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Abstract

Graphene Oxide (GO) is an important carbon Nanomaterial (NM) that has been used, although
limited literature is available regarding the impacts induced in aquatic organisms by this
pollutant and, in particular in invertebrate species. The polychaete Diopatra neapolitana has
frequently been used to evaluate the effects of environmental disturbances in estuarine systems
due to its ecological and socio-economic importance but to our knowledge no information is
available on D. neapolitana physiological and biochemical alterations due to GO exposure.
Thus, the present study aimed to assess the toxic effects of different concentrations of GO (0.01;
0.10 and 1.00 mg/L) in D. neapolitana physiological (regenerative capacity) and biochemical
(energy reserves, metabolic activity and oxidative stress related biomarkers) performance, after
28 days of exposure. The results obtained revealed that the exposure to GO induced negative
effects on the regenerative capacity of D. neapolitana, with organisms exposed to higher
concentrations taking longer periods to completely regenerate and less regenerated segments.
GO also seemed to alter energy-related responses, especially glycogen content, with higher
values in polychaetes exposed to GO which may result from a decreased metabolism (measured

by electron transport system activity), when exposed to GO. Furthermore, under GO



contamination D. neapolitana presented cellular damage, despite higher activities of antioxidant
and biotransformation enzymes in individuals exposed to GO.
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1. Introduction

Nanomaterials (NMs) are defined as materials with at least one external dimension in the
size range of 1 to 100 nanometers, including nanofilms, nanowires and nanotubes or
nanoparticles (Poto¢nik, 2011). Electromagnetic, optical, catalytic, mechanical, thermal, and
pharmacokinetic properties are important characteristics of NMs. Due to these properties, NMs
are increasingly being used in many different applications such as scientific, environmental,
industrial, and medical, with an increase of global manufacturing products of 15% in 2015 (Renn
and Roco, 2006).

Graphene, a commonly used NM, is a carbon material with sp?-hybridized single-atom-
layer structure. Few-layer graphene, graphene nanosheets and graphene oxide are related
materials of graphene which can be included in graphene family materials (GFMs) (Sanchez et
al., 2012). GFMs are characterized by their electronic and mechanical properties, specific
magnetism, high mobility of charge carriers, high thermal conductivity, electrocatalytic activities
and mechanical strength (Jastrzebska and Olszyna, 2015’ Zhang et al., 2012) Graphene oxide
(GO) is characterized by a structure of sp? carbon, oxygen, and hydrogen in variable ratios,
which can be obtained by oxidizing graphite in an acidic medium (Hummers and Offeman,
1958). In GO the carbon atoms covalently bonded to oxygen containing groups are sp* hybrids
and can disrupt the sp?-conjugated system of graphene lattice structure (Mas-Ballesté et al.,
2011). The sp* hybridized regions are distributed on the basal plane of graphene sheets or at the
edges (Schniepp et al., 2006), making GO sheets hydrophilic, which allows them to disperse in
water (Hirata et al., 2004). Chowdhury et al. (2013) investigated the aggregation Kkinetics and
stability of GO in a water system using a wide range of aquatic chemistries (pH, salt types
(NaCl, MgCl,, CaCl,), ionic strength) demonstrating that within approximately one month GO in
natural surface water is consistently stable, indicating the potential for long-term transport of GO
in the water cycle. Due to these properties, GO already demonstrated high potential for a large
variety of applications (Petrone et al., 2013.Yin et al., 2014; Wang et al., 2015; Kucinskis et al.,
2013; Zhang et al., 2011) Considering the increase of use and production of GFMs, and the
consequent release into the environment, the toxic effects on ecosystem is becoming an urgent
issue (Jastrzgbska and Olszyna, 2015).

Manufactured GFMs enter the environment through intentional and unintentional releases
(Klaine et al., 2008). This release can originate from wastewater treatment plants discharges,
landfills and waste incineration plants, by accidental spills during production or transport of

nanomaterials or from release during use (Gottschalk et al., 2015). In the environment,



organisms are able to uptake nanomaterials in different ways: direct ingestion or from
contaminated prey, water filtration, inhalation, and surface contact (Cattaneo et al., 2009).
Recent studies have shown that GO, but in general GFMs, are able to interact with biomolecules
causing the generation of ROS (reactive oxygen species) in target cells as potential mechanism
for toxicity (Sanchez et al., 2012). In fact, the extremely high hydrophaobic surface area of these
nanomaterials may lead to significant interactions with membrane lipids causing direct physical
toxicity or adsorption of biological molecules (Sanchez et al., 2012). Therefore, the knowledge
on GFMs effects and concentrations in the environment, especially in aquatic ecosystems, is an
emerging issue (Klaine et al., 2008; Oberdorster et al., 2006; Zhao et al., 2014). So far concerns
on GFMs toxic impact was first highlighted in Jastrzgbska and Olszyna (2015) and few studies
have focused on the toxicity to biota, especially on aquatic environments (Chen et al., 2012;
Pretti et al., 2014). In addition, the majority of studies concerning carbon NMs impacts to
aquatic organisms are focused on freshwater species (Zhou et al., 2012; Chen et al., 2012) and
information about the toxicity of carbon NMs on invertebrates is even scarcer (Marques et al.,
2013; Mesari¢ et al., 2013; Pretti et al., 2014; Al-Subiai et al., 2012). Pretti et al. (2014) showed
that graphene induced oxidative stress in crustacean Artemia salina exposed to 1mg/L for 48h,
with increasing lipid peroxidation levels and activity of antioxidant enzymes such as catalase and
glutathione peroxidase. Mesari¢ et al. (2013), studied the possible effect of GO on cyprids
(Amphibalanus amphitrite), and revealed that the increase of GO concentrations (1; 10; 100;
500; 750 and 1.000 mg/L) and increased exposure time (24, 48 and 72h) lead to a decrease in the
swimming speed of nauplii and an increase of mortality. Al-Subiai et al. (2012) demonstrated
DNA damages in mussel Mytilus sp. exposed to Cg (0.1 and 1.00 mg/L) after 3 days. Marques et
al. (2013) demonstrated that nCg induced oxidative stress on polychaete Laeonereis acuta
exposed to 0.01, 0.10 and 1.00 mg/L for 24h. In fact, limited information is known on the effects
of these emerging pollutants on invertebrates, especially polychaetes.

