)P was lost from the aqueous phase. Thus, considering
that almost all B(a)Pwas sorbed onto GOnanoplatelets, this B(a)P incu-
bation concentration was used for adult zebrafish exposure.

Due to the low PAH concentration of the producedWAF, in the case
of GO + WAF, a co-exposure scenario was established. For this, for the
initial dose, 70 mg GO were incubated in 1.4 L of 100% WAF, prepared
as described before, for 24 h. As this WAF volume was too high for fur-
ther centrifugation, this mixture was added to the exposure tanks to
achieve a nominal concentration of 2 mg/L GO and 4% WAF (co-expo-
sure), considering that the most hydrophobic PAHs from WAF are
highly sorbed by GO while less hydrophobic PAHs are more volatile.
For the following doses, 50 mg of GO were incubated for 24 h in 1 L of
100%WAF.

2.6.1. Monitoring of GO and PAH concentrations in water and PAH
bioaccumulation in adult zebrafish

In order to monitor the GO concentration in exposure tanks, water
samples were taken in triplicate in glass vials from tanks containing
GO (GO, GO + WAF and GO-B(a)P) after 5 min, 4 h, 24 h, 48 h and
72 h of the 3rd and 7th doses. GOwas quantified by UV/Vis spectropho-
tometry at 230 nm using a microplate reader (Multiskan Spectrum,
Thermo Fisher Scientific Oy, Vantaa, Finland). Absorbance values of
each sample were converted into GO concentrations using a GO calibra-
tion curve (0.5–10mg/L) prepared in conditionedwater. For PAH quan-
tification in the exposure media, water samples were taken in triplicate
in glass vials from the PAHs containing groups (GO + WAF, GO-B(a)P
and B(a)P) and from the control group after 5 min, 4 h, 8 h, 24 h, 48 h
and 72 h of the initial dose. PAH quantification was performed as de-
scribed above for the sorption experiments.

After 21 days of exposure, 20 fish per experimental group (control,
GO + WAF, GO-B(a)P and B(a)P) were collected and grouped in 4
pools of 5 fish of similar weight (≈1 g wet weight). Samples were im-
mediately frozen in liquid nitrogen and stored at−80 °C until analysis.
Concentrations of PAHs in fish tissues were analysed using established
analytical methods (Baumard et al., 1997) as described in detail in
Turja et al. (2013, 2014). Samples were freeze dried (Power Dry
LL3000, ThermoFisher Scientific) before being grinded in IKA tube mill
(ThermoFisher Scientific). PAHswere extracted from0.2 g of dryweight
samples by microwave-assisted extraction (Start E, Milestone,
Leutkirch, Germany) using dichloromethane (5 min at 900 W and
5 min at 500 W 70 °C). PAHs were quantified by isotopic dilution
using deuterated internal standards added prior the extraction accord-
ing to a protocol adapted fromBaumard et al. (1997, 1999). After extrac-
tion, dichloromethane was concentrated to 500 μL using a Vacuum
Evaporation System (Rapidvap Labconco, Kansas city, USA). The organic
extracts followed a purification step through alumina and silica micro-
columns in order to remove macromolecules and polar molecules to
avoid interference on PAH quantification. First, the extractswere passed
through an alumina column by dichloromethane elution. Extracts were
reconcentrated with gas nitrogen and, then, passed through a silica
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column. The aliphatic fraction was eluted with pentane and discarded,
followed by PAH fraction elution with a first elution using a mix of pen-
tane/dichloromethane (65/35, v/v) and second elution using dichloro-
methane. The final extracts were reconcentrated again with gas
nitrogen in 150 μL isooctane and analysed by GC–MS. Syringe deuter-
ated PAHs (pyrene d10 and benzo(b)fluoranthene d12) were added
prior the injection to calculate raw recoveries for surrogate internal
standards (Table S3). All steps of the analytical protocol were validated
in terms of reproducibility and accuracy; procedural blanks were sys-
tematically checked and certified reference mussel tissues (2974a
NIST for PAHs,)were analysed togetherwith the actual samples. The ob-
tained recoveries ranged between 70 and 120% with coefficient of vari-
ation <20%. The detection limits of individual compounds in mussel
tissues were in the range 0.1–1 ng/g dry weight for all PAHs.

2.6.2. Subcellular localisation of GO: transmission electron microscopy
(TEM) analysis

Gills, liver and intestine from adult control fish and fish exposed to
GO for 21 days were dissected and fixed for 1 h at 4 °C in sodium
cacodilate (Sigma-Aldrich) buffer 0.1 M, pH 7.2 containing 2.5% glutar-
aldehyde (Panreac, Barcelona, Spain). Zebrafish tissue samples were
treated and processed as described in Lacave et al. (2018). Ultrathin sec-
tions of 50 nm in thickness were cut using a Reichert Ultracut S ultrami-
crotome (LeicaMicrosystems,Wetzlar, Germany). Sectionswere picked
up in 150 mesh copper grids, contrasted with 1% uranyl acetate (Fluka,
Steinheim, Germany) for 3 min and with 0.3% lead citrate (Fluka) for
4 min and, finally, examined and photographed using a Hitachi
HT7700 transmission electron microscope (Tokyo, Japan) at 60 kV.

2.6.3. Analysis of gene transcription levels
The liver of 15 adult male zebrafish per experimental group after 3

and 21 days of exposure were dissected, placed in cryovials with RNA
later® (Sigma-Aldrich), frozen in liquid nitrogen and stored at −80 °C.
Analysis of the transcription levels of target genes was done in pools
of three livers resulting in five biological replicates per experimental
group and exposure time. The analysed genes were: cytochrome P450
1A1 (cyp1a, ID: Dr03112441_m1) and glutathione S-transferase pi 1
(gstp1, ID: Dr03118992_g1) as genes related with biotransformation
of organic compounds; catalase (cat, ID: Dr03099094_m1), superoxide
dismutase 1 (sod1, ID: Dr03074068_g1) and glutathione peroxidase 1a
(gpx1a, ID: Dr03071768_m1) as genes related with oxidative stress;
and tumour suppressor protein 53 (tp53, ID: Dr03112086_m1) as
gene related with cell cycle regulation. Ribosomal protein S18 (rps18,
ID: Dr03144509_ml) was used as housekeeping gene. Taqman® probes
were purchased from ThermoFisher Scientific. RNA extraction was car-
ried out by homogenisation of the tissues in cold TRIzol® using an elec-
tric disperser (PELLET PESTLE-Cordless Motor, Kimble Kontes, U.S.A.).
RNA was measured for integrity and purity before cDNA synthesis.
3 μg of total RNAwere retrotranscribedusing theAffinity ScriptMultiple
Temperature cDNA synthesis Kit (Agilent Technologies) followingman-
ufacturer's conditions in a 2720 Thermal Cycler (ThermoFisher Scien-
tific). qPCRs were run in a 7300 Applied Biosystems thermocycler
(ThermoFisher Scientific). A dilution 1:5 of cDNAwas done for each tar-
get gene. A final volume of 2.5 μL cDNA sample and 22.5 μL mix
TaqMan®reaction (12.5 μLmastermix+1.25μLprimerprobe+8.75μL
RNase free water) was used. Relative transcription levels were calcu-
lated based on the 2−ΔΔct method (Livak and Schmittgen, 2001) using
the mean value of the corresponding control group at each exposure
time as calibrator and rps18 transcription levels as reference gene.
rps18 transcription levels presented a coefficient of variation of 2.34%
among all the samples. Results of transcription levels are represented
as RQ = log2 (2−ΔΔCT).

2.6.4. Analysis of biochemical biomarkers
Liver, gills and brains collected from 15 adult female fish per exper-

imental group after 3 and 21 days of exposure were dissected,
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immediately frozen in liquid nitrogen and kept into cryovials at
−80 °C until analysis. Pools of three livers, gills or brains were
homogenised in 300 μL cold homogenisation buffer (50 mM potassium
phosphate buffer containing 1 mM ethylenediaminetetraacetic acid,
0.5 mM dithiothreitol and 0.4 mM phenylmethylsulfonyl fluoride,
pH 7.5) for 15 s on ice using an electric disperser resulting in 5 samples
per treatment. The homogenates were centrifuged at 10,000g and 4 °C
for 15 min (Eppendorf 5415R refrigerated centrifuge, Eppendorf AG,
Hamburg, Germany). Supernatants were carefully transferred to new
micro test tubes, aliquoted on ice for different enzymatic and protein
measurements and stored at−80 °C until further use. Four biochemical
biomarkerswere analysed: 7-ethoxyresorufin-O-deethylase (EROD) ac-
tivity, glutathione-S-transferase (GST) activity and catalase (CAT) activ-
ity in gills and liver and acetylcholinesterase (AChE) activity in brains.

