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Abstract

Graphene is a two-dimensional nanomaterial with unique mechanical, thermal, electrical, and 

optical properties. With increasing applications of graphene-family nanomaterials (GFNs) in 

electronics, biomedicine, and surface coatings, concern for their impacts on aquatic ecosystems is 

rising. Current information on the toxicity of GFNs, including graphene oxide (GO), is scarce. 

Filter-feeding bivalves, such as Eastern oysters, are good models for nanomaterial exposure 

studies. We present results from a 72-hour static renewal oyster study using 1 and 10 mg/L GO 

which, to our knowledge, is the first report on in vivo effects of GO exposures in marine bivalves. 

Water samples were analyzed for GO concentration and size assessments. Gill and digestive gland 

(DG) tissues were evaluated for lipid peroxidation and glutathione-s-transferase (GST) activity. 

Additionally, gill sections were fixed for histopathological analyses. Elevated lipid peroxidation 

was noted in oysters exposed to 10 mg/L GO. No significant changes in GST activity were 

observed, but reduced total protein levels were found in DG tissues of exposed oysters at both 

concentrations. Loss of mucous cells, hemocytic infiltration, and vacuolation were observed in 
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gills of exposed oysters. Results indicate that short-term GO exposures can induce oxidative stress, 

epithelial inflammation, and adversely affect overall oyster health. Further investigations regarding 

fate and sublethal effects of GO are critical to understanding the risks associated with a rapidly 

growing graphene consumer market.

Mandatory Keywords:

nanomaterials; nanotoxicology; mollusk toxicology; aquatic invertebrates; contaminants of 
emerging concern

INTRODUCTION

Graphene is a two-dimensional material composed of a single layer of sp2 hybridized carbon 

atoms and has unique electrical, mechanical, optical and thermal properties (Zhu et al. 2010; 

Novoselov et al. 2012). Since its discovery in 2004, graphene has received broad interest in 

the field of electronics, surface coatings, filtration devices, and biomedicine (Geim and 

Novoselov 2007). Graphene oxide (GO) is a widely studied graphene derivative and its 

current uses include transparent conductive films, transistors, sensors, and nanocomposite 

filters (Goodwin Jr et al. 2018). Commercial use of graphene family nanomaterials (GFNs) 

is projected to increase exponentially in the next decade as the consumer market for 

graphene based products continues to grow (Arvidsson et al. 2013). With such widespread 

use, GFNs will undoubtedly be released into coastal and marine ecosystems as part of the 

waste stream and, therefore, it is important to study their fate, behavior, and effects on 

marine biota. With no current information on environmental concentrations of GO and 

limited toxicity data, potential sublethal adverse effects of exposures to aquatic organisms 

are poorly understood. Further, it is critical to assess the effects of GO on coastal organisms 

because marine habitats act as sinks for industrial and anthropogenic contaminants.

Toxicity assessments of nanomaterials in seawater present challenges because of the 

interactions between particles and their microenvironment, and subsequent changes in 

particle properties and behavior. Unlike many conventional chemicals, nanomaterials, 

including GO, do not dissolve in water but rather are suspended in the aqueous solution. 

Stability of nanomaterials in their environment is based on a variety of factors such as 

salinity, organic matter, oxidation status, and bioturbation, and together they define the 

exposure conditions for aquatic biota (Lowry et al. 2012; Jiang et al. 2017). From a 

toxicological viewpoint, nanomaterial size, shape, and surface properties, along with their 

chemical composition, are key features to consider for risk assessment (Nel et al. 2006). All 

of these factors affect bioavailability, uptake, and toxicity to aquatic organisms. Several 

nanomaterials have been shown to induce oxidative stress in organisms including marine 

bivalves (Manke et al. 2013; Barbero and Yslas 2016). Oxidative stress arises due to the 

imbalance in reactive oxygen species (ROS) production and cellular antioxidant capacity. 

Under such conditions, ROS production begins to overwhelm the cellular antioxidant 

defensive machinery and cause widespread damage to macromolecules (Kelly et al. 1998). 

Oxidative stress and direct physical injury have been suggested to play important roles in 

GO induced toxicity. Zhu et al (2017) reported oxidative damage and involvement of 
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antioxidant enzymes in the larval stages of Artemia salina exposed to GO (Zhu et al. 2017). 

Zebrafish studies with GO have suggested oxidative and physical damage (Souza et al. 

2017). Adverse effects, including developmental nanotoxicity in zebrafish larvae (Wang et 

al. 2015) as well as behavioral effects in Artemia (Mesarič et al. 2015), have been 

documented in graphene toxicity studies. In the wastewater microbial community, GO was 

found to affect cell viability and metabolic activity (Ahmed and Rodrigues 2013). To our 

knowledge, only one study reports the effects of GO exposures in marine bivalves. This 

recent in vitro work provides evidence for GO toxicity to Mytilus hemocytes (Katsumiti et 

al. 2017). Effects of nanomaterials, such as GO, ideally should be investigated across 

multiple species in order to identify reliable molecular markers of nanotoxicity in aquatic 

organisms.