Considering the importance of polychaetes, their key role in the functioning of estuarine
coastal ecosystems and their capacity to respond to stressful conditions (Dean, 2008), in the
present study we investigated the biochemical and physiological alterations induced by GO in
Diopatra neapolitana (Delle Chiaje 1841) (Annelida, Onuphidae). D. neapolitana is a 15-50 cm
long sedentary marine polychaete that lives inside a membranous tube buried in the sediment
that provides protection from disturbance and predation (Cedex, 1924). This species inhabits the
intertidal mudflats of estuaries and shallow water bodies in the Atlantic, Indian Oceans (Cedex,
1924; Arias and Paxton, 2015) and Mediterranean Sea (Dag li et al., 2005). It is already known

that some polychaete species have the ability to regenerate entire or single body segments (Bely,



2006). D. neapolitana is able to regenerate anterior segments and prostomial structures. This
species is intensively collected by bait diggers to be used as fresh fish bait (Cunha et al., 2005)
and are an important food source for populations of birds, fish and other invertebrates, therefore
playing an important ecological role. Previous studies already demonstrated that D. neapolitana
is a good bioindicator of metal contamination (Freitas et al., 2012), organic matter enrichment
(Carregosa et al., 2014), pharmaceutical drugs (Freitas et al., 2015), salinity shifts and pH
decreases (Pires et al., 2015). However, no information is available on D. neapolitana impacts
caused by carbon NMs, namely GO. In the present work, we used three different GO
concentrations (0.01; 0.10 and 1.00 mg/L). Recently Sun et al. (2016) developed a customized
dynamic probabilistic material flow model (DP-MFA) that predicted concentrations of the
several Engineered NMs, in waste streams and environmental compartments, in EU by 2020.
The obtained model projections showed that predicted concentrations of carbon nanotubes in
surface waters are in the ng/L range (mean values of 0.97 ng/L). Compared to the concentrations
tested in this study, these predicted values are three to four orders of magnitude lower than the
values tested in the present study. However, other studies have already demonstrated
biochemical and physiological responses on vertebrate (Kataoka et al., 2016) and invertebrate
species (Pretti et al., 2014; Jastrzgbska and Olszyna, 2015) at concentrations similar to the ones
tested in the present study. Furthermore, effects of nanotoxicity on biological growth, cellular
structure, oxidative stress, signal pathway, proteins and genes on invertebrates species,
particularly on polychaetes, are still unclear (Mu et al., 2016). For these reasons, the importance
of investigating the toxic effects on biological systems by these new emerging contaminates is an
urgent issue to address. Furthermore, to our knowledge, no studies are known on the effect of
GO on invertebrates after long-term exposure. Therefore, in the present study the biochemical
and physiological alterations induced in D. neapolitana after 28 days exposure to GO were
assessed, measuring polychaete regenerative capacity, metabolic potential, energy reserves,

defense mechanisms and cellular damage.



2.Material and methods

2.1 Sampling and experimental conditions

D. neapolitana was collected in the Mira channel, the southern shallow arm of the Ria de
Aveiro lagoon (Portugal). Organisms were collected in September to avoid the species
reproductive period (Pires et al., 2012). After sampling, specimens were transported to the
laboratory inside their tubes using plastic containers. In the laboratory, D. neapolitana specimens
were pushed out from their tubes and placed in an aquarium for a 20 days acclimation period.
The aquarium was filled with a mixture of fine and medium sediment from the sampling area (a
clean sampling area with sediment median value 1.59; percentage of fines 6.75+0.79; percentage
of organic matter content 3.24+0.44) (3:1) and artificial seawater (18 L, salinity 28). Salinity was
set up by the addition of artificial sea salt (Tropic Marine Sea Salt) to reverse osmosis water.
Temperature was maintained at 18 £ 1°C, pH ranged between 7.8 and 7.9 and photoperiod was
set up at 12h light: 12h dark. During the acclimation period the aquarium was continuously
aerated and organisms were fed ad libitum with small fragments of frozen cockles every two-
three days (Pires et al., 2012). After the acclimation period, all specimens were removed from
their tubes and anaesthetized with a 4% MgCl,.6H,O solution. These organisms were then
amputated at the 60™ chaetiger under a stereomicroscope in order to minimize the effect of body
size on biochemical and physiological responses. Amputation at the 60" chaetiger was selected
because previous studies conducted by Pires et al. (2012) demonstrated that 100% of D.
neapolitana individuals survived when amputated after the branchial region. After amputation,
specimens were submitted to 3 different GO concentrations (0.01; 0.10 and 1.00 mg/L), plus a
control (0.00 mg/L) for 28 days. Although the predicted carbon nanotubes concentrations present
in surface waters revealed three to four orders of magnitude lower than GO concentrations used
in the present study (Sun et al., 2016), the concentrations used were selected taking into
consideration previous studies conducted with similar range of concentrations (Kataoka et al.,
2016; Pretti et al., 2014; Jastrzgbska and Olszyna, 2015).

For the exposure assay, three aquaria were used per condition, each one with 6 organisms:
3 individuals for biochemical analysis and 3 individuals for regenerative capacity evaluation.
Each aquarium was filled with a mixture of fine and medium sediment from the sampling area
and artificial seawater (9 L each aquarium, salinity 28) (3:1). In each aquarium the sediment
layer was divided by a glass to guarantee that the individuals for regenerative capacity

measurements were consistently separated from the individuals used for biochemical analysis.



This procedure ensured that, avoiding weekly removal from their tubes, no extra stress was
added to the individuals used for biochemical analyses. During the experimental period
organisms were submitted to constant temperature of 18 + 1 °C, pH between 7.8-7.9, and a
photoperiod of 12:12 h (light/dark), under continuous aeration. After 28 days of exposure,
organisms for biochemical analyses were frozen and the remaining individuals were maintained
under the same experimental conditions until regeneration of all specimens was completed. As in
the acclimation period, during the exposure period the water in aquaria was renewed every week
and organisms were fed every two-three days. Furthermore, during the exposure, the GO
concentrations were reestablished weekly, after every water renewal, to ensure consistent
presence of GO along the experiment due to the stable solubility of GO within the water column
(stable for at least 30 days (Chowdhury et al., 2013)). The hydrophilic nature of GO in seawater
and the fact that the added GO was homogenously dispersed throughout the water column using
one submersible circulation pump per aquarium diminishes the possibility that the dynamical
equilibrium between gravitational settling and Brownian motion can result in the presence of
NMs near the sediment-water interface (Vonk et al., 2009). The characterization of GO using a
multi-technique approach were done weekly, in water samples collected immediately before

medium renewal.