EROD activity in liver and gill tissues was measured according to
Kennedy and Jones (1994). Briefly, 20 μL of samples (in triplicate)
and of resorufin standards were preincubated in 200 μL of 7-
ethoxyresorufin (0.5 μM) for 10 min at room temperature. 20 μL
NADPH (1 mM) were added to each well to activate the deethylation
of 7-ethoxyresorufin to fluorescent resorufin. Resorufin was measured
at 540/590 nm excitation/emission wavelengths for 25 min in 30 s in-
tervals in a microplate reader (FLx800, Bio-Tek Instruments, INC, Wi-
nooski, U.S.A.). The standard curve was prepared using a resorufin
concentration range from 0.004 to 1 μM on Tris-KCl buffer (pH 7.4).
EROD activity was expressed as nmol of resorufin produced per min
and mg protein.

GST activity in liver and gill tissueswasmeasured according toHabig
and Jakoby (1981)with themodifications done by Velki et al. (2017) for
96-well microplates. The conjugation of glutathione (GSH) was
assessed by adding 12 μL of sample, in quadruplicate, to 180 μL of
1 mM 1-chloro-2,4-dinitrobenzene and 50 μL of reduced GSH
(25 mM). Activity was assessed through the increase of absorbance
due to the conjugation of GSH at 340 nm for 15 min in 10 s intervals
in a microplate reader (Multiskan Spectrum). Values of sample activity
were validated when they fulfilled two criteria: a linear increase of ab-
sorbance (R2 ≥ 0.98) and a minimum increase of absorbance over time
(Δt3min ≥ 0.1). GST activity was expressed as nmol of conjugated GSH
per min and mg protein.

CAT activity in liver and gill tissues was assayed according to Aebi
(1984) adapted to UV 96-well microplates (Thermo Fisher Scientific).
5 μL of each sample, in quadruplicate, were added to 295 μL of
20.28 mM H2O2 in potassium phosphate buffer (0.5 mM, pH 7). Con-
sumption of H2O2 by catalase was monitored at 240 nm for 5 min in
5 s intervals in the same microplate reader. The standard curve of
H2O2 was prepared at a concentration range from 0.4 to 20.28 mM.
CAT activity was expressed as μmol H2O2 consumption per min and
mg protein.

AChE activity in brain tissues was measured according to the initial
protocol established by Ellman et al. (1961) with modifications accord-
ing to Velki et al. (2017) for 96-well microplates. The hydrolysis of
acetylthiocoline (7.52 mM) was evaluated in a final volume of
207.5 μL of 86.7 mM of potassium phosphate buffer (pH 7.2) and
7.52 mM of 5,5′-dithiobis-(2-nitrobenzoic acid). 7.5 μL of sample were
used in triplicate. Activity was measured by the increase of absorbance
at 412 nm for 25min in 10 s intervals using the samemicroplate reader.
Values of sample activity were validated when they fulfilled the criteria
used for GST. AChE was expressed as nmol of acetylcholine hydrolysed
per min and mg of protein. Protein concentration was measured using
the Bio-Rad DC protein assay (Bio-Rad Laboratories Inc., Hercules, Cali-
fornia, USA) based on Lowry's method following instructions of the
manufacturer.

2.6.5. Histopathology
Visceral mass and gills were dissected from 10 adult zebrafish per

experimental group after 3 and 21 days of exposure. The collected tis-
sues were placed in histological cassettes and immersed in neutral
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buffered formalin (4% formaldehyde) for 13 h at 4 °C. Then, samples
were dehydrated in a graded ethanol series (70%, 96% and 100% etha-
nol) and immersed in xylene at room temperature by an Automatic Tis-
sue Processor MTP (SLEEmedical GmbH,Mainz, Germany) for a total of
11 h before embedding in paraffin at 60 °C. Paraffin blocks were done
using plastic moulds. 5 μm sectionswere cut in a RM2125RTmicrotome
(Leica Microsystems). Afterwards, sections were stained with
haematoxylin/eosin in an Auto Stainer XL (Leica Microsystems) and
mounted in DPX (Sigma-Aldrich) by means of a CV5030 Robotic
Coverslipper (Leica Microsystems). After staining and mounting, sam-
ples were examined and photographed using a BX51 light microscope
(Olympus, Tokyo, Japan).

2.7. Data analysis and statistics

Data on survival and malformations for zebrafish embryos were
analysed by binomial logistic regression (Lacave et al., 2017; Orbea
et al., 2017). Odd ratioswere calculated in order to estimate and to com-
pare the risk associated with the exposure to the GO NMs alone and in
combination with PAHs. EC50 and EC10 values were calculated using a
Probit model. For binomial logistic regression and Probit model, R pack-
age (R Foundation for Statistical Computing, Vienna, Austria) was used.
Data on hatching time of zebrafish embryos followed a Normal
distribution, therefore datawere analysed by one-way ANOVA followed
by the Tukey's post hoc test. Data obtained from adult zebrafish were
tested for normality (Kolmogorov-Smirnov test) and homogeneity of
variances (Bartlett test) using theGraphPad Prism version 5.00 forWin-
dows (GraphPad Software, La Jolla, California, USA). Data following a
normal distribution were analysed by one-way ANOVA followed by
the Tukey's post hoc test, otherwise the non-parametric Kruskal-
Wallis testwas applied followed by the Dunn's post hoc test. Prevalence
of histopathological alterations in gill and liver tissues was analysed by
Fisher's exact test. In all cases, statistical significance was established at
p < 0.05.
Fig. 1. A) Percentage of B(a)P sorbed to GO and to GO(PVP) for the three nominal incubation con
sorbed to GO for WAF dilutions tested, and D) their corresponding sorption isotherms. Lines repr
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3. Results

3.1. PAH sorption to GO NMs

B(a)P recovery after centrifugation of the control samples of GO
experiments was 45.26% of the 0.69 ± 0.12 μg/L of B(a)P measured in
the samples prepared at a nominal concentration of 1 μg/L (Table S2).
As shown in Fig. 1A, at this incubation concentration, 100% of the B(a)
P was sorbed to GO. In the nominal B(a)P incubation concentrations of
10 and 100 μg/L, measured B(a)P concentrations were 6.23 ±
0.23 μg/L and 118.5 ± 4.78 μg/L and recovery values were 69.79 and
76.91%, respectively. At these concentrations, B(a)P sorption percent-
ages were 87.2 ± 2.1% and 96.68 ± 0.5%, respectively. In the case of
GO(PVP), 96.96 ± 5.26% of B(a)P was sorbed from a measured concen-
tration of 0.81± 0.08 μg/L (nominal concentration 1 μg/L). At nominal B
(a)P concentrations of 10 and 100 μg/L, measured B(a)P concentration
values were 7.11 ± 0.28 μg/L and 149.8 ± 1.65 μg/L and the sorption
percentages 90.44 ± 2.3% and 96.44 ± 0.3%, respectively. Results
could not be obtained for rGO(PVP) due to the remaining rGO(PVP)
platelets in the supernatant after centrifugation, which interfered
with the SPME/GC/MS analysis resulting in no signal for PAHs or
deuterated PAHs.

The sorption isotherms of B(a)P to GO and GO(PVP) are represented
in Fig. 1B. The corresponding constants and parameters obtained from
Linear and Freundlich models for GO and GO(PVP) are shown in
Table 1. Regarding the Linear model, values of the distribution coeffi-
cient (Kd) for B(a)P sorption to GO and to GO(PVP) were 756.58 L/g
and 575.05 L/g, respectively. Values of correlation coefficient (R2) for
the Linearmodel (0.88 and 0.91, respectively) were similar to those ob-
tained for the Freundlichmodel (0.83 for GO and 0.89 for GO(PVP)). The
Freundlich affinity coefficient (Kf) was higher for B(a)P sorption to GO
(665.47 (μg/g)/(L/μg)N) than to GO(PVP) (357.78 (μg/g)/(L/μg)N). In ad-
dition, the Freundlich “N” cooperation factor was similar for B(a)P sorp-
tion to GO or GO(PVP), 1.59 and 1.52, respectively.
centrations, and B) their corresponding sorption isotherms. C) Percentage of PAHs fromWAF
esent isotherms fitted by the Linear (curved line) and Freundlich model (straight line).
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The PAH concentration of the three WAF dilutions (6.25, 25 and
100%) of the NNS crude oil is shown in Table S4. The WAF produced
from NNS oil presented low concentrations of the 18 PAHs analysed
(ΣPAHs = 171.06 μg/L for 100% WAF). The compounds that could be
measured in the threeWAF dilutions were naphthalene, acenaphthene,
fluorene and phenanthrene, with concentrations in the 100% sample of
163.245 μg/L, 0.951 μg/L, 3.779 μg/L and 2.874 μg/L, respectively. Thus,
analyses of the sorption to GO were done for these four PAHs (Fig. 1C)
that showed good recovery values (88.76–150.55%) after centrifugation
of the control samples (Table S2). Phenanthrene was the PAH showing
the highest sorption to GO with a 95.7% of sorption for 100% WAF,
99.2% for 25% WAF and 100% for 6.25% WAF. This was followed by
fluorene with sorption values between 84.4 and 100%, while
acenaphthene and naphthalene presented values of sorption to GO
that ranged from 51.5 to 87.3% and from 9.7 to 21.3%, respectively.
These results clearly indicated that the ability of PAHs to sorb to GO
was dependent on their hydrophobicity.

Constants and parameters for WAF PAH sorption isotherm
models are given in Table 1. Sorption isotherm models (Fig. 1D)
were applied only for those PAHs detected in control samples
(Ce > L.Q.) of the three WAF dilutions. According to the Linear sorp-
tion model, naphthalene and acenaphthene showed a nonlinear
trend with a R2 coefficient of 0.44 and 0.18, respectively. For the
more hydrophobic PAHs, fluorene and phenanthrene, a linear trend
was observed (R2 of 0.85 and 0.92, respectively). Kd values were
closely related to PAH hydrophobicity showing the following trend:
phenanthrene > fluorene > acenaphthene > naphthalene. Accord-
ing to the Freundlich model, phenanthrene (R2 = 0.87) and fluorene
(R2 = 0.89) fitted better than acenaphthene (R2 = 0.34) and naph-
thalene (R2 = 0.53), as also seen in the Linear model. In addition,
values of sorption capacity (Kf) agreed with Kd values, with the ex-
ception of naphthalene and acenaphthene. Naphthalene showed
higher Kf value than acenaphthene (19.71 versus 9.40 (μg/g)/(L/μg)N),
but lower Kd value (1.55 versus 4.56 L/g). Cooperation between the
PAHs and GO (N) was higher for naphthalene (N = 0.60) and phenan-
threne (N = 0.65) than for fluorene (N = 0.49) or acenaphthene
(N= 0.34).

3.2. Characterisation of GO NMs

Micrographs of the three GO NMs obtained by TEM and AFM are
shown in Fig. S2. At TEM, platelets with different sizes and shapes
were observed, being the maximum length of the platelets always
below 13 μm. According to AFM analysis, thickness of GO platelets was
0.612± 0.176 nm (n=3), in agreementwith the information provided
by the provider. An increase of thickness was observed for GO(PVP)
platelets with a value of 1.994 ± 0.319 nm (n= 3). rGO(PVP) platelets
appeared thicker than GO and GO(PVP) platelets, with a value of
4.174 ± 0.179 nm. Platelets of GO-B(a)P and GO(PVP)-B(a)P showed
Table 1
Estimated parameters for the Linear and the Freundlich models explaining the sorption of
B(a)P to GO and to GO(PVP), and the sorption of PAHs from a naphthenic North Sea oil
WAF to GO.

Linear model Freundlich model n

Kd R2 Kf N R2

GO Benzo(a)pyrene 756.58 0.88 665.47 1.59 0.83 9
GO(PVP) Benzo(a)pyrene 575.05 0.91 357.78 1.52 0.89 9
GO Naphthalene 1.55 0.44 19.71 0.60 0.53 7

Acenaphthene 4.56 0.18 9.40 0.34 0.34 9
Fluorene 46.92 0.85 73.85 0.49 0.89 9
Phenanthrene 307.27 0.92 188.87 0.65 0.87 9

Kd = partition coefficient of PAHs between GO and the aqueous phase at equilibrium
(L/g); Kf = Freundlich affinity coefficient [(μg/g)/(L/μg)N]; N = site energy heteroge-
neity factor; n = number of samples.
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similar length to GO or GO(PVP) alone (Fig. S3). GO-B(a)P presented a
thickness of 0.796 ± 0.177 nm (n = 3) and GO(PVP)-B(a)P presented
a thickness of 3.995 ± 0.221 nm (n = 3). No relevant aggregation of
GO platelets was observed with or without B(a)P, but an increase of
thickness was observed in GO(PVP)-B(a)P platelets compared to GO
(PVP) alone.

3.3. Embryo toxicity tests and localisation of fluorescent rGO in zebrafish
embryos

The results of the developmental parameters of zebrafish em-
bryos exposed to GO NMs alone or in combination with PAHs are
shown in Table 2 and the odd ratio values for each treatment show-
ing statistically significant differences and their corresponding confi-
dence intervals are shown in Table S5. Survival at 120 hpf and
hatching time did not show statistically significant differences be-
tween treated and control embryos, neither for GO alone nor in com-
bination with PAHs. Regarding malformation prevalence at 120 hpf,
unexposed control embryos showed values ranging from 0 to
11.4%. Exposure to 5 and 10 mg/L of GO caused a significant increase
in total malformation prevalence, reaching to 33.3% and 23.3%, re-
spectively. Exposure to 10 mg/L of rGO(PVP) also caused signifi-
cantly higher malformation prevalence (26.7%) than in control
embryos. Embryos exposed to GO(PVP) did not show any significant
difference on malformation prevalence for the exposure concentra-
tions used. Looking at malformation prevalences produced by the
GO NMs in combination with PAHs, GO(PVP)-B(a)P was the most
toxic combination to zebrafish embryos. Embryos exposed to 0.5, 5
and 10 mg/L of GO(PVP)-B(a)P presented a significant increase
(20%, 13.8% and 26.7%, respectively) compared to unexposed em-
bryos. In the case of GO-B(a)P, only embryos exposed to 5 mg/L
showed a malformation prevalence (28.6%) higher than controls.
None of the GO+WAF concentrations used caused significant toxic-
ity to embryos in terms of increasedmalformation prevalence. At the
same exposure concentration, no significant differences were found
between embryos exposed to GO NMs alone or with sorbed PAHs.

Themost prevalentmalformation among exposed embryos was spi-
nal cord flexure (Fig. S4B). This malformation was mostly observed in
embryos exposed to 5 mg/L of GO and GO(PVP) with a malformation
prevalence of 25.9% and 26.7%, respectively. The highest prevalence of
pericardial edema was observed in embryos exposed to 10 mg/L of
rGO(PVP) (Fig. S4C) with a 20% of prevalence and in embryos exposed
to 5 mg/L of GO-B(a)P with a prevalence of 17.9% (Fig. S4D). Embryos
exposed to 10 mg/L of GO(PVP)-B(a)P also showed a high prevalence
of pericardial edema (16.7%). Embryos showing yolk sac edema and
eye abnormality were found among those exposed to GO (Fig. S4E),
GO(PVP) (Fig. S4F) and GO + WAF (Table 2).

