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Abstract

The presence of natural organic matter such as humic acid (HA) can influence the behavior of graphene oxide (GO) in the aquatic
environment. In this study, zebrafish embryos were analyzed after 5 and 7 days of exposure to GO (100 mg L") and HA (20 mg
L") alone or together. The results indicated that, regardless of the presence of HA, larvae exposed to GO for 5 days showed an
increase in locomotor activity, reduction in the yolk sac size, and total length and inhibition of AChE activity, but there was no
difference in enzyme expression. The statistical analysis indicated that the reductions in total larval length, yolk sac size, and
ACHhE activity in larvae exposed to GO persisted in relation to the control group, but there was a recovery of these parameters in
groups also exposed to HA. Larvae exposed to GO for 7 days did not show significant differences in locomotor activity, but the
RT-PCR gene expression analysis evidenced an increase in the AChE expression. Since the embryos exposed to GO showed a
reduction in overall length, they were submitted to confocal microscopy and their muscle tissue configuration investigated. No
changes were observed in the muscle tissue. The results indicated that HA is associated with the toxicity risk modulation by GO
and that some compensatory homeostasis mechanisms may be involved in the developmental effects observed in zebrafish.
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Introduction environment is of particular interest since it tends to be the
ultimate sink for particulate contaminants. NM can be carried
from emission sources towards aquatic environments via var-

ious routes, including the atmosphere, surface leaching, mu-

There is still a need to fill the knowledge gaps between
nanotoxicological research and nanomaterial safety. Various

physicochemical properties of nanomaterials (NM) and nu-
merous abiotic factors influence the ecotoxicity of
nanomaterials, both spatially and with time. The aquatic
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nicipal wastewater treatment plants, and water purification
activities. Entrance pathways of carbon nanomaterials into
aquatic systems include direct inputs, through the sewage
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and water effluents, as well as indirect inputs, associated with
run-off events or atmospheric depositions (Freixa et al. 2018).
The increasing environmental concentrations (Markovic et al.
2018; Mottier et al. 2017; Pecoraro et al. 2018) underline the
need for studies of the environmental fate of carbon
nanomaterials dispersed in water.

Once in the aquatic environment, NM are highly affected
by their surroundings and consequently undergo transforma-
tions (Ivask et al. 2014). Their toxic effects essentially depend
on several factors such as the formation of aggregates, the
exposure route, dose—response, exposure time, the response
of the receptor organisms, and the interactions in the mecha-
nisms involved in the physiological uptake process (Pecoraro
et al. 2018). Thus, for example, the fate of graphene oxide
(GO) can be affected by the pH and by divalent cations such
as Ca*?, whose presence in the medium promoted less stability
(Chowdhury et al. 2015; Lanphere et al. 2014; Yang et al.
2016; Wu et al. 2013). The last decade of research showed
that NM had the ability to act via multiple pathways apart
from oxidative stress (Bundschuh et al. 2018).

The behavior of NMs in the aquatic environment varies
considerably depending on the environmental conditions.
The natural organic matter, which spreads throughout aquatic
systems, has a mass concentration of dissolved organic carbon
ranging from 0.5 to 100 mg/L (Spencer et al. 2012). Humic
acid (HA), the main existing form of NOMs (natural organic
matters), can interact extensively with various engineered
nanoparticles to improve their stability in aqueous solutions
(Pradhan et al. 2018). The potential contamination of a river or
lake by NM can be mitigated by an abundancy of HA (Kteeba
et al. 2017) since it contains many hydrophilic groups that
show excellent ability to adjust the behaviors and toxicities
of NM in the environment (Zhang et al. 2016). Indeed, some
studies have shown that the presence of HA in the exposure
medium alters the toxicity of the NMs (Dasari and Hwang
2013; Deng et al. 2016; Hu et al. 2011; Kim et al. 2013;
Yang et al. 2011).

GO nanoparticles may undergo complicated environmental
behaviors (dispersion, aggregation, transformation, adsorp-
tion, or sedimentation) after being released into water bodies
(Wang et al. 2018). NOMs can reduce GO aggregation even
under relatively high ionic strength conditions. Hydrogen
bonding, 77t interactions and Lewis acid-base interaction
have been suggested as the principal mechanisms contributing
to GO interactions with HA (Wang et al. 2018). Thus, it is
important to examine the effects of GO on non-target organ-
isms in the presence of different environmental factors such as
HA at relevant environmental concentrations in order to un-
derstand the potential risks of GO.

Castro et al. (2018) showed that the presence of HA
changed the toxic effects of GO on aquatic organisms. In
particular, with respect to the exposure of zebrafish embryo
to GO, although it showed no acute toxicity or malformation,

the larvae showed reductions in overall length and in their
acetylcholinesterase (AChE) activity. In the presence of HA,
the acid phosphatase activity was also inhibited (Clemente
etal. 2017).

AChE activity is necessary for the correct development of
the muscles and protection against damage in the subsequent
stages (Behra et al. 2002). In addition to the neuromuscular
function, it has been shown that AChE is responsible for sev-
eral roles during development (Drews 1975; Soreq and
Seidman 2001). In particular, the morphometric developmen-
tal delay parameters in zebrafish embryos have a moderate
correlation with AChE activity, which is a sensitive marker
of developmental delay in the absence of malformation
(Teixido et al. 2013).