2.2 Laboratory analysis

Obtaining and preparation of GO solutions and characterization

GO was obtained by oxidation of natural graphite, according to the method originally
proposed by Hummers and Offeman (1958) and recently modified by Marcano et al. (2010). The
natural graphite analyzed by the Brazilian company Nacional de Grafite Ltda, a partner of the
Instituto de Ciéncia e Tecnologia de Nanomateriais de Carbono/CNPq, was used as starting
material for obtaining the GO. The concentrations of GO used in this study were 0.01 mg/L 0.10
mg/L and 1.00 mg/L in 9L of seawater from a stock solution of 100 mg/L concentration. Before
each concentration reestablishment, the stock solution of GO was kept in an ultrasonic bath for
one hour to avoid aggregation. The behavior of GO was analyzed in different water solutions: i)
WP (without polychaetes) represents water samples collected from a parallel experiment
conducted in a glass container filled with a mixture of fine and medium sediment from the
sampling area and 600 mL of artificial seawater (salinity 28) (3:1) without polychaetes; ii) PP
(with polychaetes) represents water samples collected from a parallel experiment conducted in a
glass container filled with a mixture of fine and medium sediment from the sampling area and

1200 mL of artificial seawater (salinity 28) (3:1) with the presence of three polychaetes - PP



Point 1 and PP Point 2 indicate two different positions of the same PP sample which were
analyzed with micro IR setup (see below); iii) GO blank solution represents water samples
(salinity 28) where different GO concentrations were directly injected; iv) synthetized GO
powder represents samples which have been measured directly in its original powder form.

Using a multi-techniques approach we have characterized GO powder both in the initial
form and after dispersion in artificial seawater, aiming to identify its physicochemical nature as
well as shedding some light on its morphology. To this purpose, GO artificial seawater
dispersions were investigated using Infrared (IR) and Raman spectroscopy. The same dispersions
were also drop-casted onto SiO,/Si substrates (280 nm/400 pm) and, after drying, were
investigated using scanning electron microscopy (SEM).

The GO-rich seawater samples were evaporated under vacuum at mild temperature (40°C).
Upon drying, the formation of dark micrometer sized aggregates of GO flakes was observed with
an optical microscope and these samples were then analysed with micro-Raman and micro-IR
setups. As synthetized GO, samples were measured directly in their original powder form. This
experimental approach was necessary due to the low GO concentrations used, which does not
allow detection in solution state of the IR and Raman signal of GO over the solvent background.
Because of the use of a microscope for IR analysis it was possible to observe the aggregates
formed upon evaporation of the PP sample, at different representative spots. The IR spectra were
recorded in the range 4000-650 cm™ with a Nicolet ThermoElectron Continuum IR microscope
placing the solid samples in a diamond anvil cell (DAC).

Raman spectra were recorded with HORIBA-Jobin-Yvon HR800 LABRAM spectrometer
using the 514.5 nm line of an Ar+ laser. The spectrometer is coupled with an Olympus BX41
optical microscope, which allows recording Raman spectra through a 50X objective. The laser
power at the sample was kept at 200 pW.

SEM images were acquired using a FEG-SEM Merlin from ZEISS. Typical imaging
conditions were: magnification 1-3x10”, working distance 5-10 mm, ETH 5 kV, current 130 pA,
secondary electron detector.

Physiological parameters

Mortality rate

For each condition (0.00; 0.01; 0.10 and 1.00 mg/L), the mortality rate was determined by
dividing the total number of dead individuals at the end of the exposure period (28 days) by the
total number of individuals used at the start of the experiment. The mortality rate was expressed

as percentage.



Regenerative capacity

Nine specimens per condition (3 per aquarium) were analyzed every week until the
regeneration was complete. The percentage of regenerated body part was measured,
corresponding to the width of the new segments regenerated comparing with the width of the old
body part, and the number of regenerated chaetigers was counted. Under microscope,
regenerated chaetigers were identified by the lighter color and/or their narrower width when
compared to the rest of the body. When no differences could be observed between the width of

the older and the new regenerated segments the regeneration was considered complete.

Biochemical parameters

Frozen organisms (whole body) were pulverized individually with liquid nitrogen and
divided in 0.3 g aliquots. A specific buffer for each biochemical analysis (1:2 w/v) was used for
supernatants extraction. These samples were sonicated for 15 s at 4°C and centrifuged for 10 min
at 10 000g (3 000g for electron transport system activity) at 4°C. Supernatants were stored at -
80°C or immediately used to determine: glycogen content (GLY), electron transport system
(ETS) activity, Lipid Peroxidation (LPO) levels, reduced (GSH) and oxidized (GSSG)
glutathione content, and the activity of antioxidant (catalase, CAT; superoxide dismutase, SOD)
and biotransformation (Glutathione S-transferases, GSTs) enzymes. All the biochemical
parameters were performed twice. For LPO determination supernatants were extracted using
20% (v/v) trichloroacetic acid (TCA). For ETS activity quantification, supernatants were
extracted in homogenizing buffer 0.1 M Tris— HCI (pH 8.5) with 15% (w/v) PVP, 153 mM
magnesium sulfate (MgSQO,4) and 0.2% (v/v) Triton X-100. GSH and GSSG contents were
determined using 0.6% sulfosalicylic acid in potassium phosphate buffer (0.1 M dipotassium
phosphate; 0.1 M potassium dihydrogen phosphate; 5 mM EDTA; 0.1% (v/v) Triton X-100; pH
7.5). For CAT, SOD, GSTs activities and GLY content, determination was done with potassium
phosphate buffer (50 mM potassium dihydrogen phosphate; 50 mM dipotassium phosphate; 1
mM ethylenediamine tetraacetic acid disodium salt dihydrate (EDTA); 1% (v/v) Triton X-100;
1% (w/v) polyvinylpyrroli- done (PVP); 1 mM dithiothreitol (DTT)).