Values of EC50 and EC10 for malformation occurrence calculated for
all the treatments are shown in Table S6. GO + WAF was the most
toxic treatment for embryos according to the EC10 value (0.39 ±
2.11 mg/L). EC10 values were similar for embryos exposed to rGO
(PVP), GO(PVP)-B(a)P and GO-B(a)P (3.03 ± 1.37 mg/L, 3.14 ±
1.43 mg/L and 4.08 ± 1.99 mg/L, respectively). These values could not
be calculated for GO and GO(PVP). EC50 values for all the treatments
were higher than the highest exposure concentration (10 mg/L). The
lowest EC50 values corresponded to GO (14.67 ± 4.03 mg/L) and to
rGO(PVP) (14.52 ± 3.12 mg/L). Similar values were estimated for
zebrafish embryos exposed to GO + WAF (16.07 ± 4.98 mg/L) and
GO(PVP)-B(a)P (15.11 ± 3.51 mg/L). The highest EC50 values among
treatments for zebrafish embryos were recorded for GO-B(a)P
(20.57 ± 8.03 mg/L) and GO(PVP) (30.98 ± 26.7 mg/L).

Zebrafish embryoswere exposed for 120h to Fl-rGO in order to track
rGO fate in the embryos. At 120 hpf, unexposed embryos did not show
fluorescence (Fig. S5A–B) whereas fluorescence was observed in the
yolk sac and digestive tract of zebrafish embryos exposed to 1
(Fig. S5C–D) and 10 mg/L (Fig. S5E–F) of Fl-rGO.



Table 2
Results of the developmental parameters (% of surviving embryos at 120 h, hatching time and % ofmalformed embryos at 120 h) of zebrafish embryos exposed to grapheneNMs alone and
in combination with PAHs. Asterisks indicate statistically significant differences (p < 0.05) compared to the control group according to the binomial logistic regression. The values of the
corresponding odd ratios are given in Table S4. Values for hatching time are given as means ± S.D.

Concentration (mg/L) Survival (%) Hatching time (h) Malaformation (%) Type of Malaformation (%)

SC PE YE EA

GO 0 100 72 8.3 8.3 8.3 0 0
0.1 100 72 20 20 20 0 0
0.5 90 70.4 ± 6.41 13.8 13.8 3.5 3.5 3.5
1 100 72 3.3 3.3 0 0 0
5 96.7 71.2 ± 4.46 33.3* 25.9 7.4 7.4 7.4

10 100 72.0 23.3* 23.3 0 0 0
GO(PVP) 0 97.2 66.91 ± 9.74 11.4 11.4 0 0 0

0.1 96.7 70.22 ± 8.42 16.7 16.7 0 0 0
0.5 100 68 ± 10.32 24.1 13.8 10.3 6.9 6.9
1 100 67.2 ± 9.76 20 16.7 3.3 0 0
5 96.7 66.4 ± 9.23 30 26.7 3.3 0 0

10 100 68.8 ± 6.09 20.7 13.8 6.9 0 0
rGO(PVP) 0 100 68.67 ± 8.42 5.6 2.8 2.8 0 0

0.1 100 68 ± 4.38 3.3 3.3 0 0 0
0.5 100 66.4 ± 4.38 6.7 0 6.7 0 0
1 100 66.4 ± 10.32 6.7 6.7 0 0 0
5 100 71.2 ± 10.32 20 16.7 3.3 0 0

10 100 71.2 ± 9.10 26.7* 10 20 0 0
GO + WAF 0 94.4 70.55 ± 5.73 2.9 2.9 0 0 0

0.1 96.7 69.42 ± 7.82 3.8 3.8 0 0 0
0.5 86.7 70 ± 4.71 19.2 15.4 3.8 0 0
1 93.3 70.31 ± 6.29 10.7 7.1 3.6 0 0
5 86.7 71.2 ± 6.52 23.1 23.1 0 0 0

10 86.7 69.33 ± 7.4 25.1 25.1 3.4 3.4 3.4
GO-B(a)P 0 97.2 72 5.7 5.7 0 0 0

0.1 100 71.2 ± 4.38 3.7 0 3.7 0 0
0.5 93.3 71.2 ± 4.54 0 0 0 0 0
1 93.3 72 3.6 3.6 0 0 0
5 90 70.86 ± 4.62 28.6* 10.7 17.9 0 0

10 90 71 ± 4.62 10 3.3 6.7 0 0
GO(PVP)-B(a)P 0 100 72 0 0 0 0 0

0.1 100 72 0 0 0 0 0
0.5 96.7 72 20* 20 0 0 0
1 96.7 72 6.9 3.4 3.4 0 0
5 100 72 13.8* 10.3 6.9 0 0

10 96.7 72 26.7* 13.4 16.7 0 0

SC = spinal cord flexure; PE = pericardial edema; YE = yolk sac edema; EA: eye abnormality.
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3.4. Accumulation and effects in adult zebrafish

3.4.1. GO and PAH concentrations in water and PAH bioaccumulation in
adult fish

Up to 24 h after dosing, measured GO concentrations in exposure
tanks containing GO (GO, GO + WAF and GO-B(a)P) were close to the
nominal GO concentration (2 mg/L) in the two assessed cycles (3rd
and 7th, Fig. S6). Then, GO concentration decreased close to the limit
of detection (0.5 mg/L) at 72 h, except in the case of GO-B(a)P and
GO + WAF tanks during the third dose, where an unexpected GO con-
centration increase was measured.

Summarised results of PAH concentrations over time for each
tank during the first three days of exposure of adult zebrafish are
shown in Table S7. Control tank presented low concentrations of
the analysed PAHs, below or near the limit of quantification, and
with similar values along time. Total PAH concentration in GO+WAF
tank decreased 130 times from 5 min (8044.1 ng/L) to 72 h after
adding the contaminants (61.1 ng/L). Naphthalene was the most
abundant PAH in the water samples with a decrease of concentration
from 7788.9 ± 491.9 ng/L at 5 min to 4730.9 ± 122.1 ng/L at 8 h after
dosing. Naphthalene concentration reached 34.9 ± 3.4 ng/L after
72 h. The concentration of the other measured PAHs, acenaphthene,
fluorene, phenanthrene and anthracene also decreased progres-
sively along time almost reaching limits of quantification after 72 h
of dosing. B(a)P was not detected in this treatment. B(a)P
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concentration in the GO-B(a)P exposure tank was more stable than
in the previous case with an initial concentration of 1743.2 ±
117.3 ng/L and a concentration at 72 h of 1293.2 ± 309.2 ng/L. In
the case of exposure to B(a)P alone, measured concentration at
5 min was 29,440.3 ± 4582.1 ng/L, remained stable up to 8 h
(34,682.5 ± 4147 ng/L) and decreased progressively up to
7956.7 ± 1723.1 ng/L at 72 h.

PAH accumulation in whole zebrafish after 21 days of exposure is
shown in Table 3. While control fish presented a total PAH value of
44.82 ± 10.20 ng/g, fish exposed to GO + WAF presented a total PAH
concentration of 139.16±24.79ng/g, beingfluorene and phenanthrene
the most accumulated compounds. B(a)P was not detected in these
treatments. Fish exposed to GO-B(a)P accumulated B(a)P up to a con-
centration of 37.49 ± 11.28 ng/g, while B(a)P concentration in fish ex-
posed only to B(a)P reached 10,065.38 ± 1444.03 ng/g.

3.4.2. Localisation of GO in adult zebrafish
Rod-like structures resembling longitudinal sections of GO plate-

lets were detected at histological level in the lumen of the intestine
of the zebrafish exposed to all treatments that contained GO (GO,
GO+WAF, GO-B(a)P) at the two exposure times (Fig. 2). Unexposed
embryos did not show the presence of these putative GO platelets.
TEM analysis also showed the presence of GO platelets in the
lumen of the intestine of zebrafish (Fig. 2). The length of the GO
platelets found in the intestine ranged from 0.9 to 2.7 μm which



Table 3
Concentration of PAHs (ng/g) in adult zebrafish at 21 days of exposure. Values are represented as mean ± S.D.

Control GO + WAF GO-B(a)P B(a)P L.Q.

