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ABSTRACT: Graphene oxide (GO) is an antimicrobial agent with
tunable surface chemistry. To identify the physicochemical determinants
of GO’s antimicrobial activity, we generated different modified
Hummer’s GO materials thermally annealed at 200, 500, or 800 °C
(TGO200, TGOS00, and TGO800, respectively) to modify the surface
oxygen groups on the material. Plating assays show that as-received GO
(ARGO) and TGO200, TGOS00, and TGO800 reduce Escherichia coli
viability by 50% (ECs,) at 183, 143, 127, and 86 ug/mlL, respectively,
indicating higher bacterial toxicity as ARGO is reduced. To uncover the
toxicity mechanism of GO, fluorescent dye-based assays were used to
measure oxidative stress at the ECsp. ARGO showed an increase in
intracellular reactive oxygen species, measured as an increase in 2',7’-
dichlorodihydrofluorescein diacetate fluorescence, whereas TGOS00 and

ECso (Hg/mL)

C/O ratio

TGOB800 induced an increase in the fluorescence of fluorescein diacetate (FDA) by 30 and 42%, suggesting a decrease in cell
permeability. Because of a possible wrapping mechanism, plating assays after post-exposure sonication were performed to
explain TGO’s low oxidative response and high FDA levels. Results show no difference in colony-forming units, indicating that
inhibition of cell growth is a result of the adsorption of bacterial cells on the GO material. By comparing different GO samples
at their ECs, this study reveals that reduction of GO alters both the mechanisms of cellular interaction and the degree of

toxicity to bacteria.

1. INTRODUCTION

Carbon can take multiple allotrope forms, ranging from the
three-dimensional diamond to the zero-dimensional fullerene,
each with unique physicochemical properties." Since the first
isolation of graphene in 2004,” a two-dimensional (2-D)
allotrope of carbon, graphene, has gained popularity because of
its high electron mobility, thermal conductivity, mechanical
strength, and surface area.”® Graphene oxide (GO), the
oxidized form of graphene, is a carbon nanomaterial (CNM)
that consists of a single layer of carbon atoms arranged in a
hexagonal network where most of the carbon atoms preserve
sp> hybridization. It is decorated with a high density of oxygen
functional groups including epoxide and hydroxyl moieties on
the basal planes and carboxylic and carbonyl groups at the
edges.” The presence of oxygen in the carbon structure greatly
reduces the conductivity and mechanical properties of GO
compared to that of graphene. However, because of its simple
synthesis and flexible chemistry, GO has been a popular
building block of many composite CNMs.*

In the last decade, several studies have shown the
antimicrobial properties of GO when exposed to a wide
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array of microorganisms, including Gram-positive and
-negative bacteria.””® Multiple mechanisms are involved
when Dbacterial cells come in contact with graphene-based
materials, that is, membrane stress, oxidative stress, and/or
wrapping isolation.'*”"?
independent of each other or together to inhibit bacterial
growth through chemical or physical interactions.”'"'?~'?
Cellular injury might occur from the impact of physical
membrane disruption, creating an irreversible destruction of
the cells after exposure to CNMs.'* The action of oxidative
stress on bacteria results in the oxidation of lipids, nucleic
acids, and proteins, which can eventually lead to cell
membrane destruction and cellular growth inhibition through
the generation of reactive oxygen species (ROS).'' Lastly,
bacterial cells can be biologically isolated from their growth
medium when graphene sheets enclose them, thus preventing

Each of these mechanisms can act
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nutrient consumption and growth, leading to cell death.'®"”

However, cell inhibition by GO wrapping seems reversible, and
the viable cells may be recovered when separated from GO via
sonication.' "’

The structure and surface chemistry of CNMs play an
important role when determining their antimicrobial mecha-
nism. Previous research on carbon nanotubes (CNTs) and
fullerenes demonstrated that their toxicity is linked to their
physicochemical properties and that changes in size,
functionalization, and oxidation levels alter their toxicity
potential.'*~** Arias and Yang found that single-walled
CNTs (SWCNTs) with hydroxyl and carboxylic surface
groups exhibited stronger antimicrobial activities toward
Salmonella typhimurium, Bacillus subtilis, and Staphylococcus
aureus when compared to SWCNTs functionalized with
amines.” Gilbertson et al. demonstrated that by manipulating
the surface chemistry of multi-walled CNTSs, one can control
the electrochemical and biological activities of the material.'¥**
Recently, multiple studies have focused on developing a
framework that serves as a guideline for the sustainable
selection and design of nanomaterials, including CNTs.”*~*’