Energy reserves

The quantification of GLY content was done according to the sulphuric acid method
(Dubois et al., 1956), using glucose standards (0-2 mg/mL). Absorbance was measured at 492
nm. The concentration of GLY was expressed in mg per g fresh weight (FW).



Metabolic activity

The ETS activity was measured following King and Packard (1975) method and the
modifications performed by De Coen and Janssen (1997) The absorbance was measured at 490
nm during 10 min with intervals of 25 s. The amount of formazan formed was calculated using &

=15,900 M * cm™ ! and the results expressed in nmol/min per g FW.

Indicators of cellular damage

According to the method described by Ohkawa et al. (1979). LPO levels were calculated
by the quantification of malondialdehyde (MDA), a by-product of lipid peroxidation.
Absorbance was measured at 535 nm (¢ = 156 mM * cm “)-and LPO levels expressed in nmol
MDA formed per g FW.

GSH and GSSG contents were measured at 412 nm (Rahman et al., 2014) and reagent
grade GSH an GSSG were used as standards (0—60 pumol/L). GSH and GSSG were expressed in
nmol per min per g FW. The GSH/GSSG was calculated dividing the GSH values by 2x the
amount of GSSG.

Antioxidant enzymes activity

The activity of SOD was quantified following the method of Beauchamp and Fridovich
(1971). Absorbance was measured at 560 nm. One unit of enzyme activity corresponds to a
reduction of 50% of nitroblue tetrazolium (NBT). A standard curve was performed with SOD
standards. Results were expressed in U per g FW where U corresponds to a reduction of 50% of
nitroblue tetrazolium (NBT).

Formaldehyde (0-150 uM) standards were used to calculate CAT activity (Johansson and
Hakan Borg, 1988). Absorbance was measured at 540 nm. Results were expressed in U per g

FW were U represents the formation of 1.0 nmol formaldehyde per min.

Biotransformation enzymes activity

The activity of GSTs was determined following the method described by Habig et al.
(1976). GSTs catalyze the conjugation of the substrate 1-chloro-2, 4-dinitrobenzene (CDNB)
with glutathione, forming a thioeter. Absorbance was measured at 340 nm and the activity of
GSTs was determined using the extinction coefficient of 9.6 mM cm™ for CDNB. Results were
expressed in U per g FW were U is defined as the amount of enzyme that catalysis the formation
of 1 umol of dinitrophenyl thioether per min.
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2.3 Data analysis

The regenerative capacity (percentage of regenerated body width and the number of new
chaetigers at the end of the regeneration) and the biochemical descriptors (GLY, ETS, LPO,
CAT, SOD, GSTs, GSH/GSSG measured after 28 days of exposure) were submitted to
hypothesis testing using permutational multivariate analysis of variance with the
PERMANOVA+ add-on in PRIMER v6. A one-way hierarchical design was followed in this
analysis. The pseudo-F values in the PERMANOVA main tests were evaluated in terms of
significance. Significant differences were observed using main test and consequently pairwise
comparisons were performed. The t-statistics in the pairwise comparisons were evaluated in
terms of significance. Values lower than 0.05 were considered as significantly different. The null
hypothesis tested was: for each biomarker, no significant differences exist among exposure
concentrations.

The matrix gathering the biomarker responses per exposure concentration was used to
calculate the Euclidean distance similarity matrix. This similarity matrix was simplified through
the calculation of the distance among centroids matrix based on GO concentrations, which was
then submitted to ordination analysis, performed by Principal Coordinates (PCO). Pearson
correlation vectors of regenerative and biochemical descriptors (correlation >0.75) were
provided as supplementary variables being superimposed on the PCO graph.
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3. Results

3.1 Characterization GO

Characterization results at the beginning (end of the first week) and end (fourth week) of
the experiment are presented in Figures 1 and 2.

In Figure 1A we report the IR spectrum of synthetized GO which displays several spectral
features: a broad band centered at 3450 cm™ (assigned to the stretching of OH groups); a
medium intensity band near 1720 cm™ (assigned to the stretching of carbonyl bonds); a strong
structured band peaking at 1580 cm™ (assigned to the stretching of polarized C=C bonds) with a
shoulder at 1620 cm™ (assigned to the carboxylic CO stretching); a broad and structured feature
ranging from 1400 cm™ to 1000 cm™ whose most prominent peak at 1240 cm™ is assigned to the
antisymmetric stretching vibrations of the C-O-C moieties. All these bands originate from
oxygen bearing functional groups attached to the C=C sp? network of GO and provide a
characteristic spectral pattern usually observed in this class of materials (Marcano et al., 2010;
Shen et al., 2009; Acik et al., 2010; Agorku et al., 2015). Particularly our results are in
agreement with study conducted by Jastrzebska et al. (2016) who showed all these types of
vibrations occurred in pure GO.

Differently from synthetized GO and GO blank solution, the IR spectra of GO artificial
seawater dispersions (PP) showed a more complex pattern (Figure 1B). Two different regions of
the PP sample were analyzed with the micro-IR setup. Point 1 displayed evidence of inorganic
species, such CaCOjs (strong band at 1440 cm™). Point 2 showed a sizeable organic fraction, with
characteristic -NH, amide | and amide Il bands vibrations associated to proteins. This is not
surprising if we take into account that a large number of chemical compounds can be present in
sediment (percentage of organic matter content 3.24+0.44), together with residuals of the D.
neapolitana itself. Due to the chemical complexity of these samples, the use of their IR spectra
for quantitative GO analysis is difficult. In this scenario, Raman spectroscopy may play a
beneficial role since, through resonance enhancement, it just displays signals originating from
the m-conjugated sp? fraction of GO.