Naphthalene <L.Q. <L.Q. – – 9.0
Acenaphthylene 1.07 ± 0.12 2.60 ± 0.63 – – 0.6
Acenaphthene 4.69 ± 0.42 18.21 ± 3.68 – – 2.0
Fluorene 9.48 ± 0.62 56.57 ± 9.91 – – 1.0
Phenanthrene 18.30 ± 5.84 44.84 ± 6.92 – – 10.0
Anthracene 0.94 ± 0.83 4.72 ± 0.70 – – 0.5
Fluoranthene 4.61 ± 1.53 4.13 ± 1.01 – – 3.0
Pyrene 5.74 ± 0.84 8.08 ± 1.95 – – 4.0
Benzo(a)pyrene <L.Q. <L.Q. 37.49 ± 11.28 10,065.38 ± 1444.03 1.0
ΣPAHs 44.82 ± 10.20 139.16 ± 24.79

L.Q.: limit of quantification;−: not measured.
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agreed well with the data of isolated GO platelets analysed by AFM
and TEM (<10 μm). GO was not seen inside the cells, neither at
light microscopy nor at TEM level.

3.4.3. Transcription levels of target genes
The transcription levels of selected genes are represented in Fig. 3.

For genes related with biotransformation metabolism, only cyp1a
A)

C)

E)

Fig. 2. Localisation of GO in adult zebrafish intestine. Micrographs of histological sections of A)
brine shrimp capsules in the lumen; B) adult zebrafish exposed to 2 mg/L of GO for 21 days; C)
2mg/L of GO-B(a)P for 21 days. Fish exposed to treatments containing GO showed abundant pu
the apical zone of the enterocytes of adult zebrafish after 21 days of exposure to 2 mg/L GO. T
enterocytes. Microvilli (mv), mitochondria (mc). Scale bars: A–D) 100 μm, E) 0.5 μm and F) 2
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transcription levels showed significant differences between fish ex-
posed to GO and those exposed to B(a)P at 3 days. In the case of tran-
scription levels of tp53, only fish exposed to GO-B(a)P showed a
significantly higher transcription level than fish exposed to GO + WAF
at 3 days. Regarding the transcription level of genes related with oxida-
tive stress, no significant differences were found among groups at 3 or
21 days of exposure (Fig. 3).
B)

D)

F)

unexposed adult zebrafish at 21 days showing normal intestine histology and remnants of
adult zebrafish exposed to 2mg/L of GO+WAF for 21 days; D) adult zebrafish exposed to
tative GO platelets in the lumen of the intestine (arrows). E–F) TEMmicrographs showing
he presence of GO platelets (arrows) was detected in the digestive lumen, but not inside
μm.



I. Martínez-Álvarez, K. Le Menach, M.-H. Devier et al. Science of the Total Environment 775 (2021) 145669
3.4.4. Biochemical biomarkers
Results of the biotransformation metabolism and oxidative stress

biochemical biomarkers in liver and gills of adult zebrafish are shown
in Fig. 4. All treated groups showed higher EROD activity in liver than
controls fish at 3 days, being significantly higher in B(a)P-exposed
fish. After 21 days of exposure, significant differences among groups
were not observed, although fish exposed to B(a)P maintained the
highest EROD activity (Fig. 4A). EROD activity in gills did not show
any significant differences, neither among experimental groups nor be-
tween exposure times (Fig. 4B).

After 3 days of exposure, GST activity in liver did not show any
significant differences compared to control fish. After 21 days, fish
exposed to B(a)P alone showed significantly higher activity than
fish exposed to GO-B(a)P, but no differences were detected respect
to control fish. A significant increase of activity at 21 days compared
to 3 days was recorded for control fish, and in fish exposed to
GO + WAF and to B(a)P (Fig. 4C). In gills, GST activity was signifi-
cantly higher in fish exposed to GO + WAF than in fish exposed GO
for 3 days (Fig. 4D). After 21 days, GST activity in gills of fish exposed
to GO+WAF decreased compared to fish sampled after 3 days of ex-
posure. Also at 21 days, fish exposed to GO-B(a)P presented signifi-
cantly higher activity than fish exposed to GO. Catalase activity did
not change significantly in zebrafish liver among exposure groups
or between exposure times (Fig. 4E). In gills, at 3 days, catalase activ-
ity was higher in all exposed groups than in control fish, being signif-
icantly higher for fish exposed to GO-B(a)P and B(a)P (Fig. 4F). After
21 days, CAT activity remained higher in treated fish than in control
fish, but only in fish exposed to GO-WAF it was significantly higher
than in control fish.

Regarding AChE activity in brain, no significant differences were de-
tected at 3 days of exposure (Fig. 4G). At 21 days, AChEwas significantly
lower in the brain of all exposed fish than in the brain of control fish,
suggesting signs of neurotoxicity. A significant increase of activity was
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recorded in control fish at 21 days compared to 3 days while a signifi-
cant decrease was measured in GO + WAF exposed fishes.

3.4.5. Histopathological alterations
Results of the histopathological evaluation of liver tissue is shown

in Table S8. Control fish showed, in general, normal architecture of
the liver (Fig. 5A). An overall increase in the prevalence of liver
vacuolisation was recorded in all treated groups, being significant
compared to the control group in fish exposed to GO + WAF for
3 days (60%) and 21 days (50%) (Table S8). Megalocytosis was
found in two individuals, one exposed to GO + WAF and another
treated with B(a)P (Fig. 5C). Other histopathological alterations
that are commonly found in liver, such as necrotic foci or eosino-
philic foci were not observed in the liver of any treated or control in-
dividual. In gill tissues, not significant differences in the prevalences
of histopathological conditions were observed, as shown in Table S9.
Control fish showed in general normal architecture of the gills
(Fig. 5E). Some of the histopathological lesions found in gills were in-
flammation and aneurism of the secondary lamella, being the
highest prevalence of aneurism observed in fish exposed to B(a)P
(33.3%) and to GO-B(a)P (20%) for 21 days (Fig. 5H). Only one indi-
vidual presented hyperplasia of the primary lamellae.

4. Discussion

To assess the potential risk of graphene NMs as vectors of PAHs, the
capacity of the NMs to sorb these organic compounds needs to be
analysed. In the present work, we selected for this analysis B(a)P, as a
model pyrolytic PAH, and theWAF of a crude oil, as an environmentally
relevantmixture of petrogenic PAHs. B(a)P recovery in the control sam-
ples after centrifugation needed to separate GO platelets from the liquid
phase was lower than expected, due to its high hydrophobicity. In addi-
tion, measured B(a)P concentration in water differed from the nominal
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Fig. 4. Results of the biochemical biomarkers measured in adult zebrafish after 3 and 21 days of exposure to GO, GO + WAF, GO-B(a)P and B(a)P. A) EROD activity in liver and B) gills,
C) GST activity in liver and D) gills, E) CAT activity in liver and F) gills and G) AChE activity in brain. Different letters indicate statistically significant differences (p < 0.05) within each
sampling time according to A, B, C, E, G) the Kruskal-Wallis test followed by the post hoc Dunn's test for non-parametric data and D, F) one-way ANOVA followed by the post hoc
Tukey's test for parametric data. Asterisks indicate statistically significant differences (p < 0.05) for the same treatment between exposure days according to the Mann-Whitney's U
test for non-parametric data and Student's t-test for parametric data.
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concentration (sorption experiments, adult exposure group). B(a)P use
above saturation point (B(a)P water solubility, 1.62 μg/L; ChemIDplus,
2020) usually leads to lower concentration in water than expected
(Zhao et al., 2013). Working with over saturated B(a)P concentration
was needed to achieve high levels of PAH sorption to GO that could fur-
ther produce toxic effects in aquatic organisms. According to the results,
GO showed a great ability to sorb B(a)P; between 87.2% and 100% of the
total B(a)P in the incubation media was sorbed to GO. B(a)P also
showed the highest Kf value (665.47 (μg/g)/(μg/L)N) and a Freundlich
N factor of 1.59. In the case of the complex mixture formed in the
WAF of the NNS crude oil, the sorption of PAHs to GO was mainly
11
explained by their hydrophobicity. According to the Kf values of the
Freundlich isotherm model, sorption of PAHs to GO was as follows:
acenaphthene < naphthalene < fluorene < phenanthrene. The highest
Kf value was obtained for phenanthrene (188.87 (μg/g)/(μg/L)N) with
a Freundlich N factor of 0.65. Those values were lower than those ob-
tained for B(a)P, as expected based on their lower hydrophobicity and
number of aromatic rings. To the best of our knowledge, no previous
works have experimentally studied the sorption of B(a)P to GO, but Li
et al. (2018) published some predictive simulations that agree with
our results. Regarding other PAHs, Wang et al. (2014) evaluated the
sorption capacity of naphthalene, phenanthrene and pyrene to



