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Abstract

The toxicity of graphene oxide (GO) has been documented for multiple species. However, 
GO has variable surface chemistry, and it is currently unclear whether changes in oxygen 
content impact GO-organism interactions the same way across species. In this study, a 
modified Hummer’s GO (ARGO) was systematically reduced by thermal annealing at 200, 
500, or 800 ºC and toxicity towards bacteria (Escherichia coli), alga (Scenedesmus 
obliquus), cyanobacteria (Microcystis aeruginosa), and invertebrates (Daphnia magna) was 
assessed by measuring the effective concentrations inducing 50% inhibition (EC50). The 
EC50-carbon/oxygen ratio relationships show similar trends for bacteria and invertebrates, 
where toxicity increases as the material is reduced. Conversely, cyanobacterial inhibition 
decreases as GO is reduced. Further testing supports differences in cell-GO interactions 
between bacteria and cyanobacteria. Cyanobacteria showed a decrease in metabolic activity, 
evidenced by a 69% reduction in esterase activity after ARGO exposure but no oxidative 
stress, measured by 2’,7’-dichlorodihydrofluorescein diacetate (H2DCFDA) fluorescence 
and catalase activity. In contrast, ARGO induced a 55% increase in H2DCFDA fluorescence 
and 342% increase in catalase activity in bacteria. These changes in cell-material 
interactions propose different mechanisms of action, a physical mechanism occurring in 
cyanobacteria, and a chemical mechanism in bacteria.  The differences in GO toxicity 
observed in different organisms emphasize the need to differentiate the safe-by-design 
guidelines made for GO in relation to the potential organisms exposed.
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Environmental significance:

Even though the toxicity of graphene oxide (GO) has been well documented for multiple 
organisms, little is known about how changes in the oxygen content alter the GO-organism 
interactions. This study investigates four graphene-based nanomaterials (GBNMs) of 
different surface chemistries and their interactions with aquatic organisms: a bacterium 
(Escherichia coli), a green alga (Scenedesmus obliquus), a cyanobacterium (Microcystis 
aeruginosa), and an invertebrate (Daphnia magna). These interactions were compared at 
the same biological endpoint, the EC50 concentration, to test whether they are the same 
across species.  The findings emphasize how different surface chemistries and species-
specific parameters alter the toxicity of GBNMs and highlight the need to consider the 
specific response of each organism when developing safe-by-design guidelines for 
GBNMs.
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1. Introduction 
Carbon nanomaterials (CNMs) have gained popularity due to their unique 

electrical, optical, and mechanical properties, leading to their widespread use in all fields 
of technology, from electronic systems to biomedical devices.1–3 A class of CNMs that has 
been growing significantly due to the increasing number of applications is graphene-based 
nanomaterials (GBNMs). Their popularity is such that in 2019, the global graphene market 
size was estimated at 78.7 million USD and is expected to expand at a compound annual 
growth rate of 38.7% in the next 7 years.4 These GBNMS include graphene, graphene oxide 
(GO) and their derivatives.5,6 Graphene oxide (GO) is a highly oxidized, monolayer CNM 
characterized by the presence of hydroxyl, epoxy, and carboxyl functionalities along the 
basal plane or the edges of the graphenic structure, typically resulting in carbon to oxygen 
ratios (C/O) between 2-4. GO is hydrophilic and can be easily dispersed in polar solvents 
(i.e., water) as opposed to graphene, which has no oxygen functionalities and is 
hydrophobic. Reduced GO’s (rGO) properties lie somewhere in between, with fewer 
oxygen functional groups on the carbon lattice yielding C/O ratios above 8.3 

The wide production and application of GBNMs inevitably raised concerns 
regarding the potential to impart adverse consequences in the event of the unintended 
release to aquatic ecosystems.7–9 The structural changes described above significantly alter 
the stability of GBNMs in complex environmental matrices and their interactions with 
microorganisms. GO has been reported to cause acute toxicity to multiple aquatic 
organisms including bacteria,10–12 protozoans,13 zooplankton,14 adult zebrafishes,15 
zebrafish embryos,16,17 bivalves,18,19 algae7,20,21, and invertebrates.21–23 The mechanisms of 
interaction of GO with these different organisms have been described either as physical or 
chemical interactions, leading to membrane damage, cell entrapment, or oxidative 
stress.24,25 However, the dominant toxicity mechanisms and material-organism interactions 
remain unclear and require further investigation. 

Previous studies have shown that surface chemistry and presence or absence  of  
functional moieties in CNMs play an important role in establishing their biological 
activities.8,26–30 Gilbertson et al. for example, demonstrated the ability to control the 
biological activities of oxygen functionalized multi-walled carbon nanotubes (O-
MWCNTs), another type of CNMs, by controlling their surface chemistry with either 
strong acids or high temperature annealing.28,31 In a similar study, Wang et al. performed a 
systematic reduction of GO materials through thermal  annealing to vary the C/O ratio from 
1.58 to 5.80 to further understand the relationships that correlate the materials’ properties 
to both their performance and inherent hazards.8 

Given the wide diversity in GBNMs’ structure, morphology, and composition, it is 
of utmost importance to understand the structure-activity relationships that underline the 
potential toxicity of nanomaterials (NMs). Unraveling how changes in the structural or 
morphological properties of GBNMs can affect their interactions with living cells will help 
us estimate the biological hazard and subsequent risk of new NMs. With this in mind, we 
recently investigated the structure-property-toxicity relationships for a suite of GO 
materials, systematically reduced using thermal annealing, in a bacterial model, 
Escherichia coli (E. coli). This previous study demonstrated higher bacterial toxicity as 
GO is reduced, with lower effective concentration inducing 50% decrease in bacteria 
viability (EC50) as the C/O ratio increased.27 This structure-property-toxicity relationship, 
however, was only demonstrated in bacteria, which is one type of microorganism present 
in aquatic environments. Whether the same responses can be translated to other aquatic 
organisms or not is still unknown.

In this study, we compare how the differences in oxygen content of a modified 
Hummer’s GO (ARGO) and three thermally annealed GOs (TGO200, 500, and 800) alter 
the toxicity towards multiple aquatic species including a bacterium, a green alga, a 
cyanobacterium, and an invertebrate. The selected model organisms are E. coli, 
Scenedesmus obliquus (S. obliquus), Microcystis aeruginosa (M. aeruginosa) and Daphnia 
magna (D. magna), which are all organisms that are commonly used for aquatic risk 
assessment thanks to their sensitivity, ecological relevance, and short generation spans.32 
With this suite of biological assays, we show that the structure-property-toxicity 
relationships established in one model may not always be applicable to other organisms 
due to the differences in the model-specific mechanisms of interactions involved. 
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2. Materials and methods
2.1 Chemicals. All the fluorescent dyes were obtained from Thermo Fisher Scientific 
(Molecular Probes, Eugene, OR). The dyes include fluorescein diacetate (FDA), and  2’,7’-
dichlorodihydrofluorescein diacetate (H2DCFDA). Unless specified, all chemicals were 
dissolved in deionized (DI) water obtained from a GenPure UV xCAD plus ultrapure water 
purification system (Thermo Scientific, Waltham, MA).  A modified Hummer’s powdered 
single layer GO (~99% pure) was purchased from ACS Materials LLC (Medford, MA, 
USA, product no. GNOP10A5) and used as received (ARGO). Surface modification on the 
GO was prepared by thermally treating the ARGO under helium (He) gas flow in a tube 
furnace (Thermo Scientific Lindberg/Blue M TF55035A-1) with a custom-built quartz tube 
at increasing temperatures 200, 500, and 800 °C.8 The ARGO was added to the quartz tube 
and heated at a rate of 5 °C min-1 to the maximum temperature, held for 30 min, and left to 
cool at room temperature under He flow. These thermally reduced GO samples are referred 
to as TGO200, TGO500, and TG800, respectively. 

2.2 Material characterization. X-ray Photoelectron Spectroscopy (XPS) was done for all 
the GBNMs to identify changes in the materials’ surface chemistry. XPS offers a 
quantitative approach to evaluate the reduction degree of ARGO as a function of thermal 
annealing. Further, multiple batches of each material were prepared for carrying out the 
toxicity assays, making sure to use the same batch for each taxon studied. For XPS analysis, 
the sample holder was covered with double-sided copper tape and dusted with enough GO 
powdered material to cover the surface. The sample was then loaded in a Thermo Scientific 
ESCALAB 250Xi that uses a monochromatic Al Kα X-ray source with the following 
parameters: 1486.7 eV and a spot size of 650 µm. Survey spectra were collected using a 
1.0 eV step size and 150 eV pass energy while a 0.1 eV step size and 50 eV pass energy 
were used for the high resolution spectra. Three measurements in different locations were 
collected per sample. The Thermo Scientific Avantage software was used  for peak fitting 
and to calculate the atomic percentage.8 The GBNMs were characterized using Scanning 
Electron Microscopy (SEM) to determine the size of the GO sheets. The SEM images were 
taken with an Amray 1910 FE-SEM using 10 eV. For sample preparation, 3 µL of a diluted 
50 µg/mL GO stock solution was drop-casted on a 1 cm × 1 cm silicon wafer previously 
cleaned via UV-ozone treatment for 20 min (UV/Ozone ProCleaner, BioForce 
Nanosciences, Ames, IA). The ImageJ software was used to process the SEM images and 
measure GO dimensions. 

2.3 Toxicity of GBMNs to E. coli. The antimicrobial suspension assays were done 
according to Barrios et al.27 E. coli W3110 (American Type Culture Collection ATCC 
11303) was grown overnight in Lysogeny Broth (LB) on a shaker plate at 140 rpm in an 
Isotemp incubator (Fisher Scientific) at 37 °C. Then, the culture was diluted in fresh LB 
(1:25) and grown until the optical density (OD) reached 1 (~2 h). Cells were washed with 
sterile 0.9% NaCl solution three times by centrifugation. The bacterial solution was then 
diluted to 107 colony-forming units (CFUs)/mL in sterile saline solution. 

For GO exposure to the bacteria, stock suspensions of ARGO and each TGO 
materials were made in nanopure water (5,000 µg/mL) and bath sonicated for 1 h (M3800 
Branson Ultrasonic Corporation, Danbury, CT). The exposure took place in a total volume 
of 5 mL, where 3.5 mL of sterile 0.9% NaCl, 0.5 mL of clean bacteria solution, and then 
supplemented with the required volume of each GO suspension to reach concentrations of 
1, 10, 50, 150, 250, and 500 µg/mL in 7 mL scintillation vials. A negative control (no GO 
added) treatment was created by adding 1 mL of sterile DI water. Vials were placed on a 
horizontal shaker (Branstead Lab-Line) at 80 rpm for 3 h and kept at room temperature. 
After the 3 h contact time, the bacteria-GO suspensions were diluted (1:10) in Eppendorf 
tubes and vortexed, and 50 µL of each suspension was spread on a LB agar plate and 
incubated overnight at 37 °C for CFU enumeration. 

2.4 Toxicity of GBNMs to aquatic photosynthetic microorganisms. The freshwater 
cyanobacteria M. aeruginosa (UTEX LB 3037) and green alga S. obliquus (UTEX 3031) 
were both grown and maintained in sterile Bold Basal Medium (BBM) with a pH of 6.8, at 
a controlled temperature of 28 ± 2 °C, and a constant illumination of  4.85 ± 0.31 mW/cm2 
(Thorlabs, NJ, USA), as previously described.33 Constant aeration was provided by air 
bubbling, filtered by a 0.20 µm sterile cellulose filter (VWR, USA), using an aquarium 
pump (Whisper Air Pump, Tetra, USA). The cultures were diluted once a week with fresh 
BBM medium to maintain a constant algal growth in the stock solution. To assess the 
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cultures’ growth, the relationship between cell density and optical density at 750 nm was 
measured. Cell density was measured by adding 5 µL of each culture in a hemocytometer 
and counting the cells with a Leica DM6 epifluorescence microscope (Leica Microsystems, 
Inc. Buffalo Grove, IL) in bright field mode.

For GO exposure, the algal cultures were diluted to 5×105 cells/mL and allowed to 
grow until the mid-exponential phase (~ 2h, monitored by optical density at 750 nm). Stock 
suspensions of ARGO and each TGO materials were made in nanopure water (2,000 
µg/mL) and bath sonicated for 72 h (M3800 Branson Ultrasonic Corporation, Danbury, 
CT). In 50 mL Erlenmeyer flasks, 18 mL dilution of 2 x 106 cells/mL is made from the 
stock solution of M. aeruginosa and BBM medium. Then, a volume of the stock GO 
suspension was added to reach concentrations from 1, 5, 10, 25, 50, and 100 µg/mL in a 
total volume of 20 mL, supplementing with sterile BBM to 20 mL, as needed. A control 
(no GO added) treatment was made by adding 2 mL of sterile BBM into the 18 mL algal 
dilution. Flasks were kept at a constant temperature (28 ± 2 °C) on a shaker at a speed of 
60 rpm for 96 h. After the 96-h contact time, 1.5 mL of the algae-GO aliquots were 
collected in 2 mL Eppendorf tubes, centrifuged for 10 min, and the supernatant was 
removed, keeping the algal cells and the GO in the pellet. Then, 0.5 mL of methanol were 
added to the Eppendorf tubes, vortexed, placed on a digital dry bath (Fisher Scientific 
Waltham, MA) set at 70°C for 10 min, and centrifuged again for 10 min to pellet the cell 
debris. A 0.2 mL volume of the pigment extract (supernatant) was placed in a transparent 
microplate to measure chlorophyll a, chlorophyll b, and total chlorophyll concentrations 
on a microplate reader (Synergy H4, BioTek) according to Lichtenthaler.34 

2.5 Toxicity of GBNMs to D. magna. The freshwater microcrustacean D. magna was 
maintained according to ISO 634135 and NBR 12.713.36 All animal procedures were 
performed in accordance with the Guidelines for Care and Use of Laboratory Animals at 
the Federal University of Santa Catarina. For studies with D magna, according to the 
university guidelines, evaluation by the ethics committee is not required. The organisms 
were kept in M4 medium at controlled temperature (20 ± 2 °C) and diffuse luminosity with 
a photoperiod of 16h of light and 8h of darkness. The D. magna was fed three times a week 
with approximately 106 cells/mL per organism using Scenedesmus subspicatus algal 
culture.

Prior to the acute toxicity tests with D. magna, ARGO and each TGO samples were 
diluted in ISO medium, according to NBR 12.713.36 The stock suspensions (500 mg/L) 
were bath sonicated (Ultrasound bath, model Q3360, QUIMIS, São Paulo, Brazil) at 70 W 
for 4h. In the assays, offspring of  D. magna (2-26h old) were exposed to concentrations 
of 12.5, 25, 50, 100, 200, and 400 mg/L. The negative control was conducted with ISO 
medium only (no GO added). For each dilution, 20 D. magna offspring were exposed 
(duplicates of ten organisms) for a period of 48 h. The toxicological endpoint was the 
immobilization of the organisms. The data were statistically analyzed using the Trimmed 
Spearman-Karber method and the results were expressed as EC50,48h ± Standard Deviation. 
The acute toxicity tests were conducted three times for each material. The sensitivity of the 
organisms was assessed using potassium dichromate (K2Cr2O7) as reference substance and 
with exposure for 24 h. For the organisms used in this research, the result was EC50,24h = 
0.94 ± 0.17 mg/L, within the recommended range for validating the results (0.6 mg/L to 
1.7 mg/L).