In Figure 1C representative Raman spectra of different samples measured with a micro-
Raman setup in the range 1000-1900 cm™ are reported. The evident G and D Raman lines
(respectively located at 1591 and 1343 cm ™) confirm the presence of GO in all samples. The G
line is associated to the collective ring stretching vibrations of a graphitic layer (Kudin et al.,
2007; Marcano et al., 2010; Shen et al., 2009). The D line is related to collective ring breathing

12



vibrations of condensed benzene rings associated to finite graphitic domains in GO. The relative
intensity of the D line with respect to the G line (Ip/lg) carries information on the degree of
defects in the sample compared to a perfect graphene layer (for which Ip/lg = 0). On the other
hand, the rather large Full Width at Half Maximum (FWHM) of the G and D lines (about 100
cm™) reflects the disordered nature of GO. The Raman spectra reported in Figure 1C are very
similar, indicating that the sp? fraction of the GO structures is fairly stable under the different
experimental conditions considered in this study and are similar to those found in literature
(Jastrzebska et al., 2016).

IR and Raman spectroscopy undoubtedly reveal the presence of GO in our samples but
these techniques do not provide any information concerning the morphology-average shape and
size-of the GO crystallites. This key issue was fully addressed using SEM. In Figure 2, SEM
images of the GO artificial seawater dispersions drop-casted onto SiO,/Si substrates are
presented. In particular, the frequent occurrence of structures with dimensions well sub-micron is
highlighted (cf. Figure 2, A-B, white arrows), which display a feeble contrast in respect to the
insulating 280 nm thick silicon oxide layer underneath. The larger crystals that can be seen in
Figure 2 are NaCl crystals that crystallized during seawater evaporation. Studies conducted by
Chowdhury et al. (2013), which investigated the aggregation kinetics and stability of GO using
time-resolved dynamic light scattering (DLS) over a wide range of aquatic chemistry (pH, salt
types (NaCl, MgCl,, CaCl,), showed that only CaCl, destabilized GO compared to the reaming
salt types, indicating that NaCl should have minor influence on the fate of the nominal
concentrations of GO used in the present work.

A closer look to these nanostructures (cf. Figure 2, C-E) reveals their dimensions and
morphology: (i) the GO “flakes” have a typical lateral size of 200-400 nm, (ii) their edges
display well defined angles, and (iii) the weak contrast suggests a thickness of the order of
several atomic layers. Altogether, these experimental evidences demonstrate a profusion of

nanoscale GO crystallites into our GO artificial seawater dispersions.

3.2 Physiological parameters

Mortality rate

Individuals exposed to 0.01 and 0.10 mg/L showed 11% mortality, with significant
differences to individuals exposed to control and 1.00 mg/L. D. neapolitana exposed to 1.00
mg/L showed significantly higher mortality (22%) compared to the remaining conditions. At
control (0.00 mg/L) 100% of survival was recorded after exposure.
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Regenerative capacity

The mean values for the regenerated body, measured as the percentage of body width
regenerated, and the number of chaetigers regenerated after 11, 18, 25, 32, 39, 46, 53 and 60
days are presented in Table 1 and illustrated in Figure 3. Table 1 also indicates, for all the
conditions, the mean number of days that the organisms needed to completely regenerate the
missing body part and the total number of new chaetigers regenerated after complete
regeneration. After amputation, at the 11™ all individuals were healing the cut region (Table 1).
Eighteen days after amputation, all specimens were regenerating a small reddish differentiated
portion with rudimentary anal cirri without significant differences among conditions. During the
course of the experiment, differences between exposed and non-exposed individuals to different
GO concentrations became more noticeable (Table 1). At day 25 no significant differences were
observed among conditions regarding the percentage of regenerated body but in terms of number
of new chaetigers significant differences were observed between specimens exposed to 1.00
mg/L (O chaetigers) and organisms exposed to the remaining concentrations (Tablel, Figure 3).
The specimens from control showed the highest number of new chaetigers but significant
differences were only observed in comparison to specimens exposed to the highest concentration
(1.00 mg/L) (Tablel, Figure 3). Significant differences in terms of percentage of regenerated
body were noticeable at day 32 between individuals from control (higher percentage of
regenerated body) and individuals exposed to 1.00 mg/L but no significant differences were
found among individuals from the remaining concentrations (0.01 and 0.10 mg/L). Considering
the number of new chaetigers, significant differences were only found between organisms under
control conditions and 1.00 mg/L. At day 39, the percentage of regenerated body and number of
new chaetigers were significantly higher in individuals from the control and exposed to the
lowest GO concentration (0.01 mg/L) compared to individuals exposed to higher concentrations
(0.10 mg/L and 1.00) (Table 1). Significantly lower percentage of regenerated body was found in
individuals from the highest GO concentrations (0.10 and 1.00 mg/L) and control condition 46
days after amputation. Concerning the number of regenerated segments, after 46 days,
individuals from the two higher concentrations (0.10 and 1.00 mg/L) regenerated significantly
fewer chaetigers than individuals exposed to control condition and the lowest GO (0.01 mg/L).
At days 53 and 60, specimens from the control were able to regenerate significantly higher
percentage of body compared with all the reaming conditions, but no significant differences were
found between individuals from 0.01 and 0.10 mg/L GO as well between individuals from 0.10
and 1.00 mg/L (Table 1, Figure 3). Nevertheless, significant differences were observed between

individuals at the lowest (0.01 mg/L) and highest (1.00 mg/L) GO exposures. In terms of number
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of new chaetigers, at day 53, individuals from control showed a significantly higher number of
new chaetigers compared with the remaining conditions, followed by organisms exposed to 0.01
mg/L GO (with significant differences compared to the other conditions) (Table 1, Figure 3).
Lower number of new chaetigers was observed in individuals exposed to 0.10 and 1.00 mg/L,
with no significant differences between both conditions. At the 60" day, significant differences
in terms of new chaetigers were observed between individuals from control and from 0.01 mg/L
and organisms exposed to higher GO concentrations (0.10 and 1.00 mg/L). Significant
differences were also found between organisms exposed to 0.10 and 1.00 mg/L, with less new
chaetigers in individuals exposed to 1.00 mg/L (Table 1). The results further reveled that control
organisms completely regenerated after 62 days (62.00+1.73), while specimens exposed to 0.01
mg/L of GO completed the regeneration after 68 days (68.50+ 1.51), organisms exposed to 0.10
mg/L needed 76 days to completely regenerate (76.12+2.23) and polychaetes exposed to 1.00
mg/L of GO took a significantly longer time to completely regenerate (85.28 +3.63 days) (Table
1). Considering the total number of chaetigers regenerated the present study showed that with
increasing GO concentrations specimens tended to regenerate fewer new chaetigers, with
individuals under control presenting the highest number of new chaetigers (38.44+4.03) while
under the highest GO concentration polychaetes regenerated fewer chaetigers (22.57+5.38)
(Table 1).