Fig. 5.Micrographs of histological sections of zebrafish liver and gills. A) Liver of unexposed adult zebrafish at 21 days showingnormalmorphology; B) Liver of zebrafish exposed to GO for
3 days showing liver vacuolisation; C) Liver of a zebrafish exposed to GO+WAF for 21 days showingmegalocytosis (black arrow); D) Liver of a zebrafish exposed to GO-B(a)P for 21 days
showing liver vacuolisation; E) Gills of unexposed adult zebrafish at 3 days showing normal morphology; F) Gills of zebrafish exposed to GO for 3 days, showing aneurisms (asterisks) of
the secondary lamellae; G) Gills of a zebrafish exposed to GO + WAF for 3 days, showing inflammation (arrow head); H) Gills of a zebrafish exposed to GO-B(a)P for 3 days, showing
inflammation (arrow head) and aneurisms (asterisks) of the secondary lamellae. Scale bars: A–D) 100 μm, G) 50 μm and E, F, H) 25 μm.
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graphene and to GO. Values of Kf for GO increased with the increase in
the number of aromatic rings and hydrophobicity of each PAH, with
values of 0.776 ± 0.0328 (mg/g)/(L/mg)N, 8.12 ± 0.257 (mg/g)/(L/mg)N

and 42.3 ± 5.39 (mg/g)/(L/mg)N, respectively. This tendency was also
observed in the present study, with the exception of the higher Kf

value (19.71 (μg/g)/(L/μg)N) and N factor (0.60) obtained for the sorp-
tion of naphthalene to GO compared to those reported in the literature
(Pei et al., 2013;Wang and Chen, 2015) and even higher than the values
obtained for acenaphthene (a PAH heavier than naphthalene) in the
12
present study. TheWAF produced from NNS oil presented low concen-
trations of the 18 PAHs analysed (ΣPAHs = 171,059.5 ng/L for 100%
WAF), partially due to the low energy (no vortex) used for its produc-
tion, as it has been reported for other crude oils. In the case of the Deep-
water Horizon oil, PAH concentration increased from 4 to 196 μg/L in
WAFs produced at low energy to 263–6006 μg/L in WAFs produced at
higher energy (Forth et al., 2017). In the present study, naphthalene
was the most abundant PAH in the WAF (163,244.5 ± 1961.3 ng/L),
representing 95% of the total PAH concentration. Competition among
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PAHs for sorption onto GO surface could explain the Kf and N factor
values estimated. Low values of the Freundlich fitted “N” factor indicate
an inhomogeneous distribution of PAHs onto GO surface with a wide
adsorption site distribution of the PAHs (Carter et al., 1995). The compe-
tition between PAHs on GO platelets was higher for phenanthrene and
naphthalene being distributed more homogenously and less widely
than the other PAHs. In accordance, a higher Kf coefficientwas obtained
for naphthalene than for acenaphthene, but values for phenanthrene
and fluorene were still higher than for naphthalene. Only one work
that studied the potential sorption of a complex PAH mixture to rGO
was found in the literature (Sun et al., 2013). In this case, sorption of
the PAHs to rGO was mainly driven by the initial concentration and
not by the PAH characteristics (Sun et al., 2013). Naphthalene, as the
most concentrated PAH in the WAF, was expected to cover the surface
of GO at a higher extent than the other PAHs. Nevertheless, initial con-
centration is not the only parameter regulating the sorption process to
GO; themain parameter, as previouslymentioned, was hydrophobicity.

GO showed a high capacity to sorb B(a)P, without major differences
in the presence of PVP. Nevertheless, when applying isotherm sorption
models, values of Kd and Kf were higher for GO (756.58 L/g and 665.45
(μg/g)/(L/mg)N) than for GO(PVP) (575.05 L/g and 357.55 (μg/g)/(L/
μg)N). The use of PVP (polymer-surfactant) that interacts with GO
through hydrogen bonds, allows to disperse GO in the suspension by
changing its surface characteristics andmaking GO platelets completely
compatible with water (Zhang et al., 2010). The lower hydrophobicity
of the GO(PVP) platelets due to the presence of the surfactant makes
GO less likely for hydrophobic compounds sorption than GO alone.

Addition of PVP and reduction of GO resulted into thicker GO(PVP)
and rGO(PVP) platelets than GO platelets, as previously reported in
the literature (Luque-Alled et al., 2020; Zhang et al., 2010); this increase
is suggested to be caused by PVP nanospheres that make the platelets
thicker. The GO centrifugation process after contamination with B(a)P
did not alter the lateral dimensions or the thickness of the platelets
and no evidence of stackingwas observed. In the case of GO(PVP) plate-
lets, an increase of thickness was observed after contamination with B
(a)P, which suggested that the proven sorption of B(a)P to GO(PVP)
and the previously reported PVP effect on thickness could change the
surface charge producing the stacking and aggregation of the platelets.

Given the capacity of GO to sorb PAHs, GO contaminated with B(a)P
and with PAHs from WAF was assessed for potential toxicity on
zebrafish development. Survival and hatching time of zebrafish em-
bryos were not significantly altered by any treatment or concentration
used. A significant increase of malformation prevalence was observed
only for the highest concentrations assayed and for 0.5 mg/L of GO
(PVP)-B(a)P, although all EC50 values were higher than the highest con-
centration tested (10mg/L). Based on calculated EC50 values for malfor-
mation occurrence, the following toxicity ranking was observed: rGO
(PVP) > GO > GO(PVP)-B(a)P > GO + WAF > GO-B(a)P > GO(PVP).
As reported in the literature, zebrafish embryos exposed to GO
(0.01–100 mg/L) presented malformations, such as yolk sac edema
and spinal cord flexure, for GO concentrations ranging from 1 to 5 to
100mg/L (Chen et al., 2016a; D'Amora et al., 2017). In addition, changes
in hatching rate of zebrafish embryos exposed from 50 to 100 mg/L of
GO have been reported (D'Amora et al., 2017). Z. Yang et al. (2019) ob-
served similar malformations in embryos exposed to 1 and 10 mg/L of
GO, which showed upregulation of immune response related genes
and signs of oxidative stress (increased superoxide dismutase and cata-
lase activities and glutathione concentration) compared to control em-
bryos for the highest GO concentration. Some sublethal effects
(oxidative stress and neurotoxicity) are reported in the literature in
zebrafish embryos after exposure to lower GO concentrations
(1–100 μg/L) than those used in the presentwork. Acute effects (malfor-
mation prevalence and hatching delay) were only observed in zebrafish
embryos for concentrations higher than 10 mg/L. Regarding different
types of GO NMs, exposure of 5 and 50mg/L of rGO, but not of GO, pro-
voked changes in hatching rate and body length of zebrafish embryos,
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although no significant effects on zebrafishmalformation andmortality
were observed at the tested concentrations (Liu et al., 2014). Thus, evi-
dences point that rGO ismore toxic thanGO as observed in our results in
zebrafish embryos and in the literature, mainly due to the higher bio-
availability of rGO (Katsumiti et al., 2017; Yan et al., 2017).

As to the best of our knowledge, modulation of PAH toxicity to
zebrafish embryos in presence of GO has not been reported in the liter-
ature yet. Nevertheless, toxicity of another persistent pollutant, such as
bisphenol A, in combination with GO was assessed by J. Yang et al.
(2019). The availability of bisphenol A to zebrafish embryos was re-
duced in the presence of GO and adverse effects caused by bisphenol
A on zebrafish embryos (larvae malformation and hatching delay)
were alleviated. Similar findings have been published for other non-
planar carbon NMs, such as fullerenes (C60) and carbon nanotubes, in
combination with PAHs (Della Torre et al., 2018; Falconer et al., 2015).
The accumulation of B(a)P (1 mg/L) was reduced in presence of C60

(20 mg/L), but similar toxicity was observed for C60 alone or in combi-
nation with B(a)P (Della Torre et al., 2018). Phenanthrene (10 mg/L)
was also less available to zebrafish embryos in presence of multiwalled
carbon nanotubes (50–200 mg/L MWCNTs) (Falconer et al., 2015). An
increase ofMWCNTs concentration to 200mg/L,with the same phenan-
threne concentration, increased the survival rate of zebrafish embryos
compared to embryos exposed to phenanthrene alone. Presence of GO
might reduce the availability of PAHs decreasing their toxicity at the
tested concentrations, and it can be suggested that the toxicity observed
on zebrafish embryo developmentwasmainly due to the GO character-
istics rather than to PAH toxicity.

The effects produced by GO on zebrafish embryos could be due to
the ingestion-internalisation of GO (Chen et al., 2015; J.H. Zhang et al.,
2017). Thus, GO labelledwith fluorescein was observed inside zebrafish
embryos at early development (24 hpf), indicating the ability of GO to
cross the chorion barrier. Fluorescence produced by GO was more in-
tense in the chest than in the head or in the tail. A similar accumulation
patter was observed for fluorescent rGO on zebrafish embryos (Chen
et al., 2015). rGO internalisation was already observed at 12 hpf in ex-
posed embryos, while GO was first internalised in zebrafish embryos
at 24 hpf (J.H. Zhang et al., 2017).

To further understand the effects of GO alone or in combinationwith
PAHs, an experiment with adult zebrafish was carried out. The selected
GO concentration (2 mg/L) has been used in previous studies (Souza
et al., 2017) and showed effects in adult zebrafish, while being a rela-
tively low concentration. GO is stable at long term in freshwater
(Chowdhury et al., 2013), but the presence of fish and, consequently,
of organic matter due to fish feeding could produce GO aggregation in
the exposure tanks (Souza et al., 2017; Castro et al., 2018), which
could lead to an heterogeneous dispersion of GO in the tanks and
could explain the variability in GO concentrations measured in water,
especially during the first three days of the experiment. Nevertheless,
the system appeared to stabilise and in the last three days of exposure,
the concentration of GO in the three GO-containing tanks behaved sim-
ilarly. Changes in GO concentration in water could also be due to the in-
gestion of GO by zebrafish as proved in the present study. The ingestion
of GO by aquatic organisms has been shown by TEM analysis (Hu et al.,
2017). GO translocation from water to adult zebrafish brain was re-
ported by Hu et al. (2017). Also, GO was found in the diencephalon of
the offspring of the adult zebrafish exposed to 1 μg/L of GO, demonstrat-
ing that GO can be transferred from the adult to the offspring through
gametes. In our study GO was identified in the lumen of the intestine
of adult zebrafish but evidences of GO translocation to the tissues
were not found.

Along with the quantification of the GO concentration in the expo-
sure tanks, PAH levels were also measured. PAH concentration in the
control tank was close to the limit of quantification. In the co-
exposure GO + WAF tank, total PAH concentration was progressively
reduced along the 72 h of the dosing cycle, mainly due to the reduction
in naphthalene concentration. As previously discussed, naphthalene
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was only partially sorbed to GO. Thus, the loss of naphthalene concen-
tration could be expected due to its low hydrophobicity and high vola-
tility (Salazar-Coria et al., 2019). A similar decrease of PAH
concentration over time was measured in the B(a)P alone exposure
tank, where B(a)P concentration was reduced from 29,440.3 ±
4582.1 ng/L to 7956.7 ± 1723.1 ng/L over 72 h, a reduction that could
be partially explained by the high capacity of fish to uptake and
metabolise PAHs (Livingstone, 1998). Overall, PAH exposure levels
were not constant over time, except in the case of GO-B(a)P exposure
group, where B(a)P concentration remained almost stable for 72 h
(1743.2 ng/L to 1293.2 ng/L), possibly as a consequence of desorption
of B(a)P from GO.

PAH bioaccumulationwas also analysed in zebrafish in order to con-
firm fish exposure. Except for naphthalene, PAH accumulation in
zebrafish exposed to GO+WAF reflected the PAH concentration in ex-
posure media. Despite of the high concentration of naphthalene in the
GO+WAF exposure tank, accumulation of this compound in zebrafish
was not detected in this study. The bioavailability of PAHs sorbed to car-
bon NMs was studied by Linard et al. (2017) who concluded that bio-
availability to freshwater fish of PAHs associated with graphene was
higher for the most hydrophobic PAH phenanthrene (90% of adsorbed
phenanthrenewas bioavailable), than for anthracene, fluorene or naph-
thalene (35%, 40% and 20%, respectively). A lower PAH bioaccumulation
was measured in fish exposed to GO-B(a)P than in those co-exposed to
GO + WAF in agreement with PAH concentration in exposure media.
Another factor to be considered regarding PAH bioaccumulation is the
capacity of the fish to metabolise those compounds, being more hydro-
phobic PAHs more easily metabolised and excreted than lower weight
PAHs being, in turn, less accumulated in fish (Livingstone, 1998). In ad-
dition, a noticeable accumulation of B(a)P in the whole body of fish ex-
posed for 21 days to B(a)P alone was recorded, while fish exposed to
GO-B(a)P showed much lower levels of B(a)P in their tissues as could
be expected based on B(a)P levels measured in water. These results in-
dicated that B(a)P sorbed to GO was less bioavailable than dissolved B
(a)P, as previously discussed.

Analyses of the biological responses in adult zebrafish showed that
fish exposed to B(a)P alone for 3 days presented the highest transcrip-
tion levels of hepatic cyp1a. This up-regulation of cyp1a could have
been translated into a significant induction of EROD activity in the
liver of fish exposed to B(a)P for 3 days, that remained the highest
among treatments after 21 days of exposure. This response is linked to
the previously mentioned bioaccumulation of B(a)P in fish tissue at
21 days of exposure, although elimination (biotransformation metabo-
lism) of B(a)P seemed to be slower than uptake, resulting in a net B(a)P
bioaccumulation. For the same nominal B(a)P concentration used in the
present study (100 μg/L; measured actual concentration 5 min after
dosing 29.44 ± 4.58 μg/L), previous studies have also reported an up-
regulation of cyp1a and induction of EROD activity in the liver of
zebrafish exposed for 7 days, when a peak in the induction of these pa-
rameters is expected in teleosts (Thompson et al., 2010). This response
was not observed in the gills. On the other hand, exposure to GO alone
did not alter liver biotransformationmetabolism(cyp1a or EROD) at any
exposure time. Other works, however, have reported that a high con-
centration of rGO quantum dots (100 mg/L) significantly up-regulated
cyp1a, through interaction with the AhR pathway in zebrafish embryos
(J.H. Zhang et al., 2017). Apart from differences in exposure concentra-
tions, effects produced by different graphene derivatives can differ
completely depending on the surface characteristics of each NM (Guo
andMei, 2014; Jia et al., 2019), being the oxygen content on the surface
one of the potential driving factors. When carbon NMs were combined
with PAHs in the present study, the observed ability of B(a)P alone ex-
posure to induce cyp1a and EROD in fish liver was not observed in fish
exposed to GOwith sorbed B(a)P. The lack of response of PAH exposure
biomarkers in fish exposed to GO-B(a)P could be due to the lower level
of exposure to B(a)P when sorbed to GO, as was reported for other car-
bon NMs in combination with PAHs (Della Torre et al., 2017) as well as
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consequent lower bioavailability and bioaccumulation. Similarly, the
level of PAH exposure achieved in the GO+WAF treatment did not re-
sult enough to regulate the cyp1a transcription levels in zebrafish liver.
According to Salaberria et al. (2014), a 50% WAF (1:40 North Sea crude
oil/water), with a PAH content similar to that of the WAF used herein,
was needed to cause cyp1a up-regulation in zebrafish liver after 24
and 72 h of exposure.

The transcription levels of liver gstp1, analysed as a key gene of
phase II biotransformation metabolism, did not show significant
changes in any treated group. Nevertheless, liver GST activity in fish ex-
posed to B(a)P for 21 days presented a significant induction compared
to GO-B(a)P exposed fishes. Whereas, Thompson et al. (2010) did not
report induction of GST liver activity in zebrafish exposed to B(a)P for
7 days, exposure of red tilapia to 300 μg/L B(a)P for 10 days resulted
in liver GST induction (Rodrigues et al., 2015). The presence of GO
could inhibit the effect on liver GST activity induced by B(a)P exposure.
Exposure to GO (1, 5 and 10 mg/L) has been reported to reduce the
levels of glutathione (GSH), the co-factor of GST closely related with
its activity (M. Chen et al., 2016), which could lead to the inhibition of
GST activity (Glisic et al., 2015; M. Chen et al., 2016). On the contrary,
GST activity was significantly induced in gills of fishes exposed for
3 days to GO +WAF and for 21 days to GO-B(a)P compared to fish ex-
posed to GO, which showed the lowest gill GST activity among all
treated fish. An inhibition of GST activity in gills was also observed in
zebrafish after 48 h of injection of 50 mg/L of graphene (Fernandes
et al., 2018). The fact that GST activity was induced significantly in
gills of fish exposed to GO combined with PAHs (GO-B(a)P and
GO + WAF), while the same response was not observed in the liver,
suggests that the principal uptake route for these PAHs associated to
GO could be through the gills. The contaminated GO (particulate) can
directly impact on gills that are directly exposed to the water column
and accumulate released PAHs as it has been demonstrated for other
PAHs adsorbed on suspended particles (Zhai et al., 2020).

Analysis of tp53 transcription levels in liver was carried out because
of the involvement of this gene in cell cycle regulation. Its overexpres-
sion is considered a sign of protection against DNAdamage that can trig-
ger apoptosis or hepatocarcinogenesis in zebrafish (Lu et al., 2013).
Metabolism of PAHs can lead to the formation of DNA damaging reac-
tive intermediates (Storer and Zon, 2010). GO has been reported as an
inducer of tp53 in zebrafish embryos exposed to 50 mg/L of GO for
72 hpf (Jia et al., 2019). Regarding PAHs, no changes in the transcription
levels of tp53 were detected 14 days after injection of rainbow trout
with 100 mg/kg of B(a)P (Phalen et al., 2017). In the present study,
the tp53 transcription levels were only significantly higher in fish ex-
posed to GO-B(a)P compared to fish exposed to GO + WAF for 3 days,
which presented the lowest values, and no significant differences
were found compared to control fish, suggesting that the exposure con-
centrations were not high enough to induce DNA damage and to acti-
vate cell cycle regulation pathways.

Similarly, cat, gpx1a or sod1 did not show any significant change
among treatments, even though GO is known to affect antioxidant en-
zymes in zebrafish embryos as consequence of ROS generation (X.
Zhang et al., 2017; Zou et al., 2018; Souza et al., 2019). Zou et al.
(2018) reported an up-regulation of gpx4b, sod2, and prdx1 in embryos
exposed to 100 μg/L of GO. X. Zhang et al. (2017) also observed genera-
tion of ROS by 1–100 μg/L of GO with a consequent oxidative stress
reflected by the significant increase of malondialdehyde content in GO
exposed zebrafish. To the best of our knowledge, no previous works
have reported effects in the transcription levels of oxidative
stress-related genes caused by GO in adult zebrafish liver, but zebrafish
embryos are expected to be more sensitive to GO compared with adult
individuals. Accordingly, no significant effects were observed in liver
CAT activity, which showed only significant differences in gills. All ex-
posed fish presented higher CAT activity than controls, being significant
in fish exposed to GO-B(a)P and B(a)P for 3 days and to GO+WAF for
21 days. Souza et al. (2019) reported induction of CAT activity in



I. Martínez-Álvarez, K. Le Menach, M.-H. Devier et al. Science of the Total Environment 775 (2021) 145669
zebrafish gills exposed to 2, 10 and 20mg/L of GO for 48 h. This early re-
sponse of the antioxidant systemof zebrafishwas reduced after 168 h of
recovery in clean water. Other carbon NMs, such as C60 (20mg/L), com-
bined with B(a)P (8 μg/L), or B(a)P alone (8 μg/L) provoked a reduction
of CAT activity in zebrafish embryos, while C60 alone produced induc-
tion of CAT (Della Torre et al., 2018).

AChE, that regulates the activity of acetylcholine, an important neu-
rotransmitter involved in synaptic transmission of nerve impulses, was
inhibited in all fish exposed for 21 days compared to controlfish, but not
infish exposed for three days except in the case of the GO+WAF group.
Hu et al. (2017) demonstrated that for a range of GO concentrations
(0.01–1 μg/L), GO translocated to the brain of adult zebrafish and of
their offspring with a subsequent inhibition of AChE activity in the off-
spring of exposed adults. AChE has also been typically reported to be al-
tered in fish by xenobiotics, such as pesticides and PAHs (Holth and
Tollefsen, 2012; Vieira et al., 2008; Kim et al., 2018). Phenanthrene, a
common PAH present inmostWAFs of crude oil, inhibited AChE activity
in the head of adult zebrafish after 96 h of exposure to 750 μg/L (Kim
et al., 2018). Another freshwater fish, Electrophorus electricus, showed
inhibition of AChE after exposure to the produced water effluents
from oil production platforms in the North Sea, being the aromatic
PAHs, and not the polar and aliphatic fractions responsible of AChE inhi-
bition (Holth and Tollefsen, 2012). In the common goby, exposure to 2
to 16 μg/L of B(a)P for 96 h also caused inhibition of AChE (Vieira
et al., 2008).

Regarding histopathological alterations, a significant increase in the
prevalence of liver vacuolisation was observed in fish exposed to
GO + WAF for 3 and 21 days. Previous works observed 71.4% and 80%
liver vacuolisation in zebrafish exposed to 2mg/L and 20mg/L of GO, re-
spectively, for 14 days (M. Chen et al., 2016; Souza et al., 2017), but this
was not observed in the present work. WAF from naphthenic crude oils
have also been reported as disruptors of hepatic tissue. Agamy (2012)
found the presence of lipid droplets in the liver of juvenile rabbit fish
(Siganus canaliculatus) after 15 days and less frequently after 21 days
of exposure toWAF. Co-exposure to GO+WAF PAHs, as in the present
study, might increase the prevalence of hepatic pathologies compared
to the effect of each treatment alone. Regarding gill tissues, none of
the treatments of our study produced any significant histopathological
alteration. Other studies did neither report remarkable effects on
zebrafish gill tissue after exposure to GO at the same concentration
used herein (M. Chen et al., 2016; Souza et al., 2017). Only at exposures
from 10 to 20mg/L of GO, gills of zebrafish presented some pathologies,
such as lamellar fusion, clubbed tips, swollen mucocytes, epithelial
lifting, aneurysms, and necrosis and these effects were closely related
to ROS production due to GO exposure (Souza et al., 2017).

In summary, GO presented a high sorption capacity for PAHs that
was driven mainly by the hydrophobicity of each PAH. Thus, GO in
the environment could play a potential role as carrier of organic pol-
lutants to aquatic organisms. Environmentally relevant concentra-
tions of GO and rGO(PVP) did not cause significant effects on
zebrafish embryo development (EC50 > 10 mg/L), even when they
were combined with PAHs. Regarding sublethal effects in adult
zebrafish, some evidences of toxicity were observed according to
the results of catalase activity in zebrafish gills, but without further
appearance of histopathological alterations in the gill tissue. The in-
hibition of AChE activity in all fish treated for 21 days indicated a po-
tential neurotoxic effect. Only dissolved B(a)P provoked changes in
liver biotransformation biomarkers, even at gene level, and these ef-
fects were reduced when zebrafish were exposed to GO combined
with PAHs. At tissue level, hepatic vacuolisation was observed in
fish co-exposed to GO + WAF, which is possibly linked to the bio-
availability of the PAHs from WAF when they are associated with
GO. Taken together, the results suggested that graphene oxide
NMs, alone and in combination with PAHs, are a potential source of
toxicity to fish, but at concentrations that are currently above the ex-
pected environmental levels.
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