However, GO neurotoxicity is still under investigation
since it can lead to some in vitro effects on neuronal transmis-
sion and functionality, such as inhibition in excitatory trans-
mission, a reduction in the number of excitatory synaptic con-
tacts, and a concomitant increase in inhibitory activity
(Bramini et al. 2016). Considering that Clemente et al.
(2017) observed in vivo but not in vitro AChE inhibition, it
may be possible that there are some non-direct interactions
between the NM and the enzyme. Such interactions need to
be investigated since morphological and biochemical changes
may be related to behavioral abnormalities and affect the sur-
vival of the organism, leading to environmental consequences.

In order to better evaluate larval size reduction and AChE
activity inhibition by GO in the absence and presence of HA,
this work investigated behavioral and morphological (muscu-
lar development) parameters and the AChE expression in
zebrafish larvae exposed to this NM.

Materials and Methods
Materials—graphene oxide and humic acid

In order to carry out this study, single layer graphene oxide
(GO, batch MKBV1192V, code 763713) and the sodium salt
of humic acid (HA) (batch STBCS468V, code H16752, tech-
nical grade, CAS number 1415-93-6), both from Sigma
Aldrich, were used.

Physicochemical characterization of graphene oxide

The GO sample used in this work was well characterized, as
described by Castro et al. (2018). Briefly, the flake size of the
GO ranged from 50 to 650 nm, with a mean value of 225 +
105 nm (atomic force microscopy (AFM—Digital
Instruments Nanoscope 111, Vecco Instruments).

The GO surface chemistry was chemically analyzed using
X-ray photoelectron spectroscopy (XPS—K-Alpha XPS,
Thermo Scientific), showing the following chemical groups
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(% atomic): graphitic/aromatic carbon (3.7%), aliphatic car-
bon (39.8%), epoxy/carboxyl/ester (7.5%). X-ray diffraction
(DRX—Shimadzu, Model XDR7000) and the thermogravi-
metric analysis (TGA, NETZSCH, STA449 F3 Jupiter thermo
analyzer) demonstrated the exfoliation of the graphite and
generation of a single layer of graphene oxide. Raman spec-
troscopy was used to characterize the structural defects of the
GO sample, with an ID/IG value of 1.04 (Raman Confocal
Microscope, Witec Model Apha300).

Dispersion stability of graphene oxide in the presence
and absence of humic acid

A stock dispersion of GO was prepared and used for all the
dispersion stability and toxicity studies in this work. Twenty
milligrams of GO was dispersed in a 20 mL of ultrapure water
and sonicated for 30 min in an ultrasound bath (Cole-Parmer,
Mod. 8891). The HA stock solution (20 mg/L) was prepared
in a culture medium of zebrafish embryos.

The stabilities of the GO (1, 10, and 100 mg Lfl) and HA
(20 mg L") dispersions in the different culture media were
monitored by spectrophotometry with and without HA with-
out changes in solutions (Clemente et al. 2017). The NOM
levels found in most natural waters range from 0.1 to 20 mg/L
(Rodrigues et al. 2009) and the presence of NOM has been
reported to influence on the fate and transport of
nanomaterials (De Marchi et al. 2018a). The HA concentra-
tion used in this work was based on the literature (Botero et al.
2011; Clemente et al. 2017; OECD 2000) since it is represen-
tative of those found in typical surface and groundwaters
(Batley et al. 2013; Li et al. 2009; Wang et al. 2015a). More
than that, HA in a concentration of 20 mg/L (realistic for
surface waters) was able to disperse NPs during periods of
24 h or more (Pradhan et al. 2018).

As fate and effect studies are generally performed in labo-
ratory settings, mimicking to a varying extent realistic expo-
sure conditions is important for the detailed understanding of
the processes controlling the fate and behavior of
nanomaterials. Thus, investigations should be made in envi-
ronmental conditions to obtain an improved knowledge of
their transformation/dissolution and mobility in different
aquatic settings (Peijnenburg et al. 2015). Although the tested
concentrations of GO 100 mg L™ is higher than environmen-
tally relevant concentrations at present (Freixa et al. 2018),
since the objective of the work is to analyze the mechanisms
of toxicity of GO, it was chosen a high concentration because
below its no effects are commonly observed.

Bioassays—mortality or malformation
Zebrafish (Danio rerio, wild type) embryos were kept in

reconstituted water prepared as the moderately hard water
described by USEPA (2002). The characteristics of the water
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used for the embryo exposures were 96 mg L~ NaHCOs, 60
mg/L MgSO,, 4 mg L' KCI, 60 mg L™' CaSO42H,0, pH
7.0 £ 0.5, conductivity 350 + 100 ms cm !, and temperature
27.0 £ 1 °C. Embryos, 4 h postfertilization (hpf), were ex-
posed to graphene oxide forming the following groups: 0
(control), 20 mg L' HA, 100 mg L™ GO, and 100 mg L™
GO + 20 mg L' HA. The exposure was continued for 5 or 7
days in polystyrene Petri dishes (maintaining the ratio of 60
embryos in 50-mL suspension) with a light/dark cycle of 14/
10 hat26+1 °C.

This exposure period covered the embryonic and larval
stage since hatching and major developmental processes of
zebrafish occur during the first 3 days postfertilization (dpf),
and the major organs of zebrafish larvae are developed within
5—6 dpf (Zhang et al. 2017).

Other carbon nanomaterials as nanotubes have low mobil-
ity and bioavailability in aquatic ecosystems, whereas high
persistence in sediment (Schierz et al. 2014). Carbon
nanomaterials as nanotubes at 120 mg/L (Cheng et al. 2007)
and GO at 100 mg/L (Chen et al. 2016a) can adhere in chorion
membrane, blocked the pore canals of the chorionic mem-
brane, and caused marked hypoxia and hatching delay.

Thus, in order to examine the effects that could occur after
an exposition to GO in the presence of HA as observed by
Clemente et al. (2017), the exposure medium of all groups was
renewed only on the 4 days postfertilization (dpf) to provide a
more oxygenated medium for the embryos.

The organisms were evaluated every 24 h regarding the
occurrence of mortality or malformation. At the end of the
fifth and seventh days of exposure, live larvae were
photographed using x 2 magnification for measurement of
their total length and yolk sac width by way of the Optika
View Version 7.1.1.5 software, previously calibrated for a
millimeter scale.

The experimental procedures used in this study were pre-
viously approved by the Embrapa Environment Ethics
Commission (CEUA-Embrapa Meio Ambiente, protocol
002/2014) and the Institute of Biology of Unicamp (CEUA-
IB, protocol 4333-1).

The larvae used in the morphological and behavioral tests
were from the same batch. After the behavioral tests, the lar-
vae were fixed for later analysis by stereomicroscopy and
confocal microscopy (size and somite measurements). The
larvae collected for enzymatic analysis and PCR were imme-
diately washed and frozen (67 larvae for each purpose), and
the results normalized as milligram of protein for AChE and as
milligram of RNA for PCR.

Preparation of fluorescein-labeled graphene oxide
Fluorescein isothiocyanate-coated graphene oxide (FTIC-

GO) was prepared and used to evaluate GO penetration into
the embryo as described by Cheng et al. (2015), and
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preliminary tests were carried out to establish the best prepa-
ration conditions. The final sample, for use in the bioassay,
was prepared by mixing 5 mL of the solution OG 1 g.L™", 50
uL of the solution FITC 1 gL', ¢ 5 mL of ultrapure water.
The mixture was incubated for 20 min in the dark, sonicated
for 4 min, and then dialyzed to remove the free FTIC (Inlab
133 membrane, 24-porosity). Dialysis was carried out for ap-
proximately 4 h, with periodic changes of the dialysis water
and monitoring of the fluorescence emission (Shimadzu RF-
5301 PC, A excitation = 498 nm, A emission = 516 nm). The
fluorescence of the dialysis water fell from 5.3 to 0.09 at the
end of the period. The labeling of the GO-FTIC sample was
confirmed by spectrofluorimetry (Shimadzu RF-5301 PC, A
excitation = 498 nm, A emission = 516 nm) and fluorescence
microscopy. The fluorescence of the GO-FTIC samples was
monitored and shown to be stable for up to 4 days after
preparation.

Penetration of GO in the embryos

Two hours after fertilization, 5 embryos were incubated with
the GO-FTIC solutions (1, 10, and 100 mg Lfl) with or with-
out HA (20 mg L") for 24 h in the dark at 27 + 1 °C, and then
analyzed by confocal microscopy (Zeiss Inverted Microscope
LSM 780 objective EC Plan Neofluoar x 20/0.50 M27, A
excitation = 488 nm, A emission = 559 nm). Since it was not
possible to exclude technical artifacts (see “Results and dis-
cussion”), this test was not performed at later stages of the
zebrafish.

Behavioral analysis

Under laboratory conditions (28.5 °C), zebrafish larvae typical-
ly hatch 2 to 3 dpf. After hatching, they adhere to hard surfaces
through specialized cells present in the head, performing very
little spontaneous swimming activity until 5 dpf, when they
inflate their swimming bladders (Lawrence 2007).

To investigate the swimming behavior in the different
groups, the zebrafish larvae were individually placed in 96-
well culture plates with a final volume of 100 pL of
reconstituted water at 27 £ 1 °C and allowed a period of
adaptation to the environment of 30 min before image capture.
The larvae were previously placed in clean reconstituted water
to eliminate possible residues of GO and HA. The behavioral
analysis was carried out in the light period, which is the period
of greater activity of the animals. The distribution of the ani-
mals on the experimental plate was done in a semi-
randomized way with the purpose of having representatives
of each group in all the lines and columns of the microplate,
reducing the possibility of biases. Each experimental group
was composed of n = 12. The DanioVision system (Noldus,
Wageningen, The Netherlands) was used for the behavioral
analysis. The behavior (speed, distance traveled, and time in

motion) was monitored for 30 min and quantified using the
EthoVision XT software (Noldus, Wageningen,
The Netherlands). The organisms were evaluated at 120 hpf
(5 days) and 168 hpf (7 days).

Analysis of acetylcholinesterase activity

At the end of the fifth and seventh days of exposure, the live
larvae were washed in phosphate buffer (0.5 mol L™', pH 7)
and frozen at — 80 ° C in Eppendorf type microtubes, main-
taining the ratio of 7 larvae to 0.5 mL of buffer. The samples
were homogenized using an ultra-turrax (IKA, China) and
then centrifuged (10 min, 10,000xg, 4 °C). The supernatant
was used for the analysis of acetylcholinesterase activity
(AChE) and protein concentration. Five pools of larvae were
analyzed for each group, and all readings were carried out in
triplicate. The analyses were carried out in a microplate reader
(Tecan Sunrise), determining the protein concentration by the
Bradford method (1976) and the AChE activity according to
the Ellman method (1961), modified for microplate use: 15
uL of homogenate was added to 15 uL of 9 mmol L'
acetylthiocholine and 70 pL of 5,5-dithio bis-2nitrobenzoate
(DTNB) 0.75 mmol L™'. The absorbance was monitored for
5 min at 415 nm, 30 °C.

Extraction of RNA and qPCR

At the end of the exposure period (5 and 7 days), the larvae
were cryoanesthetized and sacrificed by deepening the anes-
thesia and rapidly freezing in liquid nitrogen. For the total
RNA extraction, each sample was composed of a pool of 6
larvae (n = 67 pools/group). The total RNA was extracted
using the conventional TRIzol® protocol (Invitrogen,
Carlsbad, CA, USA), and its concentration and quality deter-
mined using an EpochTM spectrophotometer (BioTek,
Winooski, VT, USA) and agarose gel electrophoresis, respec-
tively. For the reverse transcription step, 1 pg of total RNA
was used by using high capacity (Invitrogen, Carlsbad, CA,
USA). Reactions without RNA were used as the negative con-
trol. Real-time PCR was carried out using the TagMan System
composed of TagMan® Universal Master Mix and TagMan®
Gene Expression Assay (Invitrogen, Carlsbad, CA, USA).
The PCR was done using the real-time PCR 7500 equipment
and the data analysis using the SDS 7500 software (Applied
Biosystems, Foster City, CA, USA). A specific assay for
zebrafish (Dr03093481-m1 Applied Biosystems) was used
for the target gene analysis (acetylcholinesterase) and all
quantifications were carried out in triplicate and normalized
with the endogenous eeflalll control (McCurley and Callard
2008; Tang et al. 2007). To test the efficiency of the PCR
reactions, standard curves were calculated using the formula
E =10 (- 1/slope). The relative quantification (RQ) was cal-
culated from the equation RQ = 2-AACT, described by Livak
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and Schmittgen (2001). Each plate analyzed contained a
cDNA-free sample in order to compose a negative control of
the reactions.

Morphological muscle analyses

After the exposure period to the experimental conditions, the
larvae were fixed in 4% paraformaldehyde (overnight) and
depigmented by incubation for 10 min in a solution containing
3% hydrogen peroxide and 1% potassium hydroxide. The
larvae were then washed and maintained in PBS buffer pH 7
until analyzed. The larvae muscle tissue was analyzed by con-
focal microscopy (Zeiss Inverted Microscope LSM 780 x 40
oil immersion objective, N.A. 1.3), using the second harmonic
generation technique (SHG). A pulsed femtosecond laser
(Mai Tai HP Spectra Physics, ~ 100 fs, 80 MHz) was used
as the excitation source at 800 nm and a 415-nm short-pass
filter selected the backscattered SHG signal. Images were ob-
tained from the somites near the tail (somites 20—24) (Huang
et al. 2011), taking images of at least 10 larvae per group and
measuring the width of 8 somites/larvae (Fig. 1). The sarco-
mere width was measured as described by Huang et al. (2011)
analyzing images of 5 larvae/group. At least 20 measurements
were taken of the sarcomere of each larva.

Statistical analysis

The data were analyzed by two-way ANOVA (considering the
factors of graphene oxide and humic acid) followed by the
Bonferroni test after a significant ANOVA. The significance
of the data was accepted when p < 0.05.

The data were presented as the mean values + SEM. The
statistical analysis was carried out using the GraphPad Prism
version 5.0 for all analyses (GraphPad Software, San Diego,
CA, USA).

Results and discussion
Physicochemical characterization of graphene oxide

Graphene oxide (GO), obtained commercially from Sigma-
Aldrich, was characterized according to Clemente et al.
(2017). Only carbon and oxygen atoms were identified in
the survey spectrum, suggesting an extremely pure sample.
In addition, an oxygen content of approximately 32.2% was
found, confirming the presence of oxygenated groups on the
GO surface. The GO remained stable for 4 days (96 h) in
ultrapure water, presenting about 70% of the initial
absorbance.

The slower aggregation of GO in the presence of HA can
be explained by the fact that, due to the ionic strength of the
medium, there was an increase in surface charge density and a
reduction in repulsive electrostatic strength, which, as a result,
caused aggregation of the material (He et al. 2017).

Dispersion stability of graphene oxide in the presence
and absence of humic acid

In reconstituted water (zebrafish media), there was intense
aggregate formation and rapid GO precipitation, reducing
the initial absorbance to almost 0% after 24 h of incubation.
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Fig. 1 Measurement of the length of the zebrafish larvae sarcomeres
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The dispersion—aggregation of graphene-based
nanomaterials and their desorption properties may be modi-
fied depending upon their surrounding solution chemistry and
environmental conditions, which control the transport and fate
of graphene-based nanomaterials and pollutants (Huang et al.
2019). Recent studies have demonstrated that the presence of
humic acid can enhance the stability of graphene oxide in
aquatic environments. Furthermore, it has been reported that
graphene oxide can adsorb humic acid via hydrogen bonds,
Lewis acid-base interactions, 7t—7t interactions, and steric re-
pulsions (Clemente et al. 2017; He et al. 2017). The presence
of NOM enhanced the steric hindrance among the particles
and subsequently increased particle stability during transport.
The NOM increased the absolute surface potentials of carbon
nanoparticles by absorbing at the particle surface. As a conse-
quence, the electrostatic repulsion among particles increased
resulted in less retention (Jahan et al. 2019). GO morphology,
aggregation, and transport behavior would be significantly
altered by NOM, especially NOM fractions that are highly
aromatic and have a larger molecular weight (Shen et al.
2019).

The addition of HA to reconstituted water enhanced the
GO stability, similar to ultrapure water, but aggregation was
slow. The addition of HA in reconstituted water enhanced the
GO stability, similar to ultrapure water, with slow aggregation.
In fact, after 96 h, GO showed 90% of its initial absorbance
(Clemente et al. 2017).

Bioassays—mortality or malformation

The production of GO is increasing and it can be released into
different environmental compartments. In addition, the pres-
ence of HA in the medium increases its colloidal stability.
Indeed, GO in the presence of HA had a pronounced effect
on the development of zebrafish embryos (Clemente et al.
2017) and on some other organisms (Castro et al. 2018).
Throughout the present study, the mortality of the organ-
isms was less than 10% for all groups, including the control
group, validating the results obtained (OECD 2013). All the
live embryos hatched between 3 and 4 dpf, and larvae exposed
to GO for 5 days were smaller in relation to those of the
control group and showed a reduction in yolk sac size (Fig.
2a, panel E). The presence of HA in the exposure medium
reduced this effect of GO after 7 days of exposure (Figs.
2a, b, panel E). ANOVA data of zebrafish malformation and
behavior are presented in supplementary material—Table S1.
D’Amora et al. (2017) verified that GO induced a signifi-
cant reduction in the hatching rates, heart beat rate, and fre-
quency of movement. At 50 and 100 pug mL ™", the survival
rates were under 80% between 72 and 120 hpf, respectively. In
the present study, however, GO exposure were not able to
interfere on the timing of hatch due to its coating. In this
way, some authors observed that hatching rates were unaltered

by GO (Soares et al. 2017) and apparently GO did not block
the pores of the chorion of approximately 0.6 mm in diameter,
allowing the nanomaterials to pass through the chorion by
passive diffusion (D’Amora et al. 2017). Chen et al.
(2016a), instead of GO coating, also observed that GO spon-
taneously penetrated the chorion, entered the embryo via en-
docytosis, damaged the mitochondria, and primarily
translocated to the eye, heart, and yolk sac regions.

Penetration of fluorescein-labeled graphene oxide
in the embryos

The adsorption of FTIC by GO and the confocal microscopy
images of the embryos incubated with GO-FTIC, only detect-
ed the presence of GO-FTIC aggregates in embryos exposed
to 1 mg L' (Fig. 3 panel d).

Fluorescein-labeled graphene oxide was used to visually
confirm the penetration of GO through the embryo chorion
and to relate this to the results of the bioassays. In the litera-
ture, the occurrence of malformations and histopathological
lesions has been reported in the gut, liver, gills, and heart of
zebrafish exposed to GO (Souza et al. 2017; Wang et al.
2015b). Despite the fact that the technique allowed the visu-
alization of an increase in fluorescence around the chorion and
the embryo with increasing exposure concentration to GO-
FTIC, autofluorescence similar to FTIC was observed in the
control group embryos. Thus, it was not possible to be sure
about the presence of GO in the embryo.

The optical properties of a NP can interfere with the end-
point measurement of absorbance or fluorescence in a bio-
chemical assay. Higher concentrations of NPs (> 10 mg/L)
have a greater probability of interfering with assay function,
and the use of such concentrations is not uncommon in toxi-
cological studies. The addition of analytes (i.e., cells, tissue
sample) will modify the degree of NP interference; therefore,
the practice of testing for interference by measuring addition
of NP to assay reagents may not be adequate. In case graphene
shows interference, possible solutions may be to use wave-
lengths that will not overlap with that of graphene. Thus, due
to the many potential artifacts when testing nanomaterials, it is
always wise to use more than one type of assay based on
different principles. Quality control practices will allow for
the appropriate interpretation and evaluation of published re-
sults and provide accurate scientific data for the establishment
of regulations related to safe NP production, utilization, and
disposal (Ong et al. 2014; Park et al. 2017). Moreover, the use
of fluorescence can lead to artifacts in uptake and transloca-
tion studies also with nanoplastic (Catarino et al. 2019; Schiir
etal. 2019).

Determination of the absorption of NM requires detection
in internal tissues, which has been limited by available tech-
nology. For carbon-based NM, the methods most employed to
determine embryo penetration by GO are radio-labeled
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Fig. 2 Physical and behavioral analysis (n = 12) of five (a) and seven (b)
day zebrafish larvae after GO exposure. The parameters measured were A
- distance, B - velocity, C - time, D - total length, E - yolk sac, F - AChE

materials or organic solvent extractions, although others could
be developed (Handy et al. 2018). Su et al. (2017) found that
small few-layer graphene particles exhibited greater bioaccu-
mulation in zebrafish embryos and stronger chorion penetra-
tion ability than larger ones. The uptake measurements were
done by high-resolution transmission electron microscope
(HRTEM) analysis and radioactivity, using liquid scintillation
counting. In vitro tests could also be carried out to investigate
GO uptake by cells using a flow cytometer (Oh et al. 2017).
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Since particle size is an important physicochemical factor
accounting for the uptake, internalization, and subsequent dis-
tribution of NMs (van Pomeren et al. 2017) and in systems
that are not colloidally stable, the NM may aggregate in the
cell media and form aggregates that are too large for cell
internalization and remain fixed to the outer cell membrane
(Paatero et al. 2017); it may also be that the developmental
phase of the zebrafish did not favor the uptake of NM. The
function of the biological barriers for transport and
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biodistribution gradually matured from 3 to 7 dpf, and togeth-
er with their maturation, the transport and biodistribution of
NM could change (Li et al. 2017). Thus, to improve the accu-
racy of embryo nanotoxicity evaluation in future studies, tests
will be carried out on different dpf to identify critical windows
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for exposure and with other methods beyond fluorescence
detection to verify GO tissue penetration since artifacts can
lead to erroneous conclusions.

Although the penetration of the GO used in this study into
the embryos was not completely confirmed, the effects due to

@ Springer



30516

Environ Sci Pollut Res (2019) 26:30508-30523

=

Fig. 3 Demonstrative images of the confocal microscopy of zebrafish embryos after 2-h incubation with GO-FTIC. a, b Control; ¢, d 1 mg/L GO; e 10
mg/L GO; f, g 100 mg/L GO; h, i | mg/L GO + HA; j, k 10 mg/L GO + HA; 1 100 mg/L GO + HA. The black arrow indicates a GO aggregate

exposure to this NM were observed. It can be discussed if the
GO penetrated or not the embryo by chorion. Some papers in
the literature indicate the occurrence of graphene internaliza-
tion in zebrafish embryos (Chen et al. 2015; Wang et al.
2015b). These excellent papers about GO toxic effects usually
promoted a static renewal of media every day and then en-
sured the maintenance of GO concentration (Dasmahapatra
et al. 2019). Although these results have substantially in-
creased our understanding of the basic mechanisms underly-
ing the effects of GO toxicity, this knowledge was obtained
from studies based on high-GO levels and may overestimate
GO toxicity. About this, the stability of nanomaterials in a real
aquatic environment governs their ecotoxicity and may inter-
fere with its availability to the organisms. For example, NP
may be coated with biomolecules almost spontaneously
(Falahati et al. 2019). Also, HA has a shielding effect on GO
adsorption rate of molecules (Lu et al. 2018). These interfer-
ences ultimately decrease the available concentration of GO to
organisms.

The permeability and structure of the chorion change
throughout embryonic development and can be altered by
exposure to xenobiotics. For approximately 72 h, the devel-
oping embryo is enveloped by the chorion, which, according

@ Springer

to Pelka et al. (2017), acts as a barrier to molecules larger than
4000 Da.

However, they noticed that other parameters such as lipo-
philicity, charge, and specific molecular conformation may
play an important role in the definition of the uptake of
chemicals across the chorion of the zebrafish embryo.
Additionally, a progressive change in the chorion structure
has been reported during embryonic development. In conse-
quence, future studies are needed to understand chorionic in-
fluences on the uptake of chemicals ranging in molecular size
and physicochemical properties among fish models (Kristofco
et al. 2018).

The chorion is a 1.5- to 2.5-pum-thick acellular membrane
composed of 3 layers, perforated by porous channels that are
uniformly distributed throughout it and range from 0.2 um (in
the unfertilized egg) to 0.5-0.7 um in fertilized eggs. Thus,
considering that the literature has reported chorion pore sizes
between 300 nm and 1.0 um (Lin et al. 2013), it is possible
that GO could penetrate the chorion and reach the embryo,
due to its hydrodynamic size (particle diameter in suspension)
of approximately 255 nm at least during initial 24 h.

Beyond, the ultralow concentration of GO was able to cross
the cell membrane and accumulated on larvae organs (Ren
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etal. 2016). Indeed, Zhang et al. (2017) noticed that there was
a nonmonotonic response of zebrafish developmental toxicity
to GO at microgram per liter to milligram per liter levels.
According to them, the development of zebrafish embryos
exposed to trace concentrations (1-100 pg/L) of GO was im-
paired because of DNA modification, protein carbonylation,
and excessive generation of reactive oxygen species. Thus,
even with the GO’s aggregation, a small amount of GO that
were able to penetrate the embryo may have caused the ob-
served changes. This hypothesis should be better evaluated in
future studies on embryos with and without chorion. In future
analyses, exposures can be performed on embryos that have
been removed from the chorion which increases the GO’s
ability to enter the embryo in order to compare the effects with
current data.

Moreover, HA altered the uptake and deposition of GO and
decreased the aggregation of GO in embryonic yolk cells and
deep layer cells (Chen et al. 2015). Some studies revealed that
solution chemistry could affect the heteroaggregation behav-
ior of GO (Feng et al. 2019). The existence of branches in HA
molecules may result in the formation of looser coils or net-
work formation may have an effect on the extent of agglom-
eration with ionic strength (Batley et al. 2013). Thus, interac-
tions between nanomaterials and HA may be influenced by
the concentration of HA (Huang et al. 2019).

Nevertheless, dynamic of GO aggregation in test media
should be better studied. Because aggregation or agglomera-
tion of GO can change its size, effective surface area, and
other physicochemical properties, it may modulate its toxicity
to aquatic organisms and could interfere with GO’s ability to
pass through the chorion (Dasmahapatra et al. 2019).

Behavioral analysis

Zebrafish are also considered to be an excellent animal model
for the investigation of developmental toxicity mechanisms in
environmental studies. The zebrafish brain shows complex
cognition and biochemical functionality, comparable to that
of mammals (Meshalkina et al. 2017; Strungaru et al. 2018).

Some evidence of GO neurotoxicity has recently been pub-
lished in the literature. Mendonga et al. (2015) reported that
reduced GO induces a transient opening in the blood-brain
barrier, being found mainly in the thalamus and hippocampus
ofrats. The motor development of zebrafish embryos provides
a framework for neurotoxicity studies.

During embryogenesis, zebrafish embryos exhibit sponta-
neous movements, referred to as coiling. The locomotor rep-
ertoire of the zebrafish larva is relatively stereotyped (Airhart
et al. 2007; Drapeau et al. 2002), with some possible maneu-
ver categories (Knafo and Wyart 2018). Swimming starts
when the pre-motor chemical synaptic unit integrates since
this movement requires functional neuromuscular coordina-
tion. The swim bladder and sensory systems such as vision

become functional 5 dpf, and the larvae then begin to move
and swim spontaneously (Colwill and Creton 2011; Drapeau
et al. 2002). Swimming becomes sustained when serotonergic
modulation is integrated (Colwill and Creton 2011).

The results obtained indicated that, regardless of the pres-
ence of HA, the larvae exposed to GO for 5 days showed an
increase in locomotor activity. Larvae exposed to GO for 5
days swam longer distances at greater velocities than the con-
trol groups and showed movement for longer periods (Fig. 2a,
panels B and C). However, the tests carried out in larvae after
7 days of exposure showed no statistically significant differ-
ences between the groups with respect to locomotor activity
(Fig. 2b, panels A-D).

The greater physical activity of the 5-day larvae may have
resulted in greater energy expenditure by this group, as evi-
denced by the reduction in yolk sac size. Larvae exposed to
GO for 5 days were also smaller than those of the control
group. The yolk sac plays an important role during the early
developmental stage since it is the only source of nutrition for
zebrafish embryos. The loss of nutrients may induce growth
inhibition in zebrafish embryos (Qiang et al. 2016).

In order to verify the persistence of the effects observed, the
tests were repeated after 7 days of exposure but did not show
statistically significant differences between groups with re-
spect to locomotor activity. The results lead one to suppose
that on 7 dpf, compensatory mechanisms minimize the behav-
ioral changes previously observed.

Neural networks in the spinal cord are responsible for the
generation and execution of movements in zebrafish. The ac-
tivity of the spinal neuronal circuits is regulated principally by
the cholinergic system, that differentially controls the excit-
ability of distinct classes of motoneurons in a muscarinic-
dependent manner, that seems to serve as a plasticity mecha-
nism to alter the operational range of the locomotor networks
(Bertuzzi and Ampatzis 2018). Cholinergic signaling has crit-
ical roles during central nervous system development and
functional neuronal nAChRs are present within the spinal cord
at the time when locomotor output in zebrafish first begins to
manifest itself (Menelaou et al. 2014). In the developing spi-
nal cord, the motoneurons play an active role in the regulation
of motor activity. However, at the beginning of zebrafish de-
velopment, the motoneurons release a second excitatory trans-
mitter (glutamate) in addition to Ach at the neuromuscular
junction, and this phenomenon is abolished or reduced later
in development (Falgairolle and O’Donovan 2019).

Analysis of acetylcholinesterase activity

AChE activity can be used as a marker of cholinergic function
since it regulates the amount of ACh that interacts with its
receptors, and zebrafish embryos represent a suitable model
to study acetylcholinesterase inhibition (Kais et al. 2015;
Koenig et al. 2016). The AChE activity is expressed as from
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14 hpf in zebrafish (Valim Brigante et al. 2018) and its inhi-
bition can lead to spine curvature and shortened tails in the
embryos (Jeon et al. 2016). Previous studies showed that the
exposure of zebrafish of 96 hpf to an AChE activity inhibitor
(chlorpyrifos) may lead to a decreased locomotion (Jin et al.
2015).

The timing and duration of developmental exposure to cho-
linesterase inhibitors can influence the nature of behavioral
response profiles.

In the present study, an alteration in AChE activity was
observed in the group exposed to GO after 5 and 7 days of
exposure as compared with the control group. On the other
hand, the enzyme activity was the same in the group co-
exposed to HA (Figs. 2a, b, panel F).

Hu et al. (2017) showed that exposure of the parents to
trace concentrations of GO (0.01 to 1 ug L") did not provoke
obvious neurotoxicity in the parents, but did in their offspring,
which presented a reduction in AChE activity among other
effects. In fact, it seems there is significant inhibition of
AChE by carbon nanomaterials (CNT), probably due to their
high affinity for AChE (Wang et al. 2009) in different organ-
isms such as bivalves (De Marchi et al. 2018b) and in fish
(Cimbaluk et al. 2018). AChE responds to various stresses
including oxidative stress (Chacon et al. 2003), and the liter-
ature reports a role of HA as a metal and ROS sequestrant
(Kudryasheva and Tarasova 2015; Ozkan et al. 2015). Chen
etal. (2016b) indicated that the exposure of zebrafish embryos
to GO caused changes in oxidative stress biomarkers on the
first and fourth days of exposure, but that the values were
normalized after 8 and 14 days of exposure (1 to 10 mg L™
GO). Thus, HA could prevent some of the oxidative stress
effects on AChE.

It is also possible that GO leads to an interruption in ho-
meostasis during the developmental plasticity phase of
zebrafish. In addition to the cholinergic systems, other sys-
tems such as the dopaminergic system play a role in the de-
velopment of locomotion and swimming (Lia et al. 2017;
Pereira et al. 2012; Reimer et al. 2013; Smeets and Gonzalez
2000). Indeed, exposure to GO caused behavioral changes in
zebrafish larvae due to a loss of dopaminergic neurons (Hu
et al. 2017; Ren et al. 2016; Soares et al. 2017), which could
be verified in future studies.

Extraction of RNA and qPCR

An increase in the expression of AChE may have been one of
the mechanisms involved in AChE homeostasis. Kaufer et al.
(1998) showed that a modulated cholinergic gene expression
acted to reduce available acetylcholine and depress choliner-
gic neurotransmission following stress such as forced swim-
ming or after exposure to AChE inhibitors. The authors pro-
posed a bidirectional modulation of genes that regulate
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acetylcholine availability after stress and a blockade of
AChE that involves calcium-dependent changes in the gene
expression.

In the present study, the RT-PCR analysis indicates a lack
of statistically significant difference among the groups with
respect to the AChE gene expression on 5 dpf fishes but not on
7 dpf ones when the RT-PCR gene expression analysis evi-
denced an increase in the AChE expression (Figs. 2a, b, panel
Q).

Toxicants may modulate the acetylcholinesterase ac-
tivities not only by direct interaction with the enzyme
but also by manipulating the expression and biosynthesis
of acetylcholinesterase or by neuronal cell degeneration
(Kais et al. 2015). Altenhofen et al. (2017) suggested
that the inhibition of AChE may induce increased avail-
ability of ACh in the synaptic cleft, possibly due to post-
transcriptional or post-translational modulation. It has
further been suggested that changes in the AChE
mRNA expression may be due to changes in transcrip-
tion factors, which consequently alter cell signaling and
gene expression (Akinyemi et al. 2017). In this way, GO
could inhibit RNA translation into protein. This hypoth-
esis is supported by fish results on day 7 which behavior
recovery may be due to an increase in mRNA expres-
sion, but with a decrease in AChE activity.

Morphological muscle analyses

Behavioral changes in zebrafish larvae may be related to
a breakdown of myosin fibers, resulting in changes in the
skeletal muscle (Peng et al. 2015), or to a microstructural
disorder with shortening of the sarcomeres (Huang et al.
2011). The muscle tissue images obtained by SHG in
this study did not indicate morphological differences be-
tween the groups and there were no statistically signifi-
cant differences between the groups in relation to the
somites and sarcomeres (Fig. 4). Thus, changes observed
in larval size and AChE activity do not appear to be
related to changes in the muscle tissue. The occurrence
of some disturbance during neurological development
may result in the disruption of normal development.
The larvae at 5 and 7 dpf were showed in Fig. 5.

Locomotion is usually controlled by neuronal networks (Le
Ray et al. 2011). The relationship between behavior and the
neural system has been studied in zebrafish. For example, the
mycotoxin ustiloxin A can cause developmental impairment
and growth inhibition on early life zebrafish including shorter
body length probably due to a microtubule inhibition and gene
expression damage (Hu et al. 2019). Moreover, significantly
abnormalities of n¢#/ and shh expression were consistent with
body length reduction in deltamethrin-treated groups (Liu
et al. 2018).
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Fig. 4 Analysis of the muscle tissue of 5-day zebrafish larvae. The pa-
rameters measured were the widths of the somites and sarcomeres (pm)
after exposure to 100 mg/L. GO in the presence or not of HA. In each
group, 20 measurements of somites 20-24 of 5 larvae were made. For the
analysis of the sarcomeres, 5 larvae/group were used and 20 measure-
ments made of each one

An alteration in ACh levels at the neuromuscular
junction could impact muscle development. Thus, it is
possible that other factors may be involved in the

Fig. 5 Zebrafish embryos and
larvae exposed to GO (100 mg
L") and/or HA (20 mg L Yats
dpf (a control, ¢ GO, e GO + HA,
g HA) and 7 dpf (b control, d GO,
f GO + HA, h HA)

obtained results. In fact, some molecular interactions
and unexplored mechanisms may contribute to the GO
developmental toxicity. During innervation, the structural
specializations of the postsynaptic membrane are main-
tained by a specialized network of the cortical actin cy-
toskeleton and comprising, in addition to muscle-specific
receptor tyrosine kinase (MuSK) and rapsyn, the
dystrophin-glycoprotein complex. Activation of MuSK
triggers the assembly of a postsynaptic cytoskeletal scaf-
fold that clusters Ach receptors through the associated
cytosolic protein rapsyn (Tintignac et al. 2015). Also,
GO aggregation might favored this unchanged muscle
tissue images since the amount that can cross the chorion
during this critical period might be decreased.

Conclusion

The present study demonstrated that exposure to GO was
capable of inducing biochemical, morphological, and be-
havioral changes in zebrafish larvae even with the aggre-
gation of part of the GO concentration. These effects
were evident after 5 days of exposure. After 7 days of
exposure, the reductions in the larval and yolk sac sizes
and in acetylcholinesterase activity persisted, but the be-
havioral changes were no longer evident, indicating that
compensation mechanisms established homeostasis in the
zebrafish development. Increased expression of AChE
appears to be one of the compensatory mechanisms in-
volved in the effects observed here and HA seems to be
associated with the modulation of the risk of GO toxic-
ity. The recovery of the parameters evaluated could also
be related to a reduction in the reactive species generated
due to exposure to GO by the HA. These hypotheses
should be better evaluated in future studies.

1 mm

1mm
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