3.3 Biochemical responses

Energy reserves

Alterations in GLY content are presented in Figure 4A. Results showed higher GLY
content in organisms exposed to GO in comparison with organisms under control, with the
highest values in polychaetes exposed to 0.10 mg/L of GO. Significant differences were
observed between organisms exposed to control and organisms exposed to 0.10 and 1.00 mg/L
of GO.

Metabolic activity
The results on ETS activity (Figure 4B) revealed a decreasing trend with the increase of
exposure concentration, but no significant differences were observed among organisms exposed

to different conditions.

Indicators of cellular damage

Concerning cellular damage the results obtained revealed that D. neapolitana presented an
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increase of LPO levels with the increase of GO concentrations, with the highest values at the
highest GO concentration (1.00 mg/L) (Figure 5A). Significantly lower LPO values were found
in individuals from control in comparison with organisms from the remaining conditions as well
as between individuals at the lowest (0.01 mg/L) and the highest (1.00 mg/L) GO concentrations
(Figure 5A).

The ratio between reduced (GSH) and oxidized (GSSG) glutathione showed that organisms
presented lower GSH/GSSG values under GO compared to specimens under control (Figure 5B).
Along the exposure gradient D. neapolitana presented decreased GSH/GSSG with significantly

lower values at the highest GO concentration (1.00 mg/L) compared to control.

Antioxidant enzymes activity

The activity of SOD (Figure 6A) increased in organisms exposed to GO, with significant
differences between individuals exposed and non-exposed to GO. The highest SOD activity was
obtained at an intermediate concentration (0.10 mg/L), with significant differences to the
remaining conditions. No statistical differences were observed in SOD activity between
individuals exposed to the lowest (0.01 mg/L) and the highest (1.00 mg/L) concentrations.

The activity of CAT (Figure 6B) demonstrated that this enzyme tended to increase with the
increase of GO concentration, with significant differences between individuals exposed to the
two highest exposure concentrations (0.10 and 1.00 mg/L), between organisms under the highest
and the two lowest (0.01 mg/L and control) concentrations, as well as between organisms under

0.10 mg/L and control conditions (Figure 6B).

Biotransformation enzyme activity

The activity of GSTs (Figure 6C) showed higher values in organisms exposed to GO, with
significantly lower values in individuals at control compared to specimens under the remaining
conditions. Significant differences were also observed between organisms exposed to the highest
concentration (1.00 mg/L) and organisms under the remaining conditions (Figure 6C). No
significant differences were found between organisms under intermediate concentrations (0.01
and 0.10 mg/L) (Figure 6C).

3.4 Multivariate analysis
In Figure 7 the centroid PCO ordination graph is represented resulting from multivariate
analysis applied to the physiological and biochemical parameters. The PCO axis 1 explained

81.3% of total data variation, separating control (0.00) and the lowest exposure concentration
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(0.01 mg/L) at the negative side, from 0.10 and 1.00 mg/L at the positive side. The PCO axis 2
explained 16.1% of total data variation, separating the highest concentration (1.00 mg/L) and
control (0.00) (in the positive side of the axis) from 0.01 and 0.10 mg/L conditions (at the
negative side of the axis). The polychaetes exposed in control and the lowest exposure
concentration were characterized by higher number of new chaetigers, higher ETS and
GSH/GSSG values; polychaetes exposed to 0.10 mg/L were associated to higher GLY content
and SOD values; and polychaetes under the highest GO concentration (1.00 mg/L) were well
correlated to higher LPO, CAT and GSTs values and higher number of days needed to complete

regenerate.
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4. Discussion

The present study showed the toxic impacts induced by GO on D. neapolitana, a
widespread polychaete species in the world (Dean, 2008). Although studies on GFMs toxicity
have been recently published (Jastrzgbska et al., 2012; Liu et al., 2009), GO has not been the
object of exhaustive investigations concerning the risks that it may pose to the aquatic
environment and, especially on inhabiting organisms (Mesaric et al., 2013; Chang et al., 2011).
Furthermore, since the majority of the literature on NMs impacts on marine invertebrates is
based on acute exposures, that are not sufficient to allow for a potential acclimation to a new
environment or may not induce responses, a 28 days experiment was carried out allowing to
assess the physiological and biochemical alterations provoked by different GO concentrations.
The present study showed that after exposure, higher mortality was recorded in organisms
exposed to the highest GO concentration compared to the remaining conditions. These results are
in agreement with previous studies on GO toxicity. Mesari¢ et al. (2013) demonstrated that
single-layer GO had negative impacts on settlement, mortality and swimming behaviour of A.
amphitrite nauplii after 24, 48, and 72 h exposure to 1; 10; 100; 500; 750 and 1.000 mg/L. Chang
et al. (2011) investigated the influence of GO on morphology, viability, mortality and membrane
integrity of A549 cells at different concentrations (10, 25, 50, 100 and 200 mg/L) for 48 h
showing that the highest GO dose induced decrease of cell viability.

The present study clearly demonstrated that GO has a negative effect on the regenerative
capacity of D. neapolitana, with less chaetigers regenerated and longer regeneration period in
individuals exposed to the highest concentration. Although several authors already demonstrated
that the regenerative capacity of D. neapolitana is affected by different stressors (pharmaceutical
drugs (Freitas et al., 2015), organic matter (Carregosa et al., 2014), salinity and temperature
(Pires et al., 2015)), the present study is the first revealing the impacts of GO on this
physiological parameter in polychaetes. Nevertheless, previous studies showed that carbon based
NMs induce alterations in physiological functions in invertebrate species (Wu et al., 2013;
Mesari¢ et al., 2015). In the nematode Caenorhabditis elegans Wu et al. (2013) examined the
potential impacts of GO comparing in vivo effects between acute and chronic exposures, and
found that prolonged exposure to 0.5-100 mg/L caused damage on functions of both primary
(intestine), and secondary (neuron and reproductive organ) targeted organs. Moschino et al.
(2014) demonstrated the toxicity of SWCNH (Single walled carbon nanohorns) on polychaete,
Hediste diversicolor and mussel Mytilus galloprovincialis. Mussels and polychaetes were

exposed to three SWCNH concentrations: 1, 5, and 10 mg/L 24 and 48h and the authors revealed
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sub-lethal effects at the digestion level with a possible less efficient intracellular digestive
process. Mesari€ et al. (2015) investigated the effects of carbon black, GO, and multiwall carbon
nanotubes on A. salina larvae for 48h, and showed that these nanomaterials were present in the
gut, and attached onto the body surface of the organisms causing a concentration—dependent
inhibition of larval swimming.