2.6 Experimental conditions. A literature review was performed to compile the different 
experimental conditions commonly used for studying the toxicity of GO and its material 
derivatives (i.e., reduced GO, graphene) for each organism (E. coli, M. aeruginosa, S. 
obliquus, or D. magna), including parameters and endpoints employed (Table S1). Three 
main observations emerged: 1) Experimental conditions (time and manner of exposure, and 
materials’ concentrations) vary across organisms; 2) The extent of material 
characterization is not uniform; and 3) There are many toxicity endpoints used to measure 
the response of an organism towards a material. This data collection informed our selection 
of conditions for this study facilitating comparison to the existing literature (Table 1). The 
four organisms were selected to represent their respective taxa. Bacteria, algae, and aquatic 
invertebrates are attractive for toxicity characterization because their generation spans are 
shorter than those of higher organisms like fish.32 Additionally, toxicity tests using these 

Page 6 of 25Environmental Science: Nano

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



7

organisms usually require smaller volumes and thus, require smaller quantities of NMs. 
The range of GBNMs’ concentrations we investigated showcases the different sensitivities 
of each organism towards GO. 

The literature survey also highlighted the gaps in materials characterization 
reporting in GBNMs’ toxicity studies. While it is common practice to report 
characterization parameters like GBNMs’ thickness, lateral size, and defect density (i.e., 
D/G ratio), the focus on surface chemistry is less frequently found. The carbon-to-oxygen 
ratio or C/O ratio has been identified as a key parameter to better understand the 
relationship between surface chemistry and toxicity for GBNMs27 but it is not 
comprehensively studied. Thorough material characterization is necessary to identify 
further indicators that will help in safer material design. Therefore, this study utilizes the 
same material set, ARGO and thermally annealed ARGOs, which are compared across all 
the chosen organisms that represent different taxa. The systematic reduction of ARGO 
produces GBNMs of different surface chemistries.

Table 1. Experimental conditions for each organism tested. 

Organism Taxon Medium Contact 
time (h)

Concentrations
(µg/mL)

Parameter used 
for EC50

E. coli Bacteria 0.9 % NaCl 3 0-500 CFU enumeration
M. aeruginosa Cyanobacteria BBM 96 0-100 Chlorophyll 

S. obliquus Algae BBM 96 0-100 Chlorophyll 

D. magna Invertebrate ISO 48 0-400 Immobilization

2.7 Aggregation experiments. Aggregation experiments were performed with ARGO in 
the respective media used for toxicity assays: 0.9% NaCl (bacteria), BBM 
(algae/cyanobacteria), and ISO medium (invertebrate). No organisms were included, and 
experiments were performed at ambient temperature. ARGO stock solutions (2000 µg/mL 
in DI water) were bath sonicated for 1 h (150HT Ultrasonic Cleaner, Aquasonic, USA). 
An experimental concentration of 100 μg/mL was used in all media. Additional 
concentrations of 200 μg/mL for 0.9% NaCl, 10 and 40 μg/mL for BBM (for M. aeruginosa 
and S. obliquus respectively), and 400 μg/mL for ISO medium were studied, representing 
the respective EC50 values. Hydrodynamic diameter (Dh) was analyzed 5 min after the 
addition of ARGO stock and at the end of the respective toxicity assay duration: 3 h for 
bacteria, 96 h for algae, and 48 h for daphnia. All experimental samples were agitated 
according to details specified in toxicity assays. Experiments were performed in triplicates 
with 5 mL solution in 7 mL scintillation vials for ISO medium and 0.9% NaCl, and 20 mL 
solution in 50 mL Erlenmeyer flasks for BBM. The respective volumes were selected based 
upon the experimental setups of the toxicity assays. In the interest of conserving materials, 
the volume of ISO medium differed based on the lack of motion limiting the potential for 
variability. The ARGO aggregate size was measured using dynamic light scattering (DLS, 
Litesizer 500, Anton-Paar, Austria) to obtain Dh. All measurements were determined at a 
90° detection angle. Spectra were averaged over 12 scans. UV-vis analysis of sample 
solutions was performed, showing negligible absorption at the LiteSizer 500 light 
wavelength (658 nm). Fourier transform infrared (FTIR) spectroscopy (Bruker IFS66 V/S, 
USA) equipped with an MCT detector and a KBr beam splitter with a Diamond Attenuated 
Total Reflectance (ATR) module was done to assess changes in the materials’ surface 
chemistry after being added to each media. 

2.8 Effective concentration calculation.  The software OriginPro 8.5.1 was used to 
calculate the EC50 in bacteria and alga/cyanobacteria experiments. Data fitting was done 
using a sigmoidal fit using the dose-response function with the following equation:37

                                                                                                   (1)𝑦 = 𝐴1 +
𝐴2 ― 𝐴1

1 + 10
(𝑙𝑜𝑔𝑥0 ― 𝑥)𝑝

Where A1 = bottom asymptote, A2 = top asymptote, logx0 = center, p = hill slope, and 
EC50 is given by: 
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                                                                                                               (2)𝐸𝐶50 =  10𝑙𝑜𝑔𝑥0

For invertebrates, the EC50 values were calculated through the Trimmed Spearman-
Karber method, after Hamilton et al.38

2.9 Fluorescent dye assays after GBNMs exposure.  To further investigate biochemical 
responses of bacteria and cyanobacteria to GO, a set of fluorescent dyes were used at the 
EC50 concentrations of either E. coli or M. aeruginosa after exposure to ARGO and 
TGO800 (bacteria) or TGO500 (cyanobacteria). Changes in esterase activity and 
membrane damage and oxidative stress were evaluated using the FDA and H2DCFDA 
fluorescent dyes, respectively.39 Stocks solutions for each dye were prepared according to 
the manufacturer specifications (Molecular ProbesTM, Thermo Fisher, Waltham, MA): 10 
mM for FDA and H2DCFDA and kept at -20oC in the dark. After the exposure time (3h for 
bacteria, 96h for cyanobacteria), 1 mL of the cells were stained with a final concentration 
of 5 mM of FDA or 0.2 mM H2DCFDA. The samples were incubated for 30 min in the 
dark before pipetting 200 µL of each sample in a 96 well plate. The fluorescence was 
measured using excitation/emission wavelengths of 490/526 nm for FDA and 495/527 for 
H2DCFDA on a multi-mode microplate reader (Synergy H1, BioTek). Data was expressed 
as the mean fluorescence intensity and the results as a percentage with respect to the 
control. 

2.10 Catalase activity after GBNMs exposure. CAT activities were measured for E. coli 
and M. aeruginosa after exposure to ARGO and TGO800 (bacteria) or TGO500 
(cyanobacteria) at their EC50 concentrations. For the antioxidant enzyme measurements, 2 
mL of either bacterial or cyanobacterial cell suspensions were collected in Eppendorf tubes 
after the allocated contact time (3h or 96h). Samples were centrifuged (5,000×g, 1 min) to 
form a pellet and then washed three times with 1 mL of 50 mM phosphate buffer (pH = 
7.4). Cells were homogenized using bath sonication (M3800 Branson Ultrasonic 
Corporation, Danbury, CT) for 30 min kept at 4 °C using ice and then centrifuged at 
5,000×g at 4 °C for 1 min. The supernatant was used for biochemical analysis. CAT activity 
was evaluated spectrophotometrically by the decomposition rate of hydrogen peroxide 
(H2O2) at 240 nm at 25 °C according to Aebi.40 Total soluble protein was measured using 
the PierceTM BCA Protein Assay Kit (Thermo Scientific No. 23225). 

2.11 Electron microscopy of cells after GBNMs exposure. The effect of GO exposure 
on cell morphology was evaluated for E. coli and M. aeruginosa after contact to ARGO 
and TGO800 (bacteria) or TGO500 (cyanobacteria) using SEM and TEM imaging. 
Cultures were prepared depending on the parameters used for the toxicity assays using the 
3h and 96h EC50 concentrations. At the end of the contact time, cells were collected by 
centrifugation (5,000×g, 1 min) and the pellet fixed in Karnovsky’s fixative (2% 
paraformaldehyde, 2.5% glutaraldehyde in 0.2 M Sorenson’s buffer, pH= 7.2) overnight at 
4°C. 

For SEM imaging, the fixed cells were washed once with Dulbecco's Phosphate 
Buffered Saline (DPBS), adhered to poly-L-lysine coated coverslips, and then washed two 
additional times with DPBS. Secondary fixation was done with 1% OsO4 in DPBS for 1h 
at room temperature, followed by three washes with DI water. Cells were dehydrated with 
an ascending series of ethanol solutions followed by critical-point drying using a CPD-020 
unit (Balzers-Union, Principality of Liechtenstein) with liquid CO2 as the transition fluid. 
The dried samples were mounted on aluminum stubs and coated with 10-12 nm of gold-
palladium using a Hummer II sputter coater (Technics, San Jose, CA). Imaging was done 
on a JSM 6300 SEM (JEOL USA, Peabody, MA) operated at 15 kV and images were 
captured with an IXRF Systems model 500 digital processor (IXRF System Inc., Austin, 
TX). 

            For TEM imaging, the fixed cells were pelleted and entrapped in 0.8% agarose 
before washing three times with DPBS. Cell pellets were then fixed with 1% OsO4 in DPBS 
for 2h at room temperature and rinsed four times with deionized water. The cells were 
stained overnight at 4°C using 1% aqueous uranyl acetate and washed the following 
morning with 4 changes of DI water. Cells were dehydrated with an ascending series of 
ethanol concentrations (20, 40, 60, 80, 100% ethanol), rinsing three times with 100% 
ethanol. Then, the 100% ethanol was replaced twice with propylene oxide before 
infiltrating the samples in increasing concentrations of Spurr’s standard mixture epoxy 
resin41 using 25% increments. Embedded samples were polymerized at 60°C for 24 hrs. 
Resin blocks were microtomed to 70 nm sections with a Leica Ultracut-R microtome (Leica 
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Microsystems, Buffalo Grove, IL) and collected on formvar-coated copper slot grids. 
Microtomed sections were stained with 2% uranyl acetate in 50% ethanol for 6 min 
followed by Sato's lead citrate42 for 3-4 min. Images were obtained using a Philips CM12 
TEM (Philips, Eindhoven, Netherlands) operated at 80kV. Micrographs were acquired 
with a Gatan model 791 CCD camera.

2.12 Data analysis and statistics. All experiments were done using triplicate samples and 
in three independent experiments at a minimum. Data is shown as means and standard 
deviation, calculated for each treatment. A one-way analysis of variance (ANOVA) 
followed by a Tukey post-hoc test with p<0.05 was done to determine significant 
differences between control samples and GO treated samples. These differences were 
indicated using different letters in the figures. Statistical analysis was done using the 
Statistical Package for Social Sciences (SPSS) software version 26. 

3. Results and discussion 
3.1 Surface chemistry characterization of GBNMs. The different GBNMs were 
characterized by XPS to identify how the surface chemistry of ARGO and TGOs influence 
their interaction with different organisms. XPS offers a quantitative approach to evaluate 
the reduction degree of ARGO as a function of thermal annealing. Further, multiple batches 
of each material were prepared for carrying out the toxicity assays, making sure to use the 
same batch for each taxon studied. Surface characterization is important to ensure that the 
desired trend in O% is attained (Table 2 for C/O ratio and Table S2 for full chemical 
composition). The C% in all annealed materials increased significantly as the annealing 
temperatures increased. The C% were in the ranges of 66-71% for ARGO, 80-82% for 
TGO200, 85-88% for TGO500, and 83-92% for TGO800. These results were accompanied 
by a decrease in O% with ranges of 28-33% for ARGO, 17-18% for TGO200, 12-13% for 
TGO500, and 7.5-12% for TGO800. 

 The C/O ratio (Table 2) serves as an indicator of the degree of surface reduction. 
Different batches of material sets were used per organism (same batch for both 
photosynthetic organisms). Results show that no significant differences were found across 
batches for ARGO, TGO200, and TGO500. TGO800 had a significant increase in C/O 
ratio between the batch used for bacteria (7.19 ± 0.11) and the batches used for algae and 
invertebrates (11.7  ± 1.68, 12.0 ± 1.00), respectively. Even with these differences, all 
material batches follow the same trend where the increase in C/O ratio from 
ARGO<TGO200<TGO500<TGO800 confirms successful deoxygenation of the ARGO 
surface and indicates restoration of the conjugated carbon structure.43 These results are in 
accordance with previous studies, where thermal annealing systematically reduces the O% 
of ARGO as the temperature increases.8,27 Furthermore, peak deconvolution of the C1s 
spectra determined the relative presence of different carbon-oxygen bonds for all GBNMs 
(Table S2). The deconvolution of  C1s resulted in four peaks located approximately at 
binding energies of 284.8, 286.3, 287.5, and 288.8 eV which are commonly assigned to 
single and double carbon bonds (C-C/C-H), epoxide and hydroxyl (C-O), carbonyl (C=O), 
and carboxylate (COOH) functional groups, respectively.8,27 The content of C-O groups, 
including epoxide and hydroxyl groups on the GO basal plane, decreases consistently 
across batches from 41.89% for ARGO to 8.18% for TGO800 upon thermal annealing. 
This decrease can be attributed to the reduction of epoxide groups, which are the most 
abundant on GO surfaces8,44 and are not chemically or thermally stable.8 At the highest 
temperature used (800°C), C-O bonding contributes the highest fraction (in a range from 
8.18 to 9.75%) compared to C=O (from 3.53 to 4.58%) and COOH (from 1.49 to 1.62%) 
across batches. This has been observed in previous studies and is attributed to the higher 
thermal stability of hydroxyl groups intercalated into graphene interlayers.8,44 The carbonyl 
and carboxylate  groups, mostly found in the edges of the GO structure, exhibit a steady 
decrease upon thermal reduction.

Elemental survey by XPS also revealed the presence of other residual elements on 
the materials’ surface: sulfur (S%), nitrogen (N%), and sodium (Na%) (Table S3). These 
impurities are most likely from the precursors used during the synthesis of the GO. A 
commercial GO material synthesized by a modified Hummers method was used, and 
typical reagents used for the modified Hummers reaction include H2SO4, NaNO3, and 
KMnO4.43 All ARGO materials were of 98.5% purity or higher before thermal annealing. 
Thermal annealing of ARGO at any of the temperatures used (200, 500, or 800 ºC) had no 
significant effect on the materials’ sheet size and the average lateral sheet was of 1.2 ± 0.7 
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µm for the most oxidized material (ARGO) and 1.1 ± 0.7 µm for the most reduced material 
(TGO800).27

Table 2. Compiled XPS data representing the C/O atomic ratio for ARGO and TGO 
samples. Data is shown as means ± standard deviations of triplicate measurements. 
Different letters indicate statistical difference at p ≤ 0.05 between the same material across 
batches.

Bacteria Algae/Cyanobacteria Invertebrates
ARGO 2.02 ± 0.06 a 2.01 ± 0.07 a 2.54 ± 0.59 a

TGO200 4.41 ± 0.31 a 4.64 ± 0.09 a 4.70 ± 0.13 a
TGO500 6.48 ± 0.62 a 7.61 ± 0.24 a 7.48 ± 0.59 a
TGO800 7.19± 0.11 a 11.7 ± 1.68 b 12.0 ± 1.00 b

3.2 Toxicity of GBNMs differs across species. The toxicity of the GBNMs to E. coli, M. 
aeruginosa, S. obliquus, or D. magna was characterized according to the parameters shown 
in Table 1. For all species, the EC50 was selected as the biological endpoint to compare 
toxicity. For bacteria, the antimicrobial properties of ARGO and TGOs were assessed by 
mixing E. coli with GBNMs suspensions of concentrations ranging from 0 to 500 µg/mL 
for 3h to generate a dose-response curve. A sigmoidal fit was used to calculate the EC50 
value per material. The EC50 was characterized by a reduction of bacterial cell viability 
determined by a decrease in colony forming units (CFU). Figure 1 shows that each material 
reduced bacterial viability by 50% at different concentrations (red squares). According to 
the dose-response curves, the calculated EC50 values were 183 ± 33.9 for ARGO, 143 ± 
24.8 for TGO200, 127 ± 11.0 for TGO500, and 86.3 ± 28.9 µg/mL for TGO800. 

D. magna, a model organism for aquatic invertebrates, was exposed for 48h to 
GBNMs suspensions with concentrations from 0 to 400 µg/mL. The calculated EC50 values 
were 383 ± 29.9 for ARGO, 187 ± 18.3 for TGO200, 319.8 ± 14.4 for TGO500, and 263.2 
17.0 µg/mL for TGO800 (blue triangles). It is worth noting that the TGO200 value for D. 
magna was found to be an experimental artifact due to the high variability in the results for 
this test condition and thus, the TGO200 data point is not shown in Figure 1 (see Table S4 
for all data). For both green algae and cyanobacteria, the toxicity of GBNMs was 
determined by changes in chlorophyll a (Chl a) concentration, as an indicator of biomass, 
after a 96h exposure with the GBNMs at concentrations from 0 to 100 µg/mL. The Chl a 
extraction method used to assess algal toxicity was chosen to avoid artefacts that could 
arise if using optical based methods such as optical density measurements.45 Based on the 
dose-response curves, the EC50 values for M. aeruginosa were 11.1 ± 2.36 for ARGO, 76.3 
± 12.6 for TGO200, and 126 ± 78.2 µg/mL for TGO500 (green circles). The EC50 value 
for TGO800 was not included in Figure 1 because the calculated value (45.5×103 µg/mL) 
was higher than any of the concentrations tested and therefore cannot be considered 
reliable. Similarly, for S. obliquus, only the EC50 value of ARGO could be calculated since, 
for all the TGO materials, there was no change in biomass at any of the tested 
concentrations (see Figure S1). The EC50 of ARGO for this species was calculated as 42.4 
± 15.1 µg/mL (Figure 1, purple dot). The absence of toxicity for the more reduced TGOs, 
compared to ARGO, does suggest a similar trend in S. obliquus as in M. aeruginosa: the 
reduction of ARGO to TGO reduces the toxicity of the material for both organisms. 

The relationship between the C/O ratio of the different GBNMs and their toxicity 
to the different organisms is illustrated in Figure 1. For bacteria and invertebrates, the trend 
is similar, where the highest toxicity comes from the reduced materials and the lowest 
toxicity from ARGO. For both E. coli and D. magna, there is a strong linear relationship 
between reduction degree and toxicity with an R2 = 0.91 for bacteria and an R2 = 0.99 for 
invertebrates.  Interestingly, for algae, the results show the opposite trend from those of E. 
coli and D. magna. Particularly, for M. aeruginosa, the strong (R2 = 0.97) EC50-C/O 
relationship shows that TGO500 (C/O = 7.61) is less toxic than ARGO (C/O = 2.01).

Overall, there are two main trends, one where the oxidized materials are less toxic 
than reduced materials and vice versa. These trends have been observed throughout in 
published literature.23,27,46–52 In E. coli, for example, results agree with a previous study 
where a highly oxidized GO showed a 59% reduction in cell viability compared to 84% 
from rGO after 1h of exposure. This is attributed to a better charge transfer between the 
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bacteria and the sharper edges of the rGO. A similar trend is observed even in S. aureus, a 
Gram-positive bacterium but showed higher sensitivity than E. coli, with 74% cell viability 
loss in GO and 95% viability loss in rGO.52 Similar results have been observed in D. 
magna, where the immobilization of daphnids after exposure to graphene and GO resulted 
in EC50 values of 31.62 ± 5.46 mg/L and 150 ± 19.4 mg/L.53  Zhang et al. also reported that 
graphene functionalization alters algal cell viability. They reported differences in cell 
viability loss in S. obliquus after exposure to graphene, GO, and an amine-modified 
graphene yielding EC50 values of 8.2 mg/L, 20.6 mg/L, and 84.0 mg/L, respectively.  Other 
studies, however, have shown the opposite trend, where GOs containing oxygen functional 
groups form more stable dispersions and offer more chances to interact with the cells, 
therefore exhibiting higher toxicity than rGO. Zhao et al. reported that GO and rGO 
materials with different extents of oxidation alter bacteria viability differently when 
exposed to 40 mg/L of the materials. The most oxidized GO was the most toxic and reduced 
viability by 41.2% whereas the rGO reduced it by 14.7%.47 The differences in trends 
observed across previous studies can be attributed to two main factors even when testing 
the same organisms:  the experimental conditions used and the type of materials. On one 
hand, many of the previous studies test the cell-material interactions at one arbitrary 
concentration or using different exposure times, making it difficult to correlate results 
across studies. On the other, material characterization (i.e., C/O ratio) is not usually 
reported (estimated in Table S1), which translates into trying to compare materials with 
very different properties. 
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Figure 1.  EC50 values of GBNMs of different C/O ratios for cyanobacteria (M. aeruginosa, 
96h assay); green algae (S. obliquus, 96h assay); bacteria (E. coli, 3h assay), and 
invertebrates (D. magna, 48h assay). The exposure time is based on standard protocols for 
each model. The EC50 values of S. obliquus after a 96h contact time with the TGO materials 
could not be calculated as there was no response (Figure S1). Each point represents the 
average of three individual experiments with triplicate samples (n=9).

3.3 ARGO aggregation changes in different media. The influence of ionic strength and 
media components on nanomaterial aggregation is well documented and has been proposed 
as influencing NMs’ toxicity.54 To determine whether the observed EC50 trends are 
governed by aggregation, we monitored aggregation of ARGO in the different test media. 
Each biological media has a different ionic strength and composition (Table S4) 49, which 
can influence the GBNMs aggregation.55–58 Since the EC50 is significantly different for the 
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different organisms (11.1 µg/mL for M. aeruginosa vs 383 µg/mL for D. magna), 
observing aggregation of ARGO in the different media will provide insight into its 
contribution to our observed trends. ARGO aggregation was analyzed at the beginning (5 
min) and end of the toxicity assay durations (3h for bacteria, 48h for invertebrates, and 96h 
for algae) without organisms present.  In addition to the EC50 concentration, changes in Dh 
were assessed at a constant ARGO concentration (100 µg/mL) to account for any 
concentration effects (Figure 2). Since determining Dh values by DLS and Stokes-Einstein 
equation assumes spherical particles, the values reported here are  not representative of the 
real particle size since GO is not spherical. However, the change in Dh is an indicator of 
the relative GO aggregate size in the different media.59

When the ARGO concentration remained constant at 100 µg/mL, the initial Dh for 
BBM, 0.9% NaCl, and ISO were 0.13 ± 0.00, 0.58 ± 0.15, and 0.30 ± 0.04 µm respectively 
(solid bars) whereas the final were 0.26 ± 0.08, 0.80 ± 0.17, and 0.64 ± 0.18 µm (dashed 
bars) (Fig 2A). The 0.9% NaCl media used in the bacteria studies showed statistically 
significant differences in ARGO aggregate size compared to BBM and ISO ARGO 
aggregates (as Dh) in both initial and final measurements. The difference in aggregate size 
is attributable to the different ionic strengths and polyvalent cation composition and 
concentrations in the different media (Tables S5 and S6). ARGO has the largest aggregate 
size in 0.9% NaCl media, with the highest ionic strength (147.9 mM) compared to BBM 
or ISO media (7.10 and 6.74 mM, respectively). Moreover, the initial and final Dh values 
are statistically different for the BBM and ISO media. The change in aggregate size 
indicates that over time, the interaction between the aggregates and the organisms could 
change.  These results suggest that the media composition differentially influences ARGO 
aggregation. Yet, 100 ug/mL is not representative of the ARGO concentration used in the 
respective toxicity assays and thus, does not capture the aggregation behavior of ARGO 
when in contact with the different organisms. We, therefore, also investigate the change in 
Dh at the respective EC50.

When aggregation is considered at the same biologically relevant concentration, the 
EC50, results show no statistical difference in ARGO Dh across media at the initial 
measurements, which range from 0.12 ± 0.04 µm to 0.23 ± 0.10 µm. However, when 
measured at the end of the exposure period for each organism, the Dh values increased to 
0.21 ± 0.11, 0.42 ± 0.29, 0.66 ± 0.31, and 1.02 ± 0.61 µm for BBM (M. aeruginosa, S. 
obliquus), 0.9% NaCl (E. Coli), and ISO (D. Magna), respectively (Figure 2B). Only the 
Dh value at 96h in ISO medium is statistically different from the others and is explained by 
the higher concentration of polyvalent cations (Table S6), which are known to have a 
greater influence on the aggregation of GO.55,60 Specifically, Ca2+ and Mg2+, which tend to 
form cation bridges with carboxyl groups60. This complexation is supported by FTIR 
analysis on the materials after exposure to the media (Figure S3). Divalent electrolytes are 
known to be more effective at coagulating or destabilizing GO suspensions.61 The different 
media also had a slight difference in pH, ranging from 6.8 to 7.8 (Table S6). However, this 
range remains biologically relevant and the difference in pH is not expected to play a major 
role in the difference in Dh between the media.56

Aggregation can alter the way GBNMs interact with the different organisms. For 
example, cell wrapping, which is a common mechanism observed in E. coli,27,48,62 , S. 
obliquus7,50 and M. aeruginosa50,63, would be affected by the decrease in available surface 
area caused by GO aggregation. This aligns with the results observed herein, as both 
species of algae experienced higher cytotoxicity (shown as lower EC50 values) than E. coli, 
while also having lower aggregate sizes over the duration of the study (Figure 2B). External 
GO accumulation has also been observed with D. magna, reducing the speed of motion. 64 
While this is unlikely a direct factor in toxicity, the impact on motion could reduce 
survivability in the natural environment. Membrane damage and wall permeation is another 
commonly proposed mechanism that can be affected by aggregation, as the increased 
thickness of re-stacked GO can induce the nano-knife effect.65 This mechanism is observed 
less in M. aeruginosa due to the presence of an adhesive external layer serving as 
protection. 50 Based upon the EC50 values and aggregate size results herein, E. coli and S. 
obliquus align with this mechanism. Internalization of the material via active uptake 
mechanisms will also be affected by the aggregate size. Although Daphnia can take in 
materials from 0.4-40 µm,7,65 the rate of uptake is significantly reduced outside of 0.24-
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0.64 µm.53,66,67 Based on the aggregation observed in ISO medium, the rate of GO uptake 
in D. magna could significantly decrease throughout the study, reducing toxicity (as shown 
by the EC50 values in Figure 1). Other factors that impact material-organism interactions 
include the shape and facets of the materials before and after aggregation, which determine 
the surface area available, the sites available for interaction, charge to surface area ratio, 
and surface energy, as observed with other nanomaterials like MWCNTs68, cuprous oxide69 
and silver70,  and in multiple organisms like bacteria, zebrafish15,71, and algae45.

Since all the different organisms considered had different physiology, growth cycle, 
and media requirements, it was impossible to use homogeneous testing conditions. As a 
result, the ARGO aggregation behavior is expected to be different in the different assay 
conditions. Overall, the changes in ARGO’s aggregation behavior are attributed to 
electrostatic interactions between the oxygen functional groups present in the material and 
the monovalent and divalent ions present in each media. However, characterizing the 
aggregation behavior in each media is important to understand the potential importance of 
aggregation in toxicity under the assay conditions. Based on the results (Figure 2A), there 
is no clear relationship between Dh and EC50 when the same ARGO concentration is used. 
The medium that induced the highest aggregation, the 0.9% NaCl medium, did not have 
the highest EC50 value (Figure 2A). At the ARGO EC50, the Dh increases as the EC50 
increases; however, this may be also related to the higher GO concentrations in the test 
medium, which lead to larger aggregate size (Figures 2B and S2). Therefore, while 
aggregation may influence the toxicity of GBNMs, species-specific factors are likely to 
have a more important impact on the measured EC50. 

Figure 2. Hydrodynamic diameter (Dh) measurements for the initial (5 min) and final 
ARGO DLS measurements in 0.9% NaCl (3h), BBM (96h), and ISO (48h) for A) constant 
ARGO concentration of 100 ug/mL and B) EC50 ARGO concentration for M. aeruginosa 
(purple), S. obliquus (green), E. coli (red), and D. magna (blue).  Solid and dashed bars 
represent initial and final DLS measurements, respectively. The letters in parenthesis in 
Fig 2B represent M. aeruginosa and S. obliquus, respectively since both algae used BBM 
media.  Results are shown as average ± standard deviation (n=3). Different letters represent 
significant statistical differences (p≤ 0.05) across the different media.

3.4 Cellular response of bacteria and cyanobacteria to GBNMs. The relationship 
between C/O ratio and EC50 in GBNMs was found to differ between organisms. Among 
the four organisms tested in this study, E. coli and M. aeruginosa have the most contrasting 
results and display opposite trends in toxicity (see Fig. 1) despite being the most closely 
related organisms (both gram negative prokaryotic organisms). These findings highlight 
that the properties that make a material hazardous are not the same across species. To 
determine if these opposite trends are associated with a difference in how the materials 
interact with the cells, the response of each organism to oxidized (ARGO) and reduced 
ARGO (TGO500 or TGO800) was evaluated using fluorescent dye-based assays that probe 
different cellular responses characteristic of NMs exposure. The dyes used are fluorescein 
diacetate (FDA), and H2DCFDA, which evaluate esterase activity or reactive oxygen 
species (ROS) levels, respectively (Fig. 3A-B). The materials were compared at their EC50 
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concentrations: 180 µg/mL for ARGO and 90 µg/mL TGO800 for E. coli; 11 µg/mL 
ARGO and 130 µg/mL TGO500 for M. aeruginosa. By comparing materials at their EC50 
and not on a fixed nominal concentration, we integrate any effect of reduced bioavailability 
due to the differences in colloidal stability of the different materials in the different media 
to put the focus only on whether or not the same level of toxicity was induced by the same 
mechanisms in E. coli compared to M. aeruginosa. By taking this approach, the question 
changes from “which material is more toxic?” to “how is this toxicity induced?”.

Although the exact toxicity mechanisms procured by GBNMs is still a matter of 
investigation, several effects have been proposed as possible pathways for GO’s 
antimicrobial activity. These GO-organism interactions include two main mechanisms: 1) 
physical mechanisms like sheet adsorption on the cell membrane’s surface or membrane 
puncturing and penetration through the lipid bilayer, and 2) chemical mechanisms like lipid 
extraction by the GO sheets and oxidative stress generation.3 Dye results show that in 
bacteria, the toxicity of ARGO was characterized by a 55% increase in intracellular ROS 
while, for TGO800, no significant ROS production was observed. However, FDA 
fluorescence, which is associated with metabolic activity and membrane integrity, 
increased by 74% (Figure 3A). These results are in agreement with the higher biological 
reactivity typically observed in more oxidized GBNMs.3,27,72 Conversely, for M. 
aeruginosa, ARGO decreased intracellular ROS and FDA fluorescence levels by 31% and 
69%, respectively, when compared to control, while TGO800 only had a significant effect 
on FDA fluorescence, reducing it by 28% with respect to the control (Figure 3B). These 
results show a contrasting response of the two models to the different materials, where 
ARGO increases oxidative stress in bacteria but reduces it in cyanobacteria while TGOs 
increase metabolic activity in bacteria but reduces it in cyanobacteria. These results agree 
with the results obtained by the dose-response curves and the opposite trends observed in 
Figure 1, supporting the hypothesis that the interaction mechanisms between ARGO and 
bacteria are different from those observed with cyanobacteria. The same assays were 
performed without cells to confirm a lack of interferences coming from the dyes (Figure 
S4). 

Previous studies have indicated that oxidative stress is an important mechanism of 
toxicity for GO in bacteria27,48,73,74 and algae.20,50,63,75,76 A rise of ROS production can  
cause damage to cellular components like proteins, lipids, and DNA.77  Results show that 
ARGO, the most oxidized material in this study, has the highest potential of generating 
oxidative stress in bacteria compared to the thermally annealed TGOs. Previous studies 
have attributed this finding to the presence of reactive functional groups such as -OH and 
-COOH in the GO’s surface, which are more likely to interact with biomolecules compared 
with rGO.47 Additionally, Zhao et al. also demonstrated that the production of ROS by GO 
is linearly related to the oxidation degree of the material with R2 values above 0.823, where 
GO with the highest oxygen content (58.6%) increased the ROS production because the 
oxygen functional groups transfer energy easier.78,79 While CNMs have the capacity to 
directly generate ROS in a cellular environment or in the presence of light,72,80 the increase 
in H2DCFDA fluorescence may also be the result of an impact of ARGO exposure on the 
cell functions. In the cells, ROS are generated intracellularly during aerobiosis-fueled 
oxygen metabolism which generates superoxide (O2

•-), hydrogen peroxide (H2O2), and 
highly destructive hydroxyl radicals (OH•).81 The fluorescent dye H2DCFDA however, is 
a general stress indicator and is sensitive to a wide range of ROS and as such, this method 
only provides information regarding a generalized quantification of ROS. 

Even though cyanobacteria do not show an increase in H2DCFDA fluorescence, it 
is worth mentioning that the dye’s fluorescent response is dependent on the esterase 
enzymes, which hydrolyze H2DCFDA. Thus, since there is a decrease in FDA 
fluorescence, which is related to esterase enzymes activity, the H2DCFDA response may 
be affected.82 FDA is a nonfluorescent molecule that is taken up by cells by passive 
diffusion to be hydrolyzed by the esterase enzymes into the fluorescent fluorescein 
molecule. As such, FDA fluorescence is dependent on both the esterase enzyme activity 
and the integrity of the cell membrane.83 The increase in FDA fluorescence in bacterial 
cells is attributed to an increase in the interactions between GO and the cells’ surface27,84 
leading to a decrease in cell permeability causing dye retention. In the case of a decrease 
in FDA, as is observed with M. aeruginosa,  the response suggests a decrease in metabolic 
activity associated with reduced photosynthesis or a disruption of the membrane integrity.32 
Previous studies have indicated that a light-shading effect induced by CNMs in 

Page 14 of 25Environmental Science: Nano

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



15

photosynthetic organisms may reduce photosynthetic activity without inducing oxidative 
stress.45,85 This physical effect induced by GO on M. aeruginosa could explain the 
discrepancy observed for the effect of GBNMs between E. coli, which is non-
photosynthetic, and M. aeruginosa.

Given the potential influence of esterase activity on the measured ROS level, the 
H2DCFDA results were corroborated with a second assay, the measure of the intracellular 
catalase (CAT) activity (Fig. 3C-D). The CAT enzyme, along with superoxide dismutase 
(SOD), ascorbate peroxidase (APOX), and low molecular weight antioxidants (i.e., 
glutathione), constitute the antioxidant defense system developed by all organisms to 
protect themselves against ROS damage.86,87 The CAT enzyme activity was chosen here 
as an indicator of oxidative stress because previous studies have shown that CAT is a more 
sensitive indicator of oxidative stress induced by NMs compared to the other enzymes.39,88 
The CAT enzyme dismutates H2O2 as given by the reaction below, where H2O2 is converted 
to water and oxygen:87 

2𝐻2𝑂2 →2𝐻2𝑂 +  𝑂2 

Results show that in bacteria exposed to ARGO, there is a significant increase in 
CAT activity from 15.3 ± 4.13 mmol/min-1•µg-1 in the control treatment to 52.4 ± 7.36 
mmol/min-1•µg-1 in ARGO treated bacterial cells (Fig. 3C). Additionally, there was no 
statistical difference between control and TGO800 treated cells. For cyanobacteria, cells 
treated with ARGO or TGO500 showed no difference in CAT activity when compared to 
controls (Fig. 3D). These results agree with the observations made with the fluorescent 
dyes and confirm that ARGO, the most oxidized material, induces the highest oxidative 
stress level in bacterial cells, thus evidencing a chemical mechanism of action. Likewise, 
catalase results in cyanobacteria confirm that oxidative stress is not a primary mechanism 
taking place between the GBNMs and the cells, perhaps showcasing a physical mechanism 
of action. Therefore, the two organisms show a clear difference in how they respond to 
change in oxygen content when exposed to GBNMs. The assays were done in the same 
conditions but without the addition of cells to confirm that the materials did not interfere 
with the observed responses. Due to a lack of catalase source (no organisms), no H2O2 
decomposition was observed (Figure S5 and Table S7).  
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Figure 3. Biochemical responses of ARGO and TGOs in E. coli and M. aeruginosa after 
3h and 96h of exposure at their EC50 concentrations, respectively. Top panels are 
fluorescent dye assays showing esterase activity and reactive oxygen species generation 
for A) E. coli and B) M. aeruginosa. Data was normalized to the fluorescence response of 
the control. Bottom panels show catalase activity for C) E. coli and D) M. aeruginosa. 

Negative controls using only media (0.9% NaCl or BBM) and bacteria or algae were used 
throughout (no GO). Different letters represent significant statistical differences (p ≤ 0.05) 
compared to the control (n=9). 

3.5 Effect of GBNMs on cellular integrity. Since membrane damage is often associated 
with the toxicity of GBNMs in microorganisms, changes induced by GBNMs exposure to 
the cellular structure or morphology were evaluated using electron microscopy (Figure 4). 
Cell morphology was evaluated by SEM (Fig. 4A-F) and TEM (Fig. 4G-I) for E. coli and 
M. aeruginosa after exposure to the EC50 concentrations of ARGO and TGOs for 3h and 
96h, respectively. Figure 4A shows an SEM micrograph of E. coli cells not treated with 
NMs. They appear healthy and with their characteristic rod shape. After exposure to 
ARGO, however, over 90% of the cells are covered by the material. ARGO appears quite 
“fibrous” and seem to wrap around the bacterial cells (Fig. 4B). TGO800 sheets encounter 
aggregates of bacterial cells with only about 23% coming in contact with the material and 
no evidence of damage as observed in Fig. 4C. 

The SEM micrograph in Fig. 4D shows control cyanobacterial cells as round and 
plump. Upon exposure to ARGO, over 98% of M. aeruginosa cells appear to have a 
“velvet” or wrinkled texture due to a layer of ARGO deposited on the cells’ surface (Fig. 
4E). All the cells have a similar wrinkled surface which indicates that ARGO interacts with 
cyanobacteria in a uniform manner. Conversely, cyanobacterial cells exposed to TGO500 
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show that the cells appear to be in contact with large TGO500 aggregates, and not covered 
by the material (Fig. 4F). For both materials, however, the cells-material interactions do 
not seem to alter the cells’ overall structure; they retain their shape, and no indication of 
membrane damage is evidenced. Similar results were observed in a study by Tang et al. 
where M. aeruginosa was exposed to GO and SEM imaging showed GO adhesion onto the 
cells’ surface and no morphological changes.63 Other studies show internalization of GO 
in algal cells,63,89 however, that is not the case in our conditions.

The effect of GBNMs on bacteria and cyanobacteria were further investigated by 
TEM imaging. The ultrastructure of E. coli cells after exposure to no NMs, ARGO, or 
TGO800 are shown in Fig. 4G-I. Untreated cells (Fig. 4G and insert) have smooth and 
regular cell walls, with homogeneous cytoplasmic contents. However, treated cells with 
ARGO are evidently surrounded by the material (Fig. 4H), unlike TGO800, where cells 
come in contact with aggregates of the material (Fig. 4I). Even though no evident physical 
disruption is observed, some cells look elongated  with an average length of 1.38 ± 0.66 
µm compared to the control (1.12 ± 0.42 µm) , especially after ARGO exposure (1.66 ± 
0.58 µm). These results indicate that GO sheets could wrap around the bacteria cells, which 
has been observed in previous studies.27,90 The wrapping mechanism occurring between 
ARGO and E. coli cells may help explain the oxidative stress response observed. Although 
there is a significant increase in ROS and catalase activity, electron microscopy images 
show no major damage in cell morphology or cellular components. To this point, previous 
reports have shown that the wrapping mechanism can isolate bacteria from their 
environment, thus, limiting access to nutrients and preventing their growth but without 
immediate cell inactivation.90 Therefore, an oxidative response may have been triggered 
without resulting yet to an oxidative damage to the membrane.

As shown in TEM images, most M. aeruginosa cells have intact cell membranes 
after exposure to both materials with a few exceptions (Fig. 4J-L, and inserts). Control cells 
(Fig. 4J and insert) have a normal intracellular structure with a three-layer cell wall, dense 
cytoplasm, and had the typical organelles: cyanophycin granules, lipid droplets, 
polyphosphate bodies, thylakoid, and ribosome clearly visible.91 In contrast, cyanobacterial 
cells exposed to either ARGO or TGO500 show a less defined ultrastructure, with large 
vacuoles localized in the cell, and an overall smaller cell size (more noticeable with 
TGO500 with an average length of 1.29 ± 0.54 µm) when compared to untreated cells (1.83 
± 0.66 µm). For ARGO, the majority of the cells (>90%) are surrounded by the material 
(like in SEM images and Fig. 4K), while for TGO500, the material appears to be 
concentrated as an aggregate (Fig. 4L). These results suggest that the reduction in FDA 
fluorescence is not due to membrane damage and that a lower metabolic activity may be 
involved. When exposed to CNMs, photosynthetic organisms were shown to experience 
lower photosynthetic activity due to a shading effect caused by the dark GBNMs in the 
medium and around the cells. Photosynthesis being the only source of cellular energy for 
cell division and growth, the shading effect could lead to a decrease metabolic activity and 
lower FDA fluorescence.92 These observations agree with other reports where 
photosynthetic organisms were exposed to GBNMs.85

For both M. aeruginosa and E. coli, the cells do not appear to have the collapsed 
structure indicative of membrane disruption and cell damage observed in previous studies 
involving the interactions of bacteria with GBNMs.73 This contrast may be attributed to 
species-specific differences like the different cell wall architecture between bacteria and 
cyanobacteria, where M. aeruginosa cell walls have a thicker peptidoglycan layer that can 
offer additional protection against membrane damage.93

Page 17 of 25 Environmental Science: Nano

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



18

Figure 4.  Scanning electron micrographs (A-F) and transmission electron micrographs 
(G-L) of E. coli and M. aeruginosa cells with and without GBNMs. First and third panels 
show E. coli cells with no GO (A, G); cells exposed to the ARGO EC50 concentration (B, 
H); and cells exposed to the TGO800 EC50 concentration (C, I) for 3h. Second and fourth 
panels show M. aeruginosa cells with no GO (D, J); cells exposed to the ARGO EC50 
concentration (E, K); and cells exposed to the TGO500 EC50 concentration for 96h. Inserts 
in G-L are enlarged pictures of cells representative of the interaction observed. 

4. Conclusions
Environmental risk assessment requires knowledge of GBNMs toxicity on different trophic 
levels. Yet current studies primarily focus on a single organism within one taxon. Our study 
contributes to the current body of knowledge on GBNM toxicity by using the same 
materials studied in multiple organisms across 3 taxa as well as focuses on the influence of 
surface chemistry (C/O ratio, specifically) on observed toxicity impacts. The present study, 
conducted on bacteria, photosynthetic microorganisms, and invertebrates provides 
valuable information on the individual response to different organisms to a suite of 
systematically reduced GO materials. Findings show that the properties that make a 
material hazardous are not the same across species. Overall, results show that 
photosynthetic organisms have a higher sensitivity towards ARGO compared to bacteria 
and invertebrates as observed by lower EC50 values. Thermal annealing of the material 
reduced the toxicity in photosynthetic organisms but increased it in bacteria and 

Page 18 of 25Environmental Science: Nano

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



19

invertebrates. These opposing trends between toxicity and oxygen content were 
investigated using M. aeruginosa and E. coli and clear differences in the mechanisms of 
interactions were found for the different materials in these two biological models. On one 
hand, the toxicity of the GBNMs towards M. aeruginosa was characterized by a decrease 
in overall cellular metabolic activity, thus, proposing a physical mechanism of action due 
to close contact between ARGO and the cells, while in E. coli, ARGO induced significant 
oxidative stress, evidenced by both H2DCFDA fluorescence and CAT enzyme activity, 
elucidating a chemical mechanism of action. It is worth noting that the results found in this 
study are not meant to provide a fit-for-all answer for every organism-material interaction 
in each taxon, meaning not all bacteria, algae, or invertebrate species will have the same 
responses as those observed with the organisms in this study. Rather, these findings 
emphasize how different surface chemistries and species-specific parameters alter the 
toxicity of GBNMs and highlight the need to consider the specific response of each 
organism when developing safe-by-design guidelines for GBNMs, as different organisms 
will respond differently to changes in the materials’ properties. This study then, warns us 
that applying broadly safe design guidelines across species can lead to an unwanted 
increase in hazard if the structure-property-toxicity relationships of the material are not 
well understood.

Supporting Information: Dose-response curves of S. obliquus after a 96h exposure with 
ARGO or TGOs (Figure S1); Relationship between GBNMs’ hydrodynamic diameter and 
EC50 in each media (Figure S2); Fourier transform infrared spectrometry of ARGO and 
TGO8000 (Figure S3); Fluorescence intensity of FDA and H2DCFDA dyes over a 3h 
period without the addition of cells (Figure S4); Absorbance intensity at 240 nm to assess 
H2O2 decomposition without the addition of cells (Figure S5); Compiled literature 
comparing graphene-based nanomaterials and different species (Table S1); XPS data 
representing the atomic percent of carbon and oxygen content, and carbon-oxygen 
functional groups (Table S2); XPS data representing trace impurities in GBNMs (Table 
S3); Immobilization responses of D. manga after exposure to GBNMs (Table S4); 
Chemical composition and concentrations for the preparations of 0.9% NaCl, ISO, and 
BBM medias (Table S5); Solution chemistry characteristics of the different media: BBM, 
0.9% NaCl, and ISO (Table S6); Intercepts and slopes of each linear fit according to the 
H2O2 decomposition over 3 minutes. This material is available free of charge. 
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