Filter-feeding bivalves, such as Crassostrea virginica (Eastern oysters), are commercially 

important sentinel species and their use as a model for detecting contaminant effects has 

been well documented (Canesi et al. 2012). Their filtering capacities make them especially 

valuable for nanotoxicity assessments. Particle size and concentration affect bivalve feeding 

and filtration rates (Ward et al. 1998; Ward and Shumway 2004) and are essential factors to 

consider for evaluation of fate and toxicity of nanomaterials. Additionally, intracellular 

digestion and immune function in bivalves are characterized by processes such as 

endocytosis and phagocytosis which allows internalization of nano- and micro-scale 

particles, respectively, in bivalves (Moore 2006). In a dynamic benthic environment, bivalve 

filter-feeders are exposed to nanomaterials as they aggregate and interact with each other 

and their surroundings. Therefore, organismal responses are representative of the overall 

interactive effects of environmental parameters on particle behavior. Bioavailability and 

toxicity of nanomaterials in aquatic habitats is an emerging area of concern and many 

critical issues regarding nanomaterial ecotoxicology remain unsolved. Our work is aimed at 

understanding bivalve responses to GO under environmentally relevant conditions, with the 

underlying understanding that the toxicity of nanomaterials is associated with changes in 

particle properties and behavior under exposure conditions. The goal of the present study is 

to evaluate three types of biomarkers - a cellular damage marker (lipid peroxidation), a 

toxicity enzyme marker (GST) and a histopathological marker - in GO-exposed Eastern 

oysters. Digestive gland (DG) and gill tissues were chosen for biomarker assessments. 

Nanoparticle uptake and effects have been reported in these tissues and the physiological 

processes associated with them, such as feeding and digestion, can increase bivalve 

susceptibility to nanotoxicity (Canesi et al. 2012).

METHODS AND MATERIALS

Characterization of GO

X-ray photoelectron spectroscopy (XPS) was used to determine the functional groups on the 

surface of pristine GO powder (Cheap Tubes Inc.) using a Perkin-Elmer 550 Multi-

technique Surface Analyzer (Waltham, Massachusetts). In addition, the morphology of GO 

in its pristine state was visualized via scanning electron microscopy (SEM) using a ZEISS 

Sigma VP field emission-scanning electron microscope (Carl Zeiss, Jena, Germany). The 

hydrodynamic size and surface charge of GO in deionized (DI) water (produced by a Milli-
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Q Integral water purification system, ≥ 18.4 MΩ-cm) were estimated by measuring its 

effective size/size distribution (via a dynamic light scattering (DLS) technique) and zeta (ζ) 

potential with a ZetaPALS Potential Analyzer (Brookhaven Instruments) using well-

established methods (Chowdhury et al. 2013). For DLS analysis, the intensity of scattered 

light was measured at 90°, and an autocorrelation function was allowed to accumulate for 3 

minutes per measurement. The ζ potential was measured using ZetaPALS, which employs 

phase analysis light scattering (PALS) to measure electrophoretic mobility (EPM) of charged 

particles. Further, ζ potential values were obtained from EPM using the Smoluchowski 

model. Each ζ potential measurement was an average of 10 runs, with each run made up of 

30 cycles. A GO concentration of 30 mg/L was used for effective size and ζ potential 

measurements to obtain strong signals. The samples were kept at pH 7 using 0.5 mM 

phosphate buffer for both measurements, and measurements were conducted in triplicates. 

Measured samples were made from 200 mg/L GO stock suspensions prepared by dispersing 

GO powder in DI water via probe sonication (Branson SFX 250, 30 s on/off interval for 1 h).

Experimental design

Oysters were collected from Matunuck Oyster Farm, RI, USA, and acclimated in the 

laboratory. They were maintained at 21 °C and fed a mixed algal diet consisting of 

Tetraselmis, Pavlova, Chaetoceros and Thalassiosira. GO was purchased from Cheap Tubes 

Inc. as a 1 g/L suspension of Few Layered Graphene oxide (FLGO, 2–4 layers, >99 wt % 

purity, 300–800 nm X & Y) in DI water (Table 1). A secondary GO stock of 500 mg/L at 

30 ‰ salinity was prepared using 90 ‰ brine and DI water. This stock was probe sonicated 

for 30 minutes prior to use. Three water tables were used to test control (0), 1, and 10 mg/L 

GO exposure groups with 8 glass chambers per table containing 0.22 μm filtered natural 

seawater with a salinity of 30 ‰. For each treatment, 6 replicate glass chambers with 1 

oyster per chamber were maintained for the duration of the study. Additionally, each table 

also contained 2 chambers without oysters to monitor GO concentration and behavior. 