Our findings further demonstrate that GO induced biochemical alterations in D.
neapolitana. Polychaetes presented significantly higher GLY content when under GO
concentrations in comparison to control. These results may indicate that individuals under GO
exposure may prevent energy expenditure, namely in the regeneration process (which was
strongly affected), increasing the content of this energy reserve. In fact, in the present study
individuals under control condition presented the highest ETS activity, which suggests a higher
metabolic rate leading to a higher expenditure of energy reserves, as observed by the lowest
GLY content at this condition. This capacity was decreased at the highest GO concentrations
(1.00 mg/L) which may indicate that at high levels of GO polychaetes reduce their metabolic
capacity resulting in the increase of energy reserves storage. Previous studies already
demonstrated that some polychaete species under certain conditions may decrease their
metabolism and, therefore, reduce energy expenditure (Carregosa et al., 2014; Maranho et al.,
2014; Fossi Tankoua et al., 2012). Maranho et al. (2014) showed an increase of energy reserves
with increasing concentrations of the antiepileptic drug carbamazepine (CBZ) in H. diversicolor.
Tankoua et al. (2012) demonstrated that, for the same polychaete species, in a contaminated site
(Loire estuary, France) the energy reserves of the organisms were higher compared to the
organisms from a cleaner site (Bay of Bourgneuf, France). Also, studies conducted Carregosa et
al. (2014) revealed that D. neapolitana increased GLY content under stressful organic matter
enrichment conditions.

Our findings further demonstrated that GO induced oxidative stress in D. neapolitana,
evidenced by an increase of LPO and the inability of antioxidant and biotransformation
mechanisms to prevent such membrane damage. In particular, although antioxidant and
biotransformation mechanisms were enhanced in contaminated organisms, these defenses were
not enough to prevent cellular damage caused by GO in D. neapolitana. The present data
demonstrated an increase of LPO levels with the increase of GO concentrations, with the highest
values at the highest GO concentration (1.00 mg/L). Also, with the increasing exposure
concentrations the ratio GSH/GSSG strongly decreased, a pattern that indicates the development
of oxidative stress in organisms. It has already been demonstrated that oxidative stress is

generated by various nanoparticles (Li et al., 2008; Yang et al., 2008) and that GO induces ROS
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generation, even at low concentrations (Chang et al., 2011). The generation of ROS and an
increase of Lactate dehydrogenase (LDH) release for example, were already shown in C. elegans
after the acute exposure to GO at concentrations of 10-100 mg/L (Wu et al., 2013).
Nevertheless, to our knowledge no studies have yet reported the induction of oxidative stress in
polychaete species due to GO. Previous studies already reported the induction of oxidative stress
in D. neapolitana due to different contaminants. Freitas et al. (2015) revealed cellular damage
induced by CBZ, showing that this drug induced LPO in D. neapolitana with a decrease in the
GSH/GSSG ratio. Carregosa et al. (2014) showed a significant increase in LPO in D.
neapolitana from areas with higher organic matter. Besides LPO alterations, results on the
antioxidant enzyme SOD revealed that the activity of this enzyme was significantly increased in
organisms exposed to GO compared to non-contaminated organisms. These results are in
agreement with the study conducted by Wu et al. (2013) suggesting that the induction of
oxidative stress due to GO may be associated with the alteration of SOD activity. However, in
the present study, the highest SOD activity was observed at an intermediate concentration (0.10
mg/L) decreasing at the highest GO concentration. This fact may indicate that SOD was actively
involved in ROS elimination at lower concentrations (0.01 and 0.10 mg/L), but above a certain
level of stress (as observed at the highest GO concentration) this enzyme reduced its efficiency
to eliminate ROS, leading to the induction of LPO at higher GO concentrations. This may be due
to less activity of the enzymes or lower number of enzymes. Also Contardo-Jara et al. (2011)
found a decrease in the activity of SOD in the mussel Dreissena polymorpha exposed to the
highest drug (CBZ) concentration (236 mg/L). A similar pattern was found by Freitas et al.
(2015), that suggested that higher LPO levels in D. neapolitana exposed to CBZ could be
explained by the fact that SOD and CAT were not able to act efficiently as antioxidant defense,
which was at least partially responsible for increased LPO. Concerning CAT, in the present
study the activity of this enzyme was also significantly higher in organisms exposed to GO
concentrations. Although to our knowledge no studies evaluated effects provoked in CAT and
SOD enzymes in polychaetes after exposure to GO, recently Pretti et al. (2014) showed that,
graphene monolayer flakes up to the concentration of Img/L induced increased activity of CAT
in Artemia salina after 48h exposure. On the other hand, Mesari¢ et al. (2015) showed for the
same species that exposure to carbon black, GO, and MWCNT after 48h did not induce
significant differences in CAT activity at any of the tested concentrations. In the present study
the activity of GSTs showed higher values at all GO exposure concentrations compared to
control. To date, few studies on GSTs activities are available for polychaete exposure to NMs

(Marques et al., 2013; Galloway et al.,, 2010) and no data referring to carbon NMs with
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particularly attention on GO exposure. However, with the same species D. neapolitana,
Carregosa et al. (2014) demonstrated an increase of GSTs activity with the increase of organic
matter content, and other authors showed that the activity of GSTs in the polychaete species H.
diversicolor increased in polluted sites from the SW Spain (Pérez et al., 2004; Solé et al., 2009),
the Sado estuary, Portugal (Moreira et al., 2006), and the Seine estuary, France (Durou et al.,
2007).