Based on the synthesis method used, GO materials can have
large differences in oxygen content, sheet size, morphology,
hydrophilicity, and dispersibility'® that may impact GO—
bacteria interactions and consequently GO’s toxicity toward
microorganisms. When the effect of GO and reduced GO
(rGO) (0—200 pg/mL) was compared using Pseudomonas
aeruginosa as a model organism, Gurunathan et al. observed a
loss in cell viability in a dose- and time-dependent manner
through the generation of ROS and a significant production of
superoxide radical anion (O*7).'* A study by Liu et al. showed
that a GO dispersion had the highest antibacterial activity
toward Escherichia coli (E. coli) with 89.7% loss of viability at
40 pg/mL, followed by rGO, graphite, and graphite oxide. The
toxicity was attributed to the smaller size of GO sheets
compared to that of the other materials, as well as membrane
and oxidative stress.”® Similarly, Perreault et al. observed a 4-
fold increase in the antimicrobial effect of a GO-coated surface
when the sheet area decreased from 0.65 to 0.01 um>''
Additionally, Akhavan and Ghaderi showed that rGO nano-
walls were more toxic toward both E. coli and S. aureus than the
unreduced GO nanowalls, where only 41 and 16% of the
bacteria survived after 1 h contact with GO and rGO
nanowalls, respectively.”” This effect was attributed to the
better charge transfer between the bacteria and the sharper
edges of the reduced nanowalls.”” However, using lipid bilayers
to study the interaction of 2-D nanomaterials with membranes,
Zucker et al. showed that physical interactions leading to lipid
extraction were more important than chemical mechanisms for
membrane disruption.”® Therefore, multiple studies related the
material’s structure to its antimicrobial potency, often with
contradictory findings. A direct comparison between oxidized
and reduced form of GO can be challenging because of the
effect of GO’s surface chemistry on aqueous stability, electron
conductivity, and mechanical properties, all of which influence
cellular interactions. As a result, how the properties of GO
change the way this material interact with cells remains
unresolved.

In this study, we investigate how changes in the surface
chemistry between a modified Hummer's GO (ARGO) and
thermally annealed GO (TGO200, 500, and 800) alter the
mechanisms of antimicrobial activity toward E. coli. The
dependency between the oxygen content and antimicrobial

activity is demonstrated by calculation of the effective
concentration (ECs,). Then, by comparing materials on the
same biological endpoint (ie., ECs, concentration), the
mechanisms involved in GO-—bacteria interaction could be
examined and explained using fluorescent dye assays indicative
of oxidative stress and membrane permeability. The findings in
this study aim to highlight the antimicrobial properties and
mechanisms of graphene-based materials, which can then
provide insights into the safe design of CNMs through the
establishment of relationships that relate the materials’
chemical structure and properties to their function and
inherent hazard.

2. MATERIALS AND METHODS

2.1. Materials and Chemicals. 2.1.1. Chemicals. The
fluorescent dyes: propidium iodide (PI) and SYTO 9 (from
the LIVE/DEAD BacLight bacterial viability kit), BODIPY
493/503 (4,4-difluoro-1,3,5,7,8-pentamethyl-4-bora-3a,4a-
diaza-s-indacene), 2’,7’-dichlorodihydrofluorescein diacetate
(H,DCFDA), and fluorescein diacetate (FDA) were obtained
from Thermo Fisher Scientific (Molecular Probes, Eugene,
OR). 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).

2.1.2. Graphene Oxide. A modified Hummer’s powdered
single layer GO (~99% pure) was purchased from ACS
Materials LLC (Medford, MA, USA, product no. GNOP10AS)
and used as received (ARGO).

2.1.3. Thermally Annealed rGO. Surface modification on
GO was prepared by thermally treating ARGO under helium
(He) gas flow in a tube furnace (Thermo Scientific Lindberg/
Blue M TFSS035A-1) with a custom-built quartz tube at
increasing temperatures 200, 500, and 800 °C.”” ARGO was
added to the quartz tube and heated at a rate of S °C min™" to
the maximum temperature, held for 30 min, and left to cool at
room temperature under He flow. These thermally annealed
rGO samples are referred to as TGO200, TGOS00, and
TG800, respectively.

2.2. Material Characterization. ARGO and TGOs were
characterized using X-ray photoelectron spectroscopy (XPS),
to quantify the surface chemistry and distribution of functional
groups, and scanning electron microscopy (SEM), to
determine the GO size flake. For XPS analysis, the sample
holder was covered with a double-sided copper tape and
dusted with enough GO powdered material. The sample was
then loaded into a Thermo Scientific ESCALAB 250Xi that
uses a monochromatic Al Ka X-ray source with the following
parameters: 1486.7 eV and a spot size of 650 ym. Survey
spectra were collected using a 150 eV pass energy and a 1.0 eV
step size. The high-resolution C 1s spectra were collected using
a 50 eV pass energy and a 0.1 eV step size. Three
measurements in different locations of each sample were
collected. The Thermo Scientific Avantage software was used
for peak fitting and to calculate the atomic percentage.”” SEM
images were taken with an Amray 1910 field emission scanning
electron microscope using 10 eV. For sample preparation, 3 uL
of a diluted 50 pg/mL GO stock solution was drop-cast on a 1
cm X 1 cm silicon wafer previously cleaned via UV—ozone
treatment for 20 min (UV/ Ozone ProCleaner, BioForce
Nanosciences, Ames, IA)."' The software Image] was used
to process the SEM images and measure GO dimensions.
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2.3. Antimicrobial Activity of GO in Suspension.
Before the microbiological tests, all glassware and media were
sterilized by autoclaving at 121 °C for 2 h. E. coli W3110
(American Type Culture Collection ATCC 11303) was grown
overnight in Lysogeny Broth (LB) at 37 °C on a shaker plate at
140 rpm in an Isotemp incubator (Fisher Scientific). This
bacterium was selected for its wide applications in environ-
mental engineering as a model indicator’’ and its well-
documented interactions with CNMs, simplifying the compar-
ison between previously published research and this study. The
culture was then diluted in fresh LB (1:25) and grown under
the same conditions until the optical density reached 1,
indicating log phase (~2 h). Bacterial cells were washed by
centrifugation three times with sterile 0.9% NaCl solution
before being 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 material were made in nanopure water
(5000 pg/mL) and bath-sonicated for 1 h (M3800 Branson
Ultrasonic Corporation, Danbury, CT). In 7 mL scintillation
vials, 3.5 mL of sterile 0.9% NaCl, 0.5 mL of clean bacteria
solution, and the required volume of each GO suspension were
added to reach concentrations from 1, 10, 50, 150, 250, and
500 pg/mL in a total volume of S mL. For all experiments, a
negative control (no GO added) treatment was created by
adding 1 mL of sterile DI water. The positive control was
prepared by adding 500 uL of 50 mM CuCl, and 500 uL of
sterile DI water for a total concentration of 5 mM CuCl, in a
volume of 5§ mL. CuCl, was used as a positive control because
it is known to be an antimicrobial agent.”” 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 uL of each suspension was spread
on a LB agar plate and incubated overnight at 37 °C for CFU
enumeration. To assess GO entrapment around bacteria cells,
a postsonication experiment was done. After the 3 h contact
time and plating, each Eppendorf tube containing the diluted
bacteria—GO suspension was bath-sonicated for 10 min as
previously described,'’” and S0 uL of the suspension was
immediately plated and incubated in the same conditions.

2.4. Effective Concentration Calculation. The half-
maximum effective concentration (ECs,) was determined in
OriginPro 8.5.1 software using a si§moidal fit of the dose—
response function with the equation™

A2 — Al

y=AL+ ——
1 + 100807 (1)

where Al = bottom asymptote, A2 = top asymptote, log,0 =
center, and p = hill slope, and ECjs is given by

ECy, = 101 2)

2.5. Determination of Viable Cells after GO Exposure.
Cell viability in GO—bacteria suspensions was determined by
LIVE/DEAD fluorescent staining. After the 3 h exposure time,
cells were stained by adding 1 uL of 3.34 mM SYTO 9 and 1
UL of 20 4M PI to 1 mL of suspension.'’ The samples were
incubated for 30 min in the dark before pipetting S uL of each
sample in a microscope slide for epifluorescence microscopy.
Ten pictures per replicate were taken with a Leica DM6
epifluorescence microscope (Leica Microsystems Inc. Buffalo
Grove, IL). A visual confirmation of the association of E. coli

with GO was obtained using SEM with a JSM 6300 scanning
electron microscope (JEOL USA, Peabody, MA) operated at
15 kV, and images were captured with an IXRF Systems model
500 digital processer (IXRF System Inc., Austin, TX). Briefly,
for sample preparation, samples were suspended in 2%
glutaraldehyde buffered with 0.1 M sodium phosphate, pH
7.2 overnight at 4 °C and then washed 3X in the same buffer.
Secondary fixation was done with 1% osmium tetroxide in
buffer for 1 h at room temperature. The samples were washed
3x with DI water and adhered to poly-L-lysine-coated
coverslips, washed, and then treated with an ascending series
of acetone solutions, leading to complete dehydration. Critical-
point drying was done with a CPD-020 unit (Balzers-Union,
Principality of Liechtenstein) using liquid carbon dioxide. The
dried samples on coverslips were mounted on aluminum stubs
and coated with approx. 10—12 nm of gold—palladium using a
Hummer II sputter coater (Technics, San Jose, CA).

2.6. Esterase Activity after GO Exposure. Changes in
esterase activity or membrane damage in GO-—bacteria
suspensions were estimated using the FDA fluorescent dye.”*
FDA is a nonpolar ester that passes through cell membranes.
Once inside the cell, FDA is hydrolyzed by esterase, an enzyme
present in viable cells, to produce fluorescein, which
accumulates inside the cell and fluoresces under UV light.*
After the 3 h exposure time, cells were stained with S mM FDA
in 1 mL of GO—bacteria suspension. The samples were
incubated for 30 min in the dark before pipetting 200 uL of
each sample in a 96-well plate. The fluorescence was measured
using an excitation wavelength of 490 nm and an emission
wavelength of 526 nm. All the fluorescence data were collected
using a fluorescence plate reader (Synergy H1, BioTek). Data
were expressed as the mean fluorescence intensity and the
results as a percentage with respect to the control.

2.7. ROS Generation after GO Exposure. ROS
formation was measured using the cell permeable indicator
H,DCFDA.* Cellular esterases hydrolyze the probe to the
nonfluorescent 2’,7’-dichlorodihydrofluorescein (H,DCF),
which is better retained in the cells. In the presence of ROS
and cellular peroxidases, H,DCF is transformed to the highly
fluorescent 2’,7’-dichlorofluorescein (DCF). An H,DCFDA
stock solution (10 mM) was prepared in ethanol in the dark.
After the 3 h exposure time, 1 mL of bacterial samples was
exposed to 0.2 mM H,DCFDA and incubated for 15 min in
the dark before pipetting 200 pL of each sample in a 96-well
plate. The DCF fluorescence was measured using an excitation
wavelength of 495 nm and an emission wavelength of 527 nm.

2.8. Determination of Lipid Peroxidation after GO
Exposure. Lipid peroxidation was measured using the cell
permeable indicator BODIPY 493/503. After the 3 h exposure
time, 1 mL of bacterial samples was exposed to 10 yL of a 2
mM BODIPY solution.”* The samples were incubated for 30
min in the dark before pipetting 200 L of each sample in a 96-
well plate. The fluorescence was measured using an excitation
wavelength of 488 nm and an emission wavelength of 510 nm.

2.9. Glutathione (GSH) Oxidation after GO Exposure.
Thiol concentration was quantified following Ellman’s assay’’
as per previous studies.'”'*'?*” GO dispersions of 50 pg/mL
were prepared by bath sonication (VWR Aquasonic 150T) for
30 min in a 33 mM bicarbonate buffer with a pH of 8.6. A
stock GSH solution was added to the triplicate samples to
reach a final concentration of 0.4 mM. The samples were
covered with aluminum foil to avoid oxidation induced by the
light and placed on a rotator at room temperature until the
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Table 1. Compiled XPS Data Representing the Atomic Percent of the Carbon and Oxygen Content and the C/O Atomic Ratio,
Determined from the Component Fitting of the C 1s Envelope for ARGO and TGO Samples®

% sp* C % C-0 % C=0 % COOH
37.23 + 1.14 41.89 + 0.66 15.66 + 2.09 524 £ 029
70.76 + 0.01 18.35 + 0.30 5.22 + 0.08 5.68 £ 0.23
75.75 + 143 16.67 + 1.62 5.06 + 0.18 2.53 £ 0.01
84.71 + 0.22 9.09 + 0.36 4.58 + 0.37 1.62 + 0.24

“Different letters represent statistical significance between materials at p < 0.0S (n = 3). Trace amounts of impurities were also found and compiled

samples C% 0O % C/0
ARGO 65.85 + 0.80° 32.53 + 0.54° 2.02 + 0.06°
TGO200 80.36 + 0.21° 18.23 + 0.10° 4.41 + 0.03
TGOS500 84.76 + 1.39° 13.16 + 1.09° 6.48 + 0.62°
TGO800 83.30 + 0.44° 11.59 + 0.18° 7.19 £ 0.11°
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Figure 1. Antimicrobial activity of GO to E. coli. (A) Plating assay results after 3 h of contact time between GO and E. coli using 0—500 pg/mL of
the material. (B) Linear fit of ECy, values of ARGO and annealed GO and C/O ratios. Stars (*) represent statistical difference with respect to
control. All experiments are compared to the negative control (no GO), whereas the positive control (CuCl,) is not shown because there was no

bacteria growth (n = 9).

experiment was done (6 h). An aliquot was removed at 0, 1,
2.5, 4, and 6 h and filtered using a 0.22 um syringe filter.
Ellman’s reagent, S,5’-dithiobis(2-nitrobenzoic acid), which
reacts with thiol groups of GSH to produce 3-thio-6-
nitrobenzoate (TNB), was added. The absorbance was
measured at 412 nm using an extinction coefficient of 14 150
M cm™ and then used to calculate the concentration of
GSH remaining in solution. The percent loss of GSH was
calculated by comparing the results with the negative control
(no GO).

2.10. Data Analysis and Statistics. All treatments were
prepared in triplicate and repeated at least in three
independent experiments. Means and standard deviations
were calculated for each treatment. Significant differences
between control samples (no GO) and GO-exposed bacterial
samples were determined via a one-way analysis of variance
(ANOVA), followed by a Tukey post-hoc test where a p value
less than 0.05 was considered to be significant. Statistical
analysis was done using the Statistical Package for Social
Sciences software version 25.

3. RESULTS AND DISCUSSION

3.1. Surface Chemistry Characterization of ARGO and
TGOs. The different GO materials were characterized by XPS
to identify how the surface chemistry of GO influences the
interactions of GO with bacteria. XPS offers a quantitative
approach to evaluate the reduction degree of GO and the
changes in types of oxygen functionalities as a function of
thermal reduction. Table 1 shows the relative percentage of
carbon, oxygen, and their different bonds for all samples. The
relative percentage of carbon (C %) in all annealed materials
increases significantly with the increasing annealing temper-
atures and ranges from 66 to 83% from ARGO to TGO800,
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accompanied with a decrease of percent oxygen (O %) from 33
to 12%. The observed increase in C/O ratio confirms
successful deoxygenation of the GO surface and indicates
restoration of the conjugated carbon structure.”®

Moreover, peak deconvolution of the C 1s spectra can
determine the relative presence of different carbon—oxygen
bonds in GO. The deconvolution of C 1s results in four peaks
approximately located at binding energies of 284.8, 286.3,
287.5, and 288.8 eV, which are assigned to single and double
carbon bonds (sp* C), epoxide and hydroxyl (C—0), carbonyl
(C=0), and carboxylate (COOH) functional groups,
respectively (Figure S1). The assignments and binding
energies are in agreement with previous studies.”””**~** The
content of C—O groups, including epoxide and hydroxyl
groups on the GO basal plane, decreases from 41.89% for
ARGO to 9.09% for TGO800 upon thermal annealing. This
decrease can be attributed to the reduction of epoxide groups,
which are the most abundant on GO surfaces”””" and lack
chemical and thermal stability.”” At higher temperatures (800
°C), C—O bonding contributes the highest fraction (9.09%)
compared to C=O and COOH (4.58 and 1.62%,
respectively). This has been observed in previous studies and
is attributed to the higher thermal stability of C—OH groups
intercalated into graphene interlayers.”””® The C=O0 and
COOH groups, which are mostly found in the edges of the GO
structure, exhibit a steady decrease upon thermal reduction.

In addition to surface chemistry analyses, potential changes
in the GO sheet size were evaluated because of its role in the
antimicrobial activity of GO.'"'*'®*® SEM imaging showed
that thermal annealing of GO had no significant effect on the
sheet size. The average lateral sizes of ARGO and TGO800
were 1.19 + 0.71 and 1.11 + 0.74 pm, respectively. The size
and image processing was done using ImageJ and is based on
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Figure 2. Biochemical response of ARGO and annealed GO in E. coli after 3 h of exposure at the ECy, concentration. (A) Fluorescent dye assays
showing esterase activity, lipid peroxidation, and ROS generation. A S mM CuCl, was used as a positive control depicted as (+), whereas the
negative control (Ctrl) had no GO. (B) Time-dependent GSH oxidation mediated by GO materials. The mass loading of the materials is S0 pg/
mL. Different letters represent statistical difference at p < 0.05 when compared to the control (n = 9). All experiments are compared to the negative

control (no GO).

the analysis of approximately 100 sheets captured from
multiple images (Figure S2).

3.2. Antimicrobial Activity of ARGO and TGOs
Related to Their Surface Chemistry. The antimicrobial
properties of ARGO and TGOs were assessed by mixing E. coli
with GO suspensions of concentrations ranging from 0 to 500
pug/mL for 3 h. A reduction of bacterial cell viability was
observed at the lower concentrations, followed by a significant
decrease at higher concentrations when compared to the
control (p < 0.05). Figure la shows that all materials inhibit
50% of the bacterial growth at different concentrations. From
the dose—response data collected, the EC;, values were
determined to be 183 + 33.9, 143 + 24.8, 127 + 11.0, and 86.3
+ 28.9 pg/mL for ARGO, TGO200, TGOS500, and TGO800,
respectively.

These results indicate that the antibacterial activities of these
materials are in the order of TGO800 > TGOS500 > TGO200
> ARGO, where TGO800 shows the highest toxicity and
ARGO the lowest. The sigmoidal dose—response curves using
both average values and individual data points are depicted in
Figure S3. These results exhibit a statistical difference between
the ECy, values of all the thermally annealed materials
compared to ARGO (Table S2). Additional statistical
information and other parameters are shown in Table S3.
The difference in antimicrobial properties can be attributed to
the extent of oxidation of each of the materials. ARGO has the
lowest extent of oxidation with a C/O ratio of 2.02 and the
highest EC;, value, whereas TGO800 has the opposite trend
with the highest C/O ratio of 7.19 and lowest ECs, value. The
relationship between these two parameters is observed in
Figure 1b with an R? value of 0.9102. There is a linear decrease
in the ECy, value as the material is reduced, indicating an
increased inherent hazard.

Previous studies have shown that surface modification can
play a role when determining the antimicrobial activity of GO.
Akhavan and Ghaderi compared the toxicity of GO and rGO,
where it was observed that rGO had a stronger antimicrobial
activity against E. coli and S. aureus.”” Similarly, in a later study,
they found that rGO prevented the proliferation of E. coli,
whereas GO was biocompatible with the microorganism.'”*’
The antimicrobial activity of GO can be subject to the changes
in oxygen-containing groups, which can alter the GO surface
and edges. The relationship between the ECs, values and other
surface functional groups was investigated and can be observed
in Figure S4. Both the basal groups (% C—O) and the edge
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groups (% C=0 and % COOH) appear to have an effect on
the antimicrobial activity. In both cases, there is a strong linear
increase with R* values > 0.85 where the antimicrobial potency
decreases as the percent of functional groups increases. These
functional groups can affect bacterial interactions in two
different ways. The more hydrophobic nature of annealed GO
increases the microbe—GO interactions by decreasing the
dispersibility of the materials,"* while removing oxygen
functionalities on the edges and basal planes can enhance
electron-transfer capacity and antibacterial activity. These
rGOs also introduce holes or defects in the carbon lattice
because of CO and/or CO, liberation and reduce surface
charge and water dispersibility.””** It is important to note that
although the size plays a role in the GO’s toxicity mechanisms,
as described in previous studies,'”'® ARGO and TGOs had a
very similar lateral size and did not play a significant role when
assessing the toxicity of the materials in this study.

3.3. Oxidative Stress Generated by ARGO and TGO
Materials. The antimicrobial activity of GO can be mediated
by both physical and chemical interactions that promote direct
contact between the GO sheets and the bacterial cells.”""*
The cell membrane is considered as the main target in these
interactions. According to previous studies, oxidative stress is
considered the dominant mechanism of toxicity for graphene-
based nanomaterials; however, other studies in bacteria or lipid
bilayer models emphasize physical mechanisms over chemical
ones.”***° Most graphene toxicity studies rely on testing
multiple concentrations of GO/rGO and examining the
biological response toward them (ie, ROS generation, loss
of glutathione). In this study, different fluorescent dye assays
were performed at the ECs, concentration for each material to
better understand the mechanisms of GO interaction with
bacteria. This approach integrates any potential effects of
colloidal stability or hydrophobicity of the different materials
by comparing them at the same biological endpoint, the ECy,
to better resolve the mechanisms of GO—cell interactions at
the concentration where 50% of bacterial cells elucidate a
response (in this case a reduction in cell viability) regardless of
the material’s surface chemistry.

The oxidative stress mechanism is often mediated by the
generation of ROS upon bacteria—GO contact. An over-
production of ROS can cause the cells to enter a state of
oxidative stress that results in damage to cellular components
such as proteins, lipids, and nucleic acids.*’ In this study, ROS
generation was tested using a fluorescent probe (H,DCFDA),
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which is a general oxidative stress indicator and is sensitive to a
wide range of free radical oxidizing species.”® As shown in
Figure 2a, ARGO, TGOS00, and TGOS800 increase intra-
cellular ROS formation, as shown by 58, 14, and 13% increase
in H,DCFDA, respectively, compared to the control. Even
though the annealed materials TGOS500 and TGO800 had an
increase in ROS, the higher ROS generation by ARGO
suggests that the more oxidized the material, the higher its
capacity to induce oxidative stress. Lipid peroxidation levels
were measured as a biomarker to further assess oxidative stress
using the BODIPY dye. However, none of the materials
induced an increase of peroxidase levels when compared to the
control. This discrepancy between ROS generation and lipid
peroxidation suggests that although ROS formation was
induced by GO exposure, the oxidative stress resulting from
this exposure was either mild or targeting cellular components
other than lipids.

The esterase activity responses of E. coli after ARGO and
TGO exposure were quantified and are shown in Figure 2a.
After a 3 h GO exposure, there is an increase in esterase
activity in the two most reduced materials TGOS00 and
TGO800 by 30 and 42%, respectively. Increase in FDA
fluorescence may be attributed to an increase in intracellular
FDA concentration, which can be the result of membrane
hyperpolarization®”*° induced by the interactions between
nanomaterials and the cell surface,”’ or an increase in dye
retention because of a decrease in cell permeability in GO-
covered bacterial cells. These results suggest a possible cell
wrapping mechanism for the annealed GOs (TGOS00 and
TGO800), as observed in previous studies."”'”** A compar-
ison of all the dyes with both the positive control (S mM
CuCl,) and the negative control (no material) is shown in
Table S4.

Glutathione oxidation serves as another way to corroborate
cellular oxidative stress. GSH is the most abundant low-
molecular-weight antioxidant synthesized in cells and it plays a
role in keeping an intracellular oxidative equilibrium. The
acellular oxidation of GSH was tested to investigate the
oxidative potential of the materials. As shown in Figure 2b, the
loss of GSH was measured after GSH was exposed to the GO
materials at different time intervals (0—6 h). The extent of
reduction of the materials influenced the GSH oxidation
response. For ARGO, the most oxidized material, GSH
oxidation increased from 8 to 33% after 6 h of exposure. In
comparison, at 6 h exposure, the TGO materials resulted in 12,
9.6, and 9.3% GSH oxidation for TG0O200, TGOS500, and
TGO800, respectively. The higher GSH oxidation by ARGO
indicates that this material has a higher biological reactivity
when compared to all TGOs even after 1 h of exposure. This
change can be attributed to the higher amount of surface
oxygen in ARGO. In the basal plane of GO, carbon atoms
bonded with C—O—-C and C—OH groups decrease from
41.89% for ARGO to 9.09% for TGO800 upon thermal
annealing, which translates to a greater defect density in
ARGO compared to the TGO samples. Additionally, an
increase in %O enhances ARGO’s dispersion in water (more
active sites available) and it has an abundance of epoxy (C—
0O-C) groups, which are very reactive.”” Previous studies have
linked a higher GSH oxidation to defect density or oxidation
debris in graphene materials.'"'>*”>> ARGO, with a highly
oxidized surface, facilitates the adsorption of oxygen on defect
sites, generating surface oxides and eventually releasing ROS

such as peroxide (H,O,) or superoxide (O,”), promoting GSH
oxidation,''**75*

The oxidative stress generated by ARGO and TGO
materials has distinct responses related to their surface
chemistry and oxidation extent. On one hand, the most
oxidized material, ARGO, leads to the highest oxidative
potential demonstrated by the highest ROS generation and
GSH oxidation. Higher defect densities in ARGO may explain
its higher oxidative potential. These results suggest that
chemical interactions between ARGO and E. coli are more
important in oxidized GO materials. On the other hand,
TGOs, particularly TGOS00 and TGO800, have a higher
wrapping capacity than ARGO and TGO200 by decreasing the
cell permeability, which suggests that a physical mechanism is
the dominant mode of interaction. Although GO-—bacteria
interactions have been studied under various experimental
conditions in previous studies,”*”***> this is the first study
that reveals a shift in mechanism as the material’s surface
chemistry changes from oxidized to reduced graphene.

3.4. Mechanism of Interaction between ARGO and
TGOs toward E. coli. The antimicrobial properties of GO are
attributed to a combination of mechanisms as explained in the
previous section. A post-exposure sonication experiment was
done to examine the possibility of a wrapping mechanism
between GO and bacteria. Figure 3 shows cell viability after E.
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Figure 3. Viable CFU count for E. coli after 3 h of exposure to GO
sheets before and after bath sonication. Plating assay results using the
EC;, concentration of each material before and after 10 min of bath
sonication. Different letters represent statistical difference between
materials at p < 0.05 (n = 9). All experiments are compared to the
negative control (no GO).

coli was exposed for 3 h to ARGO and TGOs in suspension at
their ECs, values. As expected, all materials decrease the CFU
counts significantly with respect to the control (dark gray
columns). In contrast, after 10 min of bath sonication and
immediate replating, results reveal no significant changes in cell
viability with respect to the control.

To better understand the recovery of viable cells after
sonication, epifluorescence microscopy was done to assess the
cell viability of bacteria in contact with GO. Figure 4a—c shows
representative epifluorescence microscopy images of E. coli
stained with Syto9 and PI to show live and dead cells,
respectively. As expected, the control sample had only viable
cells as indicated by their bright green fluorescence (Figure
4a). After exposure to ARGO, it is observed that most of the
cells are still viable, with only a few dead cells (red spot)
observed. More importantly, cells are present all over the
ARGO sheets and are adsorbed by the material. This is
exemplified in the zoomed-in panel in Figure 4b where cells are
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TGO800

Figure 4. GO—bacteria interaction. (A—C) Representative epifluorescence microscopy images of E. coli cells after 3 h of exposure to no GO (ctrl)
and 250 pug/mL of ARGO and TGO800, respectively. Main panels show bright field microscopy mode and the inset close-up panels show
fluorescent mode using the green and red fluorescent channels. 1 X 10° cells/mL were stained with Syto9 and PI to show live (green) and dead

(red) cells, respectively.

present where ARGO is present. Similarly, after exposure to
TGOS800, E. coli cells remain viable and are in close contact
with the material. SEM micrographs support the adsorption
abilities of GO toward E. coli as observed in Figure SSa,b. The
two panels show bacteria cells in contact with well-
distinguished ARGO and TGOS800 sheets, respectively.
These results indicate that the bacteria are trapped or adsorbed
on both materials with no major physical disruption of the cell.
Interestingly, ARGO and TGOB800 have different morpholo-
gies; whereas ARGO is lighter and more porous and stable in
aqueous solutions, TGOB800 looks darker and aggregates easily,
which may alter GO—bacteria interactions.

In the literature, the cell recovery is attributed to a wrapping
mechanism that occurs when GO sheets act as a flexible
blanket that can cover the microorganisms. This effect can
isolate microorganisms from the external environment, limit
access to nutrients, and prevent proliferation.'” Cell entrap-
ment in GO sheets was first reported by Akhavan et al. where
they showed that E. coli cells could be reactivated via a
mechanical separation of the sheets using sonication.'” Liu et
al.'® have shown that the sheet size impacts GO wrapping
around bacteria: large GO sheets completely covered E. coli
cells and prevented bacteria proliferation, whereas small GO
sheets did not fully cover the cells and allowed nutrient
transport. Similarly, Perreault et al.'" observed that the number
of viable cells decreased from 55 to 0.5% when the GO sheet
area increased. They also observed that GO, when coated on a
surface, has a different antimicrobial potency than when
applied in suspension; thus, sheet orientation and way of
exposure (dispersion vs static) can also impact the GO—
bacteria interactions."***’7% If the GO orientation is
orthogonal with respect to the bacteria, the sharp edges of
GO can penetrate the cells.””*” However, the epifluorescence
microscopy and SEM images suggest that bacterial cells are
adsorbed to the GO materials and not wrapped inside the
aggregates. This conclusion is similar for both ARGO and
TGOS800 and reveals that cell-material interactions, rather
than wrapping and isolation, are responsible for preventing
bacterial growth.

3.5. Surface Chemistry Shifts the Antimicrobial
Mechanisms of ARGO and TGOs. The surface chemistry
of GO was found to have an important influence on its
antimicrobial activity. Highly oxidized GO generated the
highest response from intracellular ROS and loss of
glutathione, suggesting a chemically driven GO-—microbe
interaction. However, the ECg, value decreases as the oxygen
content of the material decreases in TGOs. The lower defects
in their carbon surface, despite lowering ROS formation in the

cell, promote a trapping mechanism where TGOs adsorb
bacteria cells, reduce cell permeability, and prevent them from
proliferating. These findings reveal an important shift in
mechanism upon changes in the surface chemistry of GO-
based materials, with physically dominated interactions as the
oxygen content decreases. This new understanding of the
biological interactions of GO sheets with bacteria, which was
enabled by comparing the different GO materials at the same
biological effect (i.e, the ECy, value), provides useful
guidelines to tailor the function of GO materials based on its
chemical composition.
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