Immediately after sonication, the secondary stock was introduced into the chambers to 

achieve a concentration of either 1 or 10 mg/L GO; no GO was added to the control 

chambers. The final volume in all chambers was 1 L and a water bath was used to maintain 

the temperature at 20–21 °C. The addition time of GO to each chamber was recorded and 3 

renewals were performed each day at 09:30 am, 12:30 pm and 03:30 pm. The study 

exposure duration was 72 hours with a total of 9 renewals. For each renewal, a new 

secondary stock was prepared and sonicated, and a new set of chambers was prepared with 

seawater. Oysters were moved to the new chambers immediately followed by renewal of 

GO, one chamber at a time. Oysters were fed the mixed algal diet (concentration about 

106-107/mL), as described earlier (75 mL algal cells per oyster per day), every morning 

before GO was added to the chambers. The chambers were maintained at 16:8 h of 

light:dark cycle and were sampled daily for temperature, salinity and dissolved oxygen 

parameters using a YSI meter.

Nanomaterial exposure size and concentration

GO undergoes aggregation and sedimentation in seawater which can further lead to changes 

in particle size and suspended concentration over time (Chowdhury et al. 2013; Duan et al. 

2017; Goodwin Jr et al. 2018). To monitor the size and concentration of GO during the 
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exposure study, we analyzed samples taken from points approximately 2–3 cm above the 

bottom (area immediately surrounding the oyster) of all exposure chambers. One minute 

following the addition of GO stock to the chambers, samples of approximately 2.5 mL were 

sequentially removed from the chambers at 3-min intervals and placed in glass vials. 

Sampling order and time were consistent for all analyses to evaluate the effect of time on 

aggregation. Out of the 2.5 mL water sample, 1 mL was used for DLS analysis using the 

ZetaPALS, which was started 2 min after each aliquot was removed from its respective 

beaker. Each DLS analysis lasted for 1 min and care was taken to ensure that the time 

difference between sample collection and measurement was the same for all chambers. The 

remainder of the sample was used for GO concentration assessment which was performed 

on a Biotek Synergy HTX multimode reader using UV/Vis spectroscopy. Concentration of 

GO in the chambers is expected to decline over time due to filtration by the organism, 

adherence to surfaces, and sedimentation. Samples were shaken before 200 μL were 

removed from each vial and absorbance was measured immediately at 230 nm. Samples 

were read in duplicate in sets of 3 at a time.

Both DLS and concentration assessments were repeated for each chamber upon each 

renewal throughout the study. For each chamber, there were a total of 9 readings obtained 

over the course of study. To obtain reliable DLS measurements, only readings with 

polydispersity index (PDI) <0.4 were used, and the rest were discarded, as per 

manufacturer’s recommendations. Along with effective diameter and polydispersity index, 

each DLS reading also provides a size distribution curve. From our DLS readings, the one 

closest to the mean was chosen as a representative for each beaker to generate table 2 for 

providing information on size distribution and the most abundant sized particle. Additional 

measurements were carried out on 9 selected samples (2 beakers with oysters and 1 beaker 

without oysters for each of the 3 test groups) at the end of 3 and 16 h of exposure to assess 

GO size and its removal from the exposure chambers over time.

Biochemical analyses

At the end of the 72 h exposure duration, oysters were placed in clean seawater for 3 h of 

depuration prior to harvesting gill and digestive gland tissues. Tissue samples were dissected 

and immediately frozen at −80 °C for biochemical analyses. All commercial kits were 

purchased from Sigma-Aldrich and used per manufacturer’s instructions.

Lipid peroxidation assay: Lipid peroxidation levels were measured in gill and DG 

tissues of oysters using a commercial kit purchased from Sigma-Aldrich (MAK085). 

Damage levels were quantified using malondialdehyde (MDA) standards. Standard curves 

were generated for every assay run and control charts were maintained to compare blank 

absorbance, slopes of the curves, and r2 values. About 25–45 mg of tissue sample was 

weighed and homogenized on ice in 1:10 weight:volume lysis buffer containing 1% 

butylated hydroxytoluene. Homogenates were centrifuged at 4 °C at 13,000 g for 10 min. 

Following centrifugation, 100 μL of supernatant were added to 600 μL thiobarbituric acid 

and incubated at 95 °C for 1 h in a water bath. Samples were cooled in a bath, centrifuged at 

13,000 g at 21 °C for 5 min. Each sample (200 μL) was then analyzed in duplicate in a 96-

well microplate at 532 nm using the Biotek Synergy HTX multimode reader. MDA levels 
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were expressed as nanomoles per gram of wet tissues as well as normalized using total 

protein levels.

Glutathione-s-transferase activity assay: Glutathione-s-transferase (GST) activity 

was measured using a spectrophotometric kinetic assay. A commercially available kit from 

Sigma-Aldrich (CS0410) that utilizes 1-Chloro-2,4-dinitrobenzene (CDNB) as a substrate 

for GST in the presence of reduced glutathione was used to quantify enzyme activity. The 

thiol group of glutathione is conjugated to CDNB by GST which leads to a measurable 

change in absorbance at 340 nm. About 25–45 mg of tissue sample was weighed and 

homogenized on ice in 10 times the volume of lysis buffer containing 0.4% protease 

inhibitor cocktail (Sigma Aldrich). Homogenates were centrifuged at 4 °C at 10,000 g for 15 

min. Following a 1/5th dilution, samples were introduced in duplicate to a 96-well 

microplate. A reaction mix containing 9.8 ml of phosphate buffered saline, and 0.1 ml of 

each of the stock solutions of reduced L-glutathione (200 mM) and CDNB (100 mM) was 

prepared and added sequentially to the wells containing samples. A diluted GST enzyme 

control was also analyzed with every run and control charts were maintained to record blank 

absorbances, slopes of the curves, r2 values and enzyme activities. Six kinetic readings were 

recorded for every sample on the Biotek Synergy HTX multimode reader. Rates of change in 

absorbance were measured to calculate enzyme activities and normalized to total tissue 

protein levels.

Protein assay: During sample preparation for the GST enzyme activity assay, a subsample 

of 50 μL was immediately frozen at −20 °C following centrifugation. Frozen samples can 

undergo one freeze-thaw cycle for protein quantification using a modified Bradford assay 

(Bradford 1976). A Coomassie (Bradford) protein assay kit (PI23200) from Thermo 

Scientific was utilized for assessment of total protein levels. The kit relies on the shift in 

absorbance from 465 nm to 595 nm due to the binding of the dye, in an acidic medium, to 

proteins in the sample. Bovine serum albumin was used to generate a standard curve for 

each assay run using a 4-parameter (quadratic) algorithm. Control charts were maintained 

for each standard curve. Frozen samples were thawed on ice and 10 μL of the sample/

standard were placed in duplicate in a 96-well microplate followed by addition of 250 μL of 

dye. The contents of the plate were mixed by shaking for 30 s and incubated at room 

temperature for 10 min. Absorbances were measured at 595 nm on the Biotek Synergy HTX 

multimode reader.

Histopathological analyses: At the end of the 72-hour study period, <5 mm deep gill 

tissue sections were carefully removed from three oysters and placed in a solution 

containing 10% formalin in seawater. One randomly chosen replicate oyster from each 

treatment (control, 1, and 10 mg/L GO) was used for these analyses for preliminary 

qualitative comparisons of histological effects. These sections were cut sagittally or placed 

whole (depending on the size of the sample) into cassettes for processing in paraffin. Gill 

pieces were processed in a sagittal position in the cassette and six- 5 μm serial sections were 

cut from each block. Sections were stained with hematoxylin and eosin stain (Howard et al. 

2004) and examined using a BH51 Olympus compound microscope with photographic 
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capability. Sections were evaluated for the changes to normal structure of exposed oysters 

versus controls. Occurrence and severity of changes were described for each treatment.

Statistical analyses: Analysis of variance (ANOVA) was performed using SigmaPlot 

13.0 statistical software. Analyses with significant ANOVA p-values were followed by the 

Student-Newman-Keuls (SNK) pairwise multiple comparison method to determine 

differences between test groups. Normality and equal variance assumptions were checked 

for all analyses and a p value of ≤ 0.05 was used to determine significance for ANOVA and 

post-hoc tests. Error bars in all figures show standard deviation values. Where applicable, 

Dunn’s non-parametric post-hoc test was used as shown in the supplementary information.

RESULTS

GO characterization

SEM analysis showed that the GO particles were mainly aggregated into sheets with lateral 

sizes in the μm range (Figure 1A). Upon ultrasonic treatment, these aggregates were 

separated and they remained stable in DI water, as shown by DLS analysis. The effective 

size of GO, an average of 3 measurements, was 639 nm in DI water. The stability of the DI 

dispersion of GO is probably due to electrostatic repulsion between the particles as indicated 

by a ζ potential of −37 mV. The surface charge of GO originates from the ionization of its 

functional groups such as carboxylic and phenolic moieties, which were confirmed to be 

present via XPS analysis. A deconvolution of the XPS C1s spectra is shown in Figure 1B 

where the peaks for sp2/sp3 carbon (C–C), epoxide/hydroxyl (C–O–C/C–OH), carbonyl 

(C=O) and carboxylic (COOH) groups were identified at binding energy (BE) of 284.5 eV, 

286.4 eV, 287.7 eV, and 289.4 eV, respectively (Han et al. 2011).

