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Introduction: Antibacterial activity of graphene oxide (GO) has been extensively studied, wherein penetration of the bacterial cell
membrane and oxidative stress are considered to play a major role in the bactericidal activity of GO. However, the specific mechanism
responsible for the antibacterial activity of GO remains largely unknown. Hence, the goal of this study was to explore the mode of
action of GO, via an in-depth proteomic analysis of the targeted bacteria.

Methods: Staphylococcus aureus was grown in the presence of GO and samples were collected at different growth phases to examine
the cell viability and to analyze the changes in protein expression. Antimicrobial efficiency of GO was tested by assessing bacterial
viability, live/dead staining and scanning electron microscopy. The intracellular reactive oxygen species (ROS) induced by GO
treatment were examined by fluorescence microscopy. Label-free quantitative proteomics analysis was performed to examine the
differentially regulated proteins in S. aureus after GO treatment.

Results: GO treatment was observed to reduce S. aureus viability, from 50 + 17% after 4 h, to 93 + 2% after 24 h. The live/dead
staining confirmed this progressive antimicrobial effect of GO. SEM images revealed the wrapping of bacterial cells and their
morphological disruption by means of pore formation due to GO insertion. GO treatment was observed to generate intracellular ROS,
correlating to the loss of cell viability. The proteomics analysis revealed alteration in the expression of cell membrane, oxidative stress
response, general stress response, and virulence-associated proteins in GO-treated bacterial cells. The time-dependent bactericidal
activity of GO correlated with a higher number of differentially regulated proteins involved in the above.-mentioned processes.
Conclusion: The obtained results suggest that the time-dependent bactericidal effect of GO is attributed to its wrapping/trapping
ability, ROS production and due to physical disruption of the cell membrane.

Keywords: cell wrapping, membrane disruption, oxidative stress, proteomics

Introduction

Graphene oxide is a derivative of graphene, with an oxygen moiety and many other functional groups on its surface,
including epoxy, hydroxyl, and carboxyl groups on the monolayer sp® -bonded carbon.' The presence of the oxygen
group makes GO more suitable than pristine graphene for some applications.? Due to its hydrophilic nature, GO is highly
dispersive in aqueous medium, which provides enormous opportunities for many biological applications, including
antimicrobial activity.>* Additionally, other characteristics of GO including ease of synthesis, size tunability, low
cytotoxicity and biocompatibility, are attracting immense attention among researchers in the biomedical field. Hence,
GO has been utilized not only as an antimicrobial material, but also as a drug carrier for drug delivery, in tissue
engineering and in sensors.” ® Many studies have demonstrated the broad-spectrum antibacterial potential of GO against

various bacterial strains, including phytopathogens and bacterial biofilms.'®'? This broad-spectrum antimicrobial

. . . . . . 13-16
efficiency of GO was demonstrated using free GO in solution or in the form of surface coatings.
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The bactericidal efficiency of GO is considered to be mediated mainly by the physical and chemical interactions of GO
nanosheets with the bacterial cell upon close contact.'”2° In this regard, damage of the bacterial cell membrane has been shown
to occur due to the knife-like edges of the GO nanosheets, which cut through the cell membrane resulting in disruption of the
membrane integrity.'>'” > Membrane damage or pore formation on the cell membrane has been seen to alter the cell
morphology and lead to release of sub-cellular components such as nucleic acids and electrolytes, resulting in alteration of the
transmembrane potential.'>*** The bacterial membrane damage is also considered to be mediated by lipid peroxidation, caused
by the oxidative effect of GO.?*’ Hence oxidative stress generated by GO has been proposed as a major contributor for its
bactericidal activity. However, either internalization via penetration or charge transfer from the cell membrane to the oxygen
functional group of GO may be necessary to induce the ROS.'*”2® Reactive oxygen species (ROS) mainly superoxide, hydrogen
peroxide and hydroxyl radicals are key elements in the bacterial response to lethal stress. Thus, the contact-mediated bactericidal
efficiency of GO has attracted substantial interest for the development of antimicrobial or self-sterilizing surfaces.'>>* ' In fact,
the contact-killing mode could provide significant benefits over metallic nanoparticle coatings which have a disadvantage of
releasing toxic metal ions.**** So far, the potential of GO to induce oxidative stress is mostly demonstrated by its efficiency to
oxidize glutathione.*2>*3

The current understanding of the mechanism of action by which GO acts bactericidally revolves (i) around the
penetration of the bacterial cell membrane by the sharp edges of the nanosheets, resulting in cell damage, (ii) wrapping of
bacterial cells by nanosheets leading to impairment in cell movement and metabolism, and (iii) by inducing oxidative stress,
either by direct generation of intracellular superoxide upon the internalization of GO or via electron transfer, resulting in
oxidization of intracellular components and subsequent inactivation of the bacterial cells.'®***” These mechanistic phenom-
ena have been demonstrated to be dependent on the purity, size of nanosheets, concentration of GO and exposure time.*>*
The small size of GO sheets in coatings seem to be more effective in deactivating the bacterial cells by generating oxidative
stress due to the higher defect density,” whereas larger GO sheets are considered to act mainly by cell entrapment
mechanisms, especially when GO is applied to bacterial cells in planktonic state.** The entrapment phenomