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a  b  s  t  r  a  c  t

Graphene  oxide  (GO)  has  been  extensively  explored  as a promising  nanomaterial  for  applications  in
biology  because  of its unique  properties.  Therefore,  systematic  investigation  of  GO  toxicity  is  essential  to
determine  its  fate in  the  environment  and  potential  adverse  effects.  In  this  study,  acute  toxicity,  oxidative
stress  and  immunotoxicity  of  GO  were  investigated  in  zebrafish.  No obvious  acute  toxicity  was  observed
when  zebrafish  were  exposed  to 1,  5, 10  or 50 mg/L  GO for 14 days.  However,  a  number  of  cellular
alterations were  detected  by  histological  analysis  of  the  liver  and  intestine,  including  vacuolation,  loose
arrangement  of  cells,  histolysis  and  disintegration  of cell boundaries.  As  evidence  for  oxidative  stress,
malondialdehyde  levels  and  superoxide  dismutase  and  catalase  activities  were  increased  and  glutathione
ebrafish
xidative stress

mmunotoxicity

content  was  decreased  in  the liver  after  treatment  with  GO.  GO  treatment  induced  an  immune  response
in  zebrafish,  as  demonstrated  by increased  expression  of  tumor  necrosis  factor  �, interleukin-1  �, and
interleukin-6  in  the  spleen.  Our findings  demonstrated  that  GO  administration  in an  aquatic  system  can
cause  oxidative  stress  and  immune  toxicity  in  adult  zebrafish.  To  our  knowledge,  this  is  the  first  report
of  immune  toxicity  of GO  in zebrafish.

©  2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

Graphene is a single-atom-thick, two-dimensional sheet of
exagonally arranged carbon atoms isolated from its three-
imensional parent material, graphite (Geim and Novoselov, 2007;
opelevich and Esquinazi, 2007). Because of their unique physic-
chemical properties, graphene and its derivatives have attracted
remendous research interest (Geim 2009; Allen et al., 2010). They
ave a great range of potential applications, including hydrogen
torage (Wang et al., 2009), catalysis (Scheuermann et al., 2009) and
s electrodes (Eda et al., 2008). Applications also exist in biomedical

elds, such as cellular imaging (Wang et al., 2010), drug delivery
Sun et al., 2008), biosensing (Zhou et al., 2009; Akhavan et al.,
012), and photothermal therapy (Zhang et al., 2011a). Because of

∗ Corresponding author at: State Key Laboratory of Environmental Chemistry and
cotoxicology, Research Center for Eco-Environmental Sciences, Chinese Academy
f  Sciences, Beijing 100085, PR China. Fax: +86 10 62849178.

E-mail address: smsong@rcees.ac.cn (M.  Song).

ttp://dx.doi.org/10.1016/j.aquatox.2016.02.015
166-445X/© 2016 Elsevier B.V. All rights reserved.
risk factors associated with the manufacture and use of these mate-
rials, the potential toxicity of graphene in biological systems is of
significant concern (Sanchez et al., 2012; Seabra et al., 2014).

Graphene oxide (GO) is one of the most important graphene
derivatives. By formation of hydrogen bonds between polar func-
tional groups on the GO surface and water molecules, a stable GO
colloidal suspension is attainable (Shih et al., 2012), suggesting
that GO would have advantages over other carbon-based mate-
rials for biomedical applications (Bitounis et al., 2013). However,
because of its greater solubility and stability in the environment
or in serum—properties that prevent its aggregation—GO might
have greater uptake when used in medical applications, making
its toxicity a very important consideration.

Though studies have shown that nanomaterials might have
deleterious side effects (Nel et al., 2006; Song et al., 2012; Song
et al., 2013), few reports on GO toxicity have been published so far.

Akhavan and Ghaderi (2010) investigated toxicity of GO against
Gram-negative (such as Escherichia coli), and Gram-positive (such
as Staphylococcus aureus)  bacteria and found that it was  effective
for use in antibacterial materials. Bacterial cells lost membrane

dx.doi.org/10.1016/j.aquatox.2016.02.015
http://www.sciencedirect.com/science/journal/0166445X
http://www.elsevier.com/locate/aquatox
http://crossmark.crossref.org/dialog/?doi=10.1016/j.aquatox.2016.02.015&domain=pdf
mailto:smsong@rcees.ac.cn
dx.doi.org/10.1016/j.aquatox.2016.02.015
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Fig. 1. Characterization of GO: Raman spectra (a), SEM image (b), and TEM images (c).
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ig. 2. (a) UV–vis spectra of GO aqueous dispersions at 1, 5, 10 and 50 mg/L (bottom
b)  The residual concentrations of GO in water during exposure. (c) TEM images of 

4  h, and were diluted to 1 mg/L for TEM image.

ntegrity upon exposure to GO (Tazawa et al., 2007) based on
nalysis by transmission electron microscopy (TEM). Interactions
etween dispersed GO sheets and target cells have been studied in
onolayer cultures of lung epithelial cells (Chang et al., 2011) and

broblasts (Wang et al., 2011). Single-layer GO sheets were inter-
alized and sequestered in cytoplasmic membrane bound vacuoles
y human lung epithelial cells or fibroblasts, and induced cytotoxic-

ty at doses above 20 �g/mL after 24 h exposure (Zhang et al., 2010).
hen injected intravenously into mice, GO induced granulomas in
he lungs, liver, spleen and kidney, and was lethal in 4 out of 9
nimals (Hu et al., 2011; Wang et al., 2011). Zhang et al. (2011b)
lso noted deposition and retention of GO in the lungs along with
ung tissue injury, inflammation, and granuloma formation in mice
) and the linear relationship between absorbance and concentration (insert figure).
deionized water and tap water. All suspensions were laid at room temperature for

receiving intravenous GO. Thus, long-term adverse health effects
of GO will need to be carefully considered with respect to design of
its applications as well as its release into the environment.

Zebrafish is a powerful vertebrate model for in vivo studies of
aquatic toxicology (Sawle et al., 2010). To better understand the
potential toxicity of GO in zebrafish, we examined its effects on
oxidative stress responses and the innate immune system, the lat-
ter as indicated by expression of the representative immunological
genes tumor necrosis factor � (TNF-�),  interleukin-1 � (IL-1�) and

interleukin-6 (IL-6). Knowledge about such effects of GO could help
to ensure the safe application of this versatile material. Our results
should offer insights into potential toxicity mechanisms of GO in
aquatic ecosystems.
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ig. 3. Light micrographs of liver, gill, and intestinal tissue samples from contro
rrangement of cells, and disintegration of cell boundaries was  expressed by the nu

. Materials and methods

.1. Preparation and characterization of GO

GO was synthesized by a modified Hummers method from nat-
ral graphite powder. Typically, 2 g graphite powder was added
o concentrated H2SO4 (98%, 50 mL)  and stirred for 2 h. Next, 10 g
MnO4 was added gradually, with stirring, and the temperature
f the mixture maintained below 30 ◦C for 3 h. Distilled water
150 mL)  was then added and the mixture stirred at room tem-
erature for another 3 h. The reaction was terminated by adding a
olution of distilled water (400 mL)  containing H2O2 (30%, 25 mL).
he mixture was washed three times with 1 M HCl in aqueous
olution (100 mL  each) and then washed four times with distilled
ater (200 mL  each). Exfoliation was conducted by sonicating a
O dispersion (5 mg/mL) using a power setting of 40 W for 4 h.
he resulted sample was centrifuged at 6000 × g for 5 min, and
he upper solution collected for further experiments. The mor-
hology of GO sheets was characterized under scanning electron
icroscopy (SEM) and TEM. In addition, Raman spectroscopy of
O was performed on an inVia Raman spectroscope (Renishaw plc,
otton-under-Edge, U.K.) with a 532-nm laser source.

.2. Fish maintenance and exposure
Healthy 2-month-old zebrafish were maintained in recirculat-
ng aquarium tanks at 28 ± 0.5 ◦C with a 12:12 light/dark cycle and
ed twice daily with fresh Artemia nauplii.  The fish were acclimated
 GO treated zebrafish. The degree of organ damage including vacuolation, loose
 of “+”.

for 1 week prior to experiments. After acclimation, the fish were
exposed to 0, 1, 5 or 10 mg/L GO for 14 d. Each treatment group
was housed in duplicate 6-L glass tanks (N = 4 tanks per group, 10
males and 10 females per tank). Half of the exposure water in each
tank was  renewed daily.

2.3. Histology

The gills, livers and intestines were collected for histological
examination. Tissues were fixed in paraformaldehyde solution (4%,
w/v) for 24 h then dehydrated in ethanol, embedded in paraffin,
sectioned (3 �m)  and stained with hematoxylin and eosin. Each
section was  examined under a light microscope.

2.4. Biochemistry

Zebrafish were quickly euthanized in melting ice and the liver
tissue was  removed immediately. This was  homogenized on ice
with 200 �L ice-cold physiological saline, then centrifuged at
4000 × g at 4 ◦C for 15 min  and the supernatant collected. Pro-
tein concentrations of these samples were determined with the
Quick StartTM Bradford Protein Assay (Bio-Rad, California, USA).
The supernatants were assayed for glutathione (GSH) and malon-
dialdehyde (MDA) contents, using commercial kits following the

manufacturer’s protocols (Cayman Chemical, Ann Arbor, MI,  USA).

Superoxide dismutase (SOD) and catalase (CAT) were mea-
sured according to Manikandan et al. (2010). Briefly, 100 �L of
liver homogenate was mixed with 750 �L ethanol and 150 �L
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hloroform (both solvents ice cold). Reaction mixtures were cen-
rifuged at 4000 × g for 5 min  at 4 ◦C and supernatants collected.
ext, 500 �L 0.6 mM EDTA and 1 mL  bicarbonate buffer (0.1 M,  pH
0.2) were added to 500 �L of each supernatant. For SOD measure-
ents, the reaction was initiated by the addition of 500 �L 1.3 mM

pinephrine and absorbance was read at 480 nm against a reagent
lank containing buffer instead of liver homogenate. SOD values
ere expressed as absorbance at 480 nm.  To assay CAT, 100 �L liver
omogenate was diluted to a total volume of 1.2 mL  with sodium
hosphate buffer (50 mM,  pH 7.0) and mixed with 1 mL  30 mM
2O2 solution. The optical density of each sample was  measured at
40 nm for 3 min  against a reagent blank containing buffer instead
f liver homogenate. CAT values were expressed as absorbance at
40 nm

.5. Gene expression assay

The zebrafish spleens were homogenized in 1.0 mL  Trizol
eagent (Invitrogen, Carlsbad, CA, USA), and total RNA was
xtracted according the manufacturer’s protocol. Total RNA (1 �g)
as included in a reverse-transcription reaction to produce first-

trand complementary DNA (cDNA) using the ImPromllT Reverse
ranscription System (Promega). IL-1�, IL-6, and TNF-� expression
ere quantitated using SYBR green assays (Applied Biosystems) on

he ABI 7500 Real-Time PCR system. Zebrafish �-actin was used as
tandard to control for the starting quantity of RNA. The sequences
f PCR primers were: 5′-GAGGAGCACCCCGTCCTGCTCAC-3′ and
′-GATGGCTGGACCAGGGCCTCTGG-3′ for �-actin, 5′-TGGCGA
CGTCATCCAAG-3′ and 5′-GGAGCACTGGGCGACGCATA-
′ for IL-1�, 5′-TCAACTTCTCCAGCGTGATG-3′

nd 5′-TCTTTCCCTCTTTTCCTCCTG-3′ for IL-6,
nd 5′-GCTTATGAGCCATGCAGTGA-3′ and 5′-
GCCCAGTCTGTCTCCTTCT-3′ for TNF-� (Yoon et al., 2013).
CR was performed with an initial denaturation of 5 min  at 95 ◦C,
hen 35 cycles were run for 30 s of denaturation at 95 ◦C, 30 sec
f annealing at 55 ◦C, and 30 s of extension at 72 ◦C. The cycle
hreshold (CT) value was calculated to indirectly assess relative
hanges in expression levels based on the 2−��CT method (Livak
nd Schmittgen, 2001).

.6. Data analysis

SPSS statistical software (version 13.0) and Sigma Plot 10.0 were
sed for statistical analysis. Significant differences among control
nd various treatment groups were determined using a one-way
nalysis of variance and Tukey’s multiple range test. Differences
ere statistically significant at p < 0.05.

. Results

.1. Characterization of GO

In the Raman spectrum of GO, two peaks were visible corre-
ponding to the G band at 1600 cm−1, derived from the graphite
tructure, and the D band at 1345 cm−1, derived from defects
Fig. 1a). The morphology and structure of GO sheets were inves-
igated with SEM and TEM. Fig. 1b shows a SEM image of GO, in
hich single flakes of GO were visible. The GO flakes had a crumpled

nd rippled structure with a morphology resembling a thin cur-
ain. These parameters indicated very good exfoliation of graphite

uring the oxidation process. As indicates in Fig. 1c, showing TEM

mages, independent GO sheets were observed. Dark areas indi-
ated the thick stacking nanostructure of several GO layers with the
resence of some oxygen functional groups. Areas of higher trans-
logy 174 (2016) 54–60 57

parency showed much thinner films of a few layers of GO, resulting
from stacking nanostructure exfoliation.

3.2. GO stability in suspension and its acute toxicity to zebrafish

We exposed zebrafish to graded GO concentrations over a period
of 14 d, and monitored its survival. Survival of zebrafish in con-
trols and all groups exposed to GO (1, 5, 10 and 50 mg/L) did not
differ significantly (p > 0.05) (data not shown). However, the GO
sheets tended to aggregate and precipitate over time. Megascopic
precipitate was  observed immediately after higher concentrations
of GO were added to the exposure medium. To compare stability
of GO suspensions during exposure, residual GO in the exposure
medium was monitored by absorbance at its peak wavelength
(230 nm)  (Fig. 2a). As shown in Fig. 2b, the 50 mg/L suspension of
GO showed a dramatic reduction in absorbance during the first few
hours with a decrease to 21.4% and 7% of the initial mass value at 3
and 24 h, respectively. The residual GO of the 10 mg/L GO suspen-
sion decreased more gradually, to 64.3% at 24 h. The 1 and 5 mg/L
GO suspensions were more stable, with 86% and 94%, respectively,
remaining of the initial GO after 24 h. The stability of GO in deion-
ized water and tap water (exposure condition) was  investigated
using TEM (Fig. 2c). GO was dispersed in deionized water and were
laid at room temperature for 24 h. In this suspension, individual GO
sheets were well distinguishable and appeared as single- or few-
layered sheets with the size less than 5 �m.  GO dispersed in tap
water was  seen to be agglomerated into cluster where it was dif-
ficult to distinguish the GO sheets individually. Dark areas in TEM
image of 10 mg/L GO suspension indicated GO with higher con-
centration tend to aggregate to the thick stacking nanostructure in
tap water. Because these data indicated that they would provide
the most reliable exposure, 1, 5 and 10 mg/L GO were selected for
subsequent experiments.

3.3. Histopathology

For histopathological analysis of adult zebrafish 14 d following
GO exposure, control and GO exposed fish were anesthetized, sec-
tioned and stained with hematoxylin and eosin. As shown in Fig. 3,
there was no apparent damage to the gills of fish that were exposed
to GO at any concentration (1, 5 or 10 mg/L), as compared with
those of control fish (Fig. 3e–h). The most significant differences
between control and GO exposed fish were observed in the liver
and intestine. The normal liver is composed of a continuous mass
of hepatocytes with a large number of blood sinusoids (Fig. 3a). The
livers of fish exposed to GO showed vacuolation, loose arrangement
of hepatic cells, histolysis, and disintegration of cell boundaries
(Fig. 3b–d). The damage was more severe and progressive with
higher GO concentrations. Compared with controls, vacuolation,
loose arrangement of intestinal epithelium, histolysis and disin-
tegration of cell boundaries were observed in the intestines of GO
exposed zebrafish. In addition, the number of goblet cells increased
with higher GO concentrations (Fig. 3i–l).

3.4. Analysis of oxidative stress markers

As shown in Fig. 4, exposure to GO, in a concentration-
independent manner, caused a significant change in levels of MDA
and GSH and in enzymatic activities of SOD and CAT. Effects of GO
on MDA  content in zebrafish are illustrated in Fig. 4a. MDA  content
was significantly increased in fish exposed to 1, 5, or 10 mg/L GO
relative to control fish (p < 0.05) on day 1. There were no significant

differences in MDA  levels between GO treated and control zebrafish
on days 4, 8, and 14, except for in those treated with 1 mg/L GO on
day 4. As shown in Fig. 4b, exposure to GO caused a significant
decrease (p < 0.05) in GSH levels on days 1 and 4. However on day
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ig. 4. Changes in concentrations of MDA  (a) and GSH (b) and activities of SOD (
tatistically significant differences from the corresponding exposure day control va

, there was no effect in the group receiving 5 mg/L GO. GSH levels
n GO treated zebrafish were closer to control levels on days 8 and
4. Significantly increased (p < 0.05) SOD and CAT activities were
bserved in all GO exposure groups as compared with in controls
Fig. 4c and d) on day 4. Both enzymatic activities were no different,
owever, in GO treated and control zebrafish on days 1, 8, and 14.

.5. Gene expression of proinflammatory cytokines

The response to inflammatory challenge was analyzed by mon-
toring expression of proinflammatory cytokines in spleen samples
rom GO treated zebrafish. Semi-quantitative RT-PCR was  per-
ormed to evaluate TNF-�, IL-1� and IL-6 expression. Expression
evels of IL-1� and IL-6 after 14 d exposure to GO were signifi-
antly increased in a GO dose-dependent manner (Fig. 5a and b).
L-1� and IL-6 expression was 4.2 and 3.7-fold higher, respectively,
n the spleens of zebrafish treated with 10 mg/mL  GO, as compared

ith in control fish (p < 0.05). However, TNF-� expression was sig-
ificantly elevated only in the group receiving 5 mg/L GO (Fig. 5c,

 < 0.05).

. Discussion

To use GO in real world applications, it will be essential to con-
rm its biocompatibility and toxicity through extensive in vitro and

n vivo studies. GO can cause toxicological effects, as suggested in
 number of reports using both in vivo and in vitro tests (Sanchez
t al., 2012; Seabra et al., 2014). Because natural aquatic systems are
ore complex than the simpler experimental systems used for such

oxicity studies, few reports so far have investigated effects of GO

n aquatic organisms. Depending on pH, ionic strength, concentra-
ion and dissolved organic matter GO can aggregate or agglomerate
n an aquatic environment (Schniepp et al., 2008; Patra et al.,
009). Because aggregation or agglomeration of GO can change
 CAT (d) in liver tissue from GO treated zebrafish. Values are means ± SD (n = 4).
re indicated by *, p < 0.05.

its size, effective surface area, and other physicochemical proper-
ties, it may  affect its toxicity by making it difficult to control the
actual exposure concentrations. We  found that higher concentra-
tions of GO were more likely to aggregate during exposure. This may
have influenced GO uptake, distribution, and toxicity. For example,
the concentrations of residual GO in the 10- and 50-mg/L-treated
groups were similar after 8 h exposure. Such factors may  explain
why GO was toxic to zebrafish in a concentration-independent
manner in this study.

Though the mechanisms responsible for GO toxicity have been
discussed previously, no conclusions were reached that were suffi-
cient to establish risk assessments or regulations (Gurunathan et al.,
2013a; Gurunathan et al., 2013b). Oxidative stress is a mechanism
of toxicity for various nanoparticles and is caused by generation
of reactive oxygen species (ROS) in target cells. It has been sug-
gested that ROS generation is one of the mechanisms of GO toxicity
(Sanchez et al., 2012; Seabra et al., 2014). Normal cellular homeo-
stasis reflects a balance between the level of ROS generation and
ROS elimination or reduction by antioxidant enzymes. ROS lev-
els are maintained by the action of SOD, CAT, or GSH peroxidase;
when levels of ROS cannot be reduced by these cellular antioxi-
dant activities, there may be adverse effects, such as membrane
peroxidation, loss of ions, protein cleavage, and DNA strand break-
age (Di Giulio et al., 1989). In a study on the possible toxicity of GO
toward alveolar macrophages and alveolar epithelial cells, Duch
et al. (2011) demonstrated that GO induced cytotoxicity, through
ROS generation, resulted in impaired mitochondrial respiration and
cell apoptosis. In another study, GO was toxic to MCF-7 cells in a
dose-dependent manner, decreasing cell viability, increasing ROS
generation, and causing lactate dehydrogenase release.
In our study, oxidative markers and antioxidant enzyme activi-
ties were used to evaluate GO-induced oxidative stress in zebrafish.
We found that MDA  levels were significantly elevated in GO treated
groups on day 1. Because MDA  is the product of the reaction
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fter 14 days exposure to GO (1, 5 and 10 mg/L). Values are means ± SD (n = 4).
tatistically significant differences from the control group are indicated by *, p < 0.05.

etween free radicals and unsaturated fatty acids in cell mem-
ranes, this indicated that the increase in lipid peroxidation in
he liver of zebrafish exposed to GO was attributable to ROS
roduction. Simultaneously, we observed that GSH levels were sig-
ificantly reduced in GO treated groups on day 1. The glutathione
ystem is a key nonenzymatic mechanism to scavenge residual
ree radicals generated from oxidative metabolism and those not
ecomposed by antioxidant enzymes (El-Shenawy, 2010). The
bserved decrease in GSH may  reflect its sulfhydryl group becom-
ng oxidized by ROS to form the corresponding oxidized disulfide
ompound. Consistent with our observation, it was reported that
ncreased MDA  and decreased GSH contents were induced by other
ypes of environmental oxidative stressors (Wu  et al., 2011a; Zhao
t al., 2013).

Oxidative toxicity of nanoparticles was reported to activate
r inhibit several antioxidant enzymes (Griffitt et al., 2007; Ma
t al., 2010). SOD and CAT form a vital first-line defense system
gainst oxidative toxicity (Yu, 1994). SOD is crucial in converting
uperoxide radials to H2O2, then CAT facilitates removal of H2O2,
etabolizing it to molecular oxygen and water (Daoud et al., 2012).

n our study, GO treated zebrafish showed significantly increased
OD and CAT activities on day 4. GO exposure stimulated both CAT
nd SOD activities, suggesting that the H2O2 generated by SOD was

irectly removed by CAT. Consistent with our observations, oth-
rs have reported increased SOD and CAT activities in zebrafish
nd Japanese medaka fish in response to oxidative stress caused by
hemicals or nanoparticles (Wu et al., 2011a; Xiong et al., 2011).
logy 174 (2016) 54–60 59

Other studies reported decreased antioxidant enzyme activities,
and attributed these to direct inhibitory effects of chemicals or
nanoparticles on antioxidant enzymes (Wu et al., 2011b; Gomes
et al., 2011). However, we did not observe such inhibition of SOD
and CAT in our study. Furthermore, we observed that MDA and
GSH contents and SOD and CAT activities in GO treated zebrafish
returned to control levels with prolonged GO exposure. This might
have indicated an eventual rebalancing of ROS generation and elim-
ination in the zebrafish.

The oxidative stress response is of great importance in metab-
olizing toxicants and protecting hepatocytes in the liver (Bainy
et al., 1996). We  investigated the effects of GO on several organs
of the zebrafish. Our observations indicated that GO accumu-
lation occurred in the liver and intestine. There were obvious
chronic toxicity responses in these organs after 14 days expo-
sure. Histopathological analysis revealed that GO exposure caused
dose-dependent damage to the liver and intestine of zebrafish,
characterized by vacuolation, loose arrangement of hepatic or
intestinal epithelial cells, histolysis, and disintegration of cell
boundaries. These results indicated that GO ingested by zebrafish
through diet may  be deposited not only in the intestine but also may
be transported to other organs by diffusion and blood circulation.

In recent reports, ROS produced at the wound site was described
as an important cue for acute recruitment of leukocytes during
injury-induced inflammation (Yoo et al., 2011; Deng et al., 2012).
Other publications indicated that ROS acted as signaling molecules
to trigger proinflammatory cytokine production (Nakahira et al.,
2011; Zhou et al., 2011). For example, Bulua et al. (2011) showed
that mitochondrial ROS influenced IL-6 transcription in cell cul-
ture and in a mouse model. Such data led us to further analyze
expression of inflammatory cytokines, including TNF-�, IL-1�, and
IL-6, in zebrafish exposed to GO. These are cytokines primarily pro-
duced during the innate immune response. GO exposure resulted
in upregulation of these cytokines in zebrafish, indicating induc-
tion of an inflammatory response. Zhou et al. (2011) and Nakahira
et al. (2011) demonstrated that, after an inflammatory stimulus,
accumulation of damaged mitochondria precipitated an increase in
mitochondrial ROS production which, in turn, enhanced inflamma-
some activation. Together, these findings suggest that GO exposure
can simultaneously induce ROS generation and an inflammatory
response in zebrafish. To our knowledge, this is first report of GO-
induced immune toxicity in zebrafish.

5. Conclusions

This study demonstrated toxicity in zebrafish caused by GO
exposure. We found that: (1) GO could cause toxic effects despite its
tendency to aggregate in suspensions during exposure; (2) oxida-
tive stress and tissue damage were induced in fish by GO through
ROS, as indicated by the biomarkers MDA, GSH, SOD  and CAT; and
(3) GO caused immunotoxicity in fish as indicated by increased
expression of inflammatory cytokines, TNF-�, IL-1� and IL-6.
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