Exposure chamber assessments

The average water temperature, salinity and dissolved oxygen in the exposure chambers 

were 20.6 ± 0.5 °C, 30.5 ± 0.7 ‰ and 7.3 ± 0.3 mg/L, respectively (n = 12). GO 

concentrations decreased and particle size increased over time in the chambers with oysters 

(Figure 2, Tables S1 and S2). Significant relationships between concentration as well as 

effective diameter and time were observed for chambers with oysters (Figure 2, Table S3). 

Although concentration and effective diameter measurements for 1 mg/L chambers with 

oysters were associated with high variation between replicates and fewer reliable size 

readings with PDI < 0.4 (probably due to low GO concentration/signal), similar trends and 

significant relationships of time with concentration and effective diameter were noted 

(Figure 2B, table S3). The r2 values for concentration and size relationships with time are 

comparable for 10 mg/L (Figure 2A, r2 = 0.91 for both) as well as for 1 mg/L (Figure 2B, r2 

= 0.81 and 0.82, respectively). No GO was detected in any of the control chambers.

Selected beakers were also assessed for changes in the water column at the end of 3 and 16 

h. At the end of 3 h, no reliable DLS readings were obtained (polydispersity > 0.4 for all 

readings due to GO aggregation in seawater), therefore no DLS measurements were taken at 

the end of 16 h of exposure. For the 10 mg/L chambers with oysters, GO concentration 

decreased by 25% at the end of 3 h and 84% at the end of 16 h (Figure 3). For chambers 
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without oysters, the difference in concentration was 3% and 6% after 3 and 16 h, 

respectively (Figure 3).

The information on size distributions, as shown in Table 2, represents samples removed from 

the chambers within approximately 1 h of GO addition. These initial measurements suggest 

that the most abundant sized particles detected in the GO chambers were smaller than the 

effective diameter. The table also shows that the majority of the particles (particles scoring at 

least 1 on a distribution scale where the most abundant sized particle is represented by 100 

relative units) suspended in the GO chambers are smaller than a micron. However, it must be 

noted that a wide range of particle sizes was observed in replicate beakers. It must also be 

noted that 10,000 nm represents the higher size detection limit of the ZetaPALS analyzer. 

The reported values for effective diameter in Table 2 are indicative of all particles detected in 

the 1-min long DLS analysis, and that includes these relatively large (near or larger than 

10,000 nm) but less abundant particles (<1 relative number on the distribution scale) in the 

GO chambers. DLS is based on the intensity of light scattered by particles, which is 

proportional to the sixth power of particle diameter (Barnett 1942). As a result, a very small 

amount of large GO aggregates can cause a large bias on the effective diameter.

Lipid peroxidation

MDA levels were found to be elevated in the gills of oysters exposed to 10 mg/L GO and 

unchanged in 1 mg/L GO-exposed oysters (Figure 4, Tables S4 and S5). Results presented 

here show lipid peroxidation levels based on wet weights as well as normalized using tissue 

protein concentrations. Gill tissues from oysters exposed to 10 mg/L GO showed higher 

damage levels when expressed as MDA levels per gram of wet tissue (Figure 4A) and per 

mg protein (Figure 4B). In the DG tissues, damage levels were found to be significantly 

elevated in the oysters exposed to 10 mg/L GO, but only when normalized using protein 

concentrations (Figure 4D). No significant differences in lipid peroxidation levels were 

observed in oyster DG when expressed as per gram of wet tissues. (Figure 4C).

Glutathione-s-transferase

No significant changes in gill and DG GST activities were observed in GO-exposed oysters 

(Figure 5, Tables S6 and S7). Normalized GST activities (based on total tissue protein 

levels) as shown in Figure 5B and 5D were also not significantly different than the controls. 

A pattern of increase in GST activity in the DG tissues was noted (Figure 5D, tables S6 and 

S7, ANOVA p = 0.073; two tailed t-test p value between control and 10 mg/L= 0.029). 

Additionally, oyster gill GST, as shown in Figure 5A, showed a declining pattern at 1 mg/L 

GO when compared to controls (Tables S6 and S7, ANOVA p = 0.087; two tailed t-test p 

value between control and 1 mg/L = 0.015).

Total protein levels

No differences were observed in gill protein levels of oysters exposed to GO. However, 

protein levels were significantly lower at both GO exposure concentrations in DG tissues 

(Figure 6, Tables S8 and S9).
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Gill histology

Presence of mucous cells in the epithelial lining was noted in the control gill section (Figure 

7A). Loss of mucous cells just below the thin surface epithelium was observed in gill 

sections obtained from GO-exposed oysters (Figure 7B and 7C). The plicae also show 

increases in the number of hemocytes in vascular spaces as well as among epithelial cells, 

representing hemocytic infiltration and epithelial hyperplasia in GO-exposed oysters. 

Elevated numbers of vacuolated cells and interstitial edema in the glandular regions of the 

gill plicae were also noted. No diseased organisms were identified.

DISCUSSION

GO exposure assessment

In aquatic environments, factors such as ionic strength, salt composition, and natural organic 

matter affect stability of GO (Chowdhury et al. 2013). GO aggregates in aqueous 

suspensions and can undergo transformations under natural environmental conditions 

(Castro et al. 2018) which may affect physicochemical properties (Chowdhury et al. 2013) 

and, consequently, bioavailability to aquatic organisms. A wide range of nanoparticle sizes 

maybe available to filter-feeders in the water column because of GO aggregation properties. 

In our study, the effective diameter of GO increased from 2.6 to 5.6 μm in 46 min in the 

exposure chambers, as shown in Figure 2A. The broad particle size distribution for these 

chambers highlights the importance of understanding particle behavior assessments under 

environmentally relevant conditions. Organic matter in the water column serves as an 

adsorption phase for GO. Aggregation and sedimentation may slowly remove nanomaterials 

from the water column (Handy et al. 2008). Additionally, organic material (feces and 

pseudofeces) from shelled molluscs could increase particle association in the water column. 

Further, molluscan shells can act as hard surfaces for nanomaterial settlement. Physical 

disturbances in the water column may resuspend these particles and increase the exposure 

risks to a variety of organisms. As shown in Figure 3, only 3–6% of GO settled out from the 

water column in chambers without oysters. In contrast, in just 3 h, 25% of GO was cleared 

from the 10 mg/L chambers with oysters, and 84% by the end of 16 h. It must be noted that 

both filtration by the oysters as well as adsorption onto the shell may contribute to the loss of 

GO from the water column. These findings indicate that in chambers without oysters, in the 

absence of filtration by the bivalve, most of the GO is still suspended in the water column 

even after 16 h due to the disturbance and mixing created by chamber aeration. Care was 

taken to obtain each water sample from 2–3 cm above the bottom of the chamber to ensure 

that the GO concentration and particle size assessments are representative of changes in the 

water immediately surrounding the oyster. In natural environments, and as seen in our 

studies, nanomaterial aggregates can reach micron size ranges (Wong et al. 2010; Sanchís et 

al. 2015) that are preferred as food by bivalves and other coastal organisms. Ingested 

particles could also undergo transformation in the digestive tracts of these organisms 

(McClements et al. 2016) and may further affect feeding and nutritive processes in addition 

to causing direct damage to internal tissues.
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Biochemical assessment

Lipid peroxidation is the process of oxidation of polyunsaturated fatty acids, a primary 

component of cellular membranes, and can result in altered cell function and cell death 

(Gutteridge 1995). During lipid peroxidation, numerous reactive intermediates are formed 

and, until scavenged by antioxidants, such intermediates continue to cause damage and 

contribute to further ROS generation. The self-propagating nature of lipid peroxidation, and 

excessive generation of hydroxyl radicals, particularly, poses risks to cellular processes. Our 

studies show increased MDA levels, a product of lipid peroxidation, in DG and gill tissues of 

oysters exposed to GO. Similar to our findings, elevated lipid peroxidation and oxidative 

stress have also been reported in other GO-exposed organisms such as fish (Chen et al. 

2016) and polychaetes (De Marchi et al. 2017). Such oxidative damage could be an outcome 

of cellular internalization of particles leading to elevated ROS production (Manke et al. 

2013). GO sheets, similar to other high aspect ratio nanomaterials, have the potential to offer 

large surface area for particle-cell interactions in biological systems (Lin et al. 2014) and 

production of ROS. GO has also been demonstrated to result in formation of ROS, such as 

hydroxyl radical, superoxide radical and singlet oxygen, in an aqueous suspension (Adeleye 

et al. 2018).

In the present study, lipid peroxidation values are presented as tissue MDA levels based on 

total wet weight as well as total protein. Generally, normalization using protein levels is 

regarded as a more robust comparative biomarker assessment. Our results show that both 

gills and DG tissues have similar trends of increase in oxidative damage in GO-exposed 

oysters. These findings suggest that lipid peroxidation is a reliable cellular marker of ROS-

induced oxidative damage for short-term GO exposures and is a critical endpoint to assess 

potential outcomes of nanotoxicity of GFNs.

The role of ROS in nanomaterial-induced oxidative stress is also associated with antioxidant 

and detoxification enzymes (Nel et al. 2006; Manke et al. 2013). Such enzymatic responses 

include induction of phase II enzymes, such as GST, and can serve as biomarkers of 

nanotoxicity. GSTs are known for their antiperoxidative potential, involvement in the 

metabolism of DNA hydroperoxides and reduction of lipid peroxidation products (Bao et al. 

1997) as well as in stress signaling (Zhang et al. 2013). Studies documenting GST 

involvement in signal transduction in nanomaterial toxicity are emerging (Klaper et al. 2009; 

Zhao et al. 2013). However, reports on changes in activities of GSTs in GO-exposed 

organisms are scarce. Our studies show no significant differences in GST activities in oysters 

exposed to GO. However, it must be noted that GST activity patterns (per mg protein) were 

different between gills and DG. A pattern of increasing activity in DG, possibly due to 

declining protein levels, and a U-shaped response in gills were observed. We suspect that the 

short duration of our study is responsible for the lack of significant changes in GST 

activities. It must also be noted that the response profiles of enzyme biomarkers can often 

show a bell-shaped trend on a stress gradient (Viarengo et al. 2007). Current information on 

changes in GST activity patterns in GO-exposed invertebrates (Mesarič et al. 2015; De 

Marchi et al. 2017) is not sufficient to define the role of GST in GO toxicity. Further 

investigations need to address these gaps in our understanding of use of enzyme biomarkers 

in GO toxicity.
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Total protein levels in the tissues are a general marker of cellular well-being (Smolders et al. 

2004). As mentioned before, they serve as a tool to normalize biomarker data for better 

comparison and identification of cellular responses and must be considered to examine 

tissue-specific patterns of cellular changes. Our results show significant declines in protein 

levels in DG tissues of GO-exposed oysters at both test concentrations. Declines in cellular 

protein levels could represent tissue damage, direct damage to cellular proteins, and eventual 

cell death. GO exposure studies have documented decreased cell viability suggesting 

cytotoxicity at concentrations ≥ 10 mg/L (Ahmed and Rodrigues 2013; Katsumiti et al. 

2017). It is also possible that the exposure to nanomaterials affect food uptake, nutrition, and 

absorption, which in turns leads to decreased protein synthesis and may affect overall 

organismal energy budgets. Chronic GO exposure studies are required to further determine 

long-term effects on protein levels.

Histopathological assessment

Finally, we observed histopathological effects of GO exposures in gills. Our representative 

initial histological assessments of gill tissue damage indicate loss of mucous cells normally 

lining this portion of the gill, vacuolation and necrosis of plical epithelium alternating with 

mild hyperplasia of epithelial cells. Additionally, intra-epithelial inflammation, marked 

inflammation of the underlying connective tissue and sinuses, and multifocal vacuolation of 

connective tissue were also observed. Mucoid areas of the plica secrete mucous which 

assists in capturing food particles in the mucous string. Decreased mucous secretion can 

compromise food capture and lead to nutritive deficiencies and possibly low protein levels, 

as discussed earlier. Interestingly, the lesions observed in the sections from oysters exposed 

to 1 mg/L GO appeared more severe than the ones seen in oysters exposed to 10 mg/L GO. 

This could be partly due to the fact that oysters can close their shells for long durations when 

the environmental conditions immediately surrounding them are not optimal (Kennedy et al. 

1996). Further investigations are required to establish such relationships between GO 

concentrations and shell closure.

Influx of hemocytes to the gill, as seen in our study, is representative of inflammation. 

Oyster hemocytes are immune cells that can phagocytose foreign particles and can also 

produce ROS (Boyd and Burnett 1999). Vertebrate toxicity studies with nanomaterials 

suggest that cellular internalization of nanomaterials can activate immune cells via cellular 

redox pathways and trigger inflammation. Further, an interdependent relationship between 

inflammation and oxidative stress has been suggested in nanomaterial toxicity (Manke et al. 

2013). We hypothesize that the sharp edges of GO sheets could induce direct damage to the 

gill epithelium causing loss of cell membrane integrity which may lead to loss of osmotic 

balance as well as intra and extracellular edema. Further, as a response to injury, hemocytes 

infiltrate the epithelium and underlying connective tissues of the gill. Such changes in gills 

could affect respiration and feeding and can have adverse physiological effects for the 

organism. In agreement with our findings, other studies have also reported physical damage 

by GFNs to cellular membranes (Lammel and Navas 2014; Chen et al. 2016) suggesting 

critical risks to cell function and viability.
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Summary

GFN cytotoxicity can be manifested via multiple mechanisms including oxidative stress and 

ROS-induced damage, physical damage to plasma membranes and other cellular 

components, and inflammatory response and apoptosis (Ou et al. 2016). Such multiple 

mechanistic pathways are possibly connected via nanomaterial-induced oxidative stress and 

associated signal transduction. It is therefore essential to investigate the role and interactions 

of ROS production, cell signaling pathways and their enzyme biomarkers, and immune 

function to understand the potential risks associated with GFN exposures. Our study 

confirms ROS mediated lipid damage as well as an inflammatory response possibly due to 

physical injury in GO-exposed oysters. With the rapid growth of graphene consumer market, 

toxicity assessments across multiple aquatic species are essential. As GO studies emerge and 

molecular initiating events associated with toxicity are identified, further investigations on 

their physiological implications are also warranted. Additionally, the human health effects of 

consumption of nanomaterial-exposed oysters as seafood is an area in need of investigation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Physicochemical characterization of GO used in the present investigation: (A) Scanning 

electron micrograph, and (B) deconvoluted C1s spectrum of the pristine GO particles 

showing binding energies on the x-axis and counts per second (CPS) on the y-axis.
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Figure 2. 
Relationship of time with the measured concentration and effective diameter for (A) 10 

mg/L and (B) 1 mg/L GO exposure chambers containing oysters. Black circles represent 

mean concentration measurements and are plotted on the primary y-axis (n = 8 per data 

point); grey circles represent effective diameter and are plotted on the secondary y-axis (n = 

4–8 per data point in 10 mg/L chambers, n =1–5 per data point for 1 mg/L chambers). 

Standard deviations, regression r2 and p values are indicated. Different letters represent 

significant differences.
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Figure 3. 
Initial and final measured GO concentrations after 3 and 16 hours in the 10 mg/L GO 

chambers with and without oysters; n = 2 for chambers with oysters and n = 1 for chambers 

without oysters. Values are normalized to the initial GO concentration in the chamber and 

are expressed as percentages.
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Figure 4. 
Malondialdehyde (MDA) levels in gill (A and B) and digestive gland (DG) (C and D) tissues 

of GO-exposed oysters. Different letters indicate significant differences; no letters indicate 

no differences.
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Figure 5. 
Activity of glutathione-s-transferase (GST) in gill (A and B) and digestive gland (DG) (C 

and D) tissues of GO-exposed oysters. No significant differences were found.
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Figure 6. 
Total protein levels in gill and digestive gland tissues of GO-exposed oysters. Different 

letters indicate significant difference between concentrations, no letters indicate no 

differences.
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Figure 7. 
Histological gill tissue sections from (A) control, (B) 1 mg/L GO-exposed, (C) 10 mg/L 

GO-exposed oysters. In control animals, mucus cells are abundant in the epithelium and 

minimal numbers of hemocytes are noted in the underlying connective tissues and vessels. 

GO-exposed animals show a loss of mucus cells, loss of non-mucus epithelial cells, 

destruction of underlying connective tissues and diffuse severe hemocytic inflammation. MC 

- mucous cells, H - hemocytes, V – vacuolation. The scale bar represents 20 μm.
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Table 1.

Summary of the characterization of GO used in this investigation.

Property Value

Lateral size
a 300 – 700 nm

Number of layers
a 2 – 4

Thickness
a 1.4 – 4.8 nm

Carbon/Oxygen ratio 1.55

Hydrodynamic diameter 638.6 ± 23.4 nm

Zeta potential
b −37.1 ± 2.4 mV

a
Information provided by the manufacturer

b
Ionic strength was adjusted to 1 mM (NaCl)
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Table 2.

Concentration and particle size information from 10 mg/L and 1 mg/L GO chambers. The most abundant 

particle size in the sample is assigned a relative number of 100 during DLS measurements. Size distribution is 

shown as a range associated with particles assigned a relative number of at least 1 (data >1), and also as a 

range associated with particles assigned any number > 0 (all data). Chambers indicated as SW are seawater 

chambers without oysters.

10 mg/L Size range
(relative distribution)

Chamber
# Time post GO addition Conc Most abundant size Data >1 all data Effective diameter

mins mg/L nm nm nm nm

1 1 7.41 284 284–2405 284–10,000 2453.8

4 10 5.88 764 514–764 514–10,000 3778

7 19 5.81 77 77–108 77–10,000 4730.7

10 28 5.84 112 112–179 112–10,000 4762.4

13 37 4.83 167 145–224 145–6452 5281.5

16 46 6.12 68 68–95 68–10,000 4930.6

19 (SW) 55 6.94 126 126- 126–7315 5005.6

22 (SW) 64 5.96 120 120–1096 120–10,000 5824.6

1 mg/L Size range
(relative distribution)

Chamber
# Time post GO addition Conc Most abundant size data >1 all data Effective diameter

mins mg/L nm nm nm nm

2 4 0.42 469 469–691 469–5303 2350.8

5 13 0.35 781 715–8387 715–10,000 2999.5

8 22 0.93 168 146–1392 146–10,000 3307.4

11 31 0.63 105 89–808 89–10,000 4406.3

14 40 0.23 64 64- 64–10,000 12438.4

17 49 0.74 127 127–728 127–10,000 4269.8

20 (SW) 58 0.3 2786 2736–2820 2736–2820 3447

23 (SW) 67 0.25 437 168–500 168–7617 3848.6
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