Conclusion

The present study demonstrated that regeneration in D. neapolitana was retarded as the
number of newly regenerated segments was diminished in individuals exposed to GO. Since
organisms presented higher LPO levels when exposed to GO concentrations, the reduction of the
ability to regenerate a new body portion could be due to oxidative stress, as free radicals may
cause damaging effects on the biochemical and cellular functions that underlie the regenerative
process. Higher enzymatic activities and LPO levels detected in individuals exposed to GO
concentrations suggest that the defense mechanisms were in part unable to eliminate ROS and
prevent deleterious effects on membrane lipids leading to LPO.

In summary, D. neapolitana was negatively impacted by GO, with physiological and
biochemical impairments induced by these carbon NM, indicating that this species can be used
as bioindicator to monitor environmental pollution related to carbon based NMs pollution.
Nevertheless, further research is needed to verify and quantify the possible uptake of GO by
these organisms. As this topic of research develops and more information is available regarding
realistic GO concentrations that marine invertebrates may be exposed to, it will be necessary to
modify and limit the range of GO concentrations to represent contaminated sites and perform

new toxicity tests.
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Figure 1. A: Micro-IR spectrum of the as synthesized GO sample measured with the diamond anvil cell setup; B: IR
spectra of representative GO in as synthesized water samples (purple); blank solution (red); PP sample point 1
(pink); PP sample point 2 (green). Point 1 displays evidence of CaCO;. Point 2 shows a sizeable organic fraction,
with —NH, amide | and amide |1 bands vibrations (proteins). C: Micro-Raman spectra of: as synthesized GO and GO

aggregates from (red); blank solution (blue); sample WP (green); and sample PP (dark yellow)

Figure 2. Scanning electron micrographs of GO artificial seawater dispersions drop-casted onto SiO,/Si substrates.
The thickness of the silicon oxide layer underneath was 280 nm. Scale bars are indicated in each panel. A-B: White
arrows indicate sub-um structures, isolated on the substrate and nicely distinguishable from other much larger
structures. C-E: Details of nanoscale structures, characterized by very weak contrast and relatively sharp edges and
angles (C-E).

Figure 3. Regenerative capacity of Diopatra neapolitana at 25 (left) and 53 (right) days after amputation, exposed to
different GO concentrations (0.00; 0.01; 0.10 and 1.00 mg/L)

Figure 4. A: Glycogen (GLY) content; B: electron transport system (ETS) activity (mean + standard deviation), in
Diopatra neapolitana exposed to different GO concentrations (0.00; 0.01; 0.10 and 1.00 mg/L). Different letters

represent significant differences (p<0.05) among GO concentrations

Figure 5. A: Lipid peroxidation (LPO) levels; B: GSH/GSSG ratio (mean + standard deviation), in Diopatra
neapolitana exposed to different GO concentrations (0.00; 0.01; 0.10 and 1.00 mg/L). Different letters represent
significant differences (p<0.05) among GO concentrations

Figure 6. A: Superoxide dismutase (SOD) activity; B: Catalase (CAT) activity; C: Glutathione S-transferases
(GSTs) activity (mean + standard deviation), in Diopatra neapolitana exposed to different GO concentrations (0.00;
0.01; 0.10 and 1.00 mg/L). Different letters represent significant differences (p<0.05) among GO concentrations

Figure 7. Centroids ordination diagram (PCO) based on physiological and biochemical parameters, measured in
Diopatra neapolitana exposed to different GO concentrations (0.00; 0.01; 0.10 and 1.00 mg/L). Pearson correlation
vectors are superimposed as supplementary variables, namely physiological and biochemical data (r > 0.75): (CAT)
Catalase activity; (GLY) Glycogen content; (ETS) Electron Transport System activity; (GSH/GSSG) GSH and
GSSG ratio; (GSTs) Glutathione S-transferase activity; (LPO) Lipid Peroxidation levels; (SOD) Superoxide
Dismutase activity; regeneration days (number of days need to complete the regeneration); new chaetigers (number

of regenerated chaetigers at the end of the regeneration)
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Table 1. Diopatra neapolitana regenerative capacity

GO concentrations (mg/L)

Regeneration period 0.00 0.01 0.10 1.00
11 days % body width ~ 9.04+5.92° 6.35+3.30° 7.8845.10° 9.75+¢3.19 °
18 days % body width ~ 20.67+3,48%  20.08 +4.70%  20.857.76 ° 10.25+4.06

% body width ~ 24.34+7.73%  22.06+7.182 20.8845.70° 20.26+6.07 2
25 days

# chaetigers 8.66+2.30 1.87+1.48° 1.50£1.24% 0£0°

% body width ~ 45.84+4.08°  30.9445.87 29.52+4.45 2 25.79+6.80 °
32 days

# chaetigers 24.33+4.53%  145045.05*  11.75+1.01*  6.71+2.84°

% body width ~ 49.58+7.74°  47.62+4.14° 44,59+5.68 38.84£2.52°
39 days

# chaetigers 29.1148.47%  24.12+6.66° 16.75+4.95"° 6.92+3.92°

% body width ~ 72.52+6.33%  63.11+5.12° 60.78+8.99°¢  51.52+4.89 ¢
46 days

# chaetigers 29.88+2.75% 25624557 ° 21.00+6.82° 16.00+3.36 °

% body width ~ 82.47+6.47°  73.78+8.84° 63.7445.01°¢  18.57+3.30°
53 days

# chaetigers 35.44#350%  31.50+2.50° 22.25+7.68 ° 18.57+3.30

% body width ~ 98.72+0.72°  86.83+1.06 ° 7458+452°¢  67.34+6.96 °
60 days

# chaetigers 38.44+4.03%  32.87+3.56° 24624350 ° 22.003.36 °

# days 62.00£1.73%  6850+151°  76.1242.23° 85.28 +3.63 ¢
Complete regeneration

# chaetigers 38.44+4.03%  35.37+4.84° 32.12+4.15 2 22574538 °

Regeneration data (% body width - percentage of regenerated body; # chaetigers - number of regenerated chaetigers)

for Diopatra neapolitana, 11, 18, 25, 32, 39, 46, 53 and 60 days after amputation. The humber of days needed to

achieve full regeneration and the total number of new chaetigers after completed regeneration are also presented.

Different letters (a-d) represent significant differences (p<0.05) among conditions (0.00; 0.01; 0.10 and 1.00 mg/L

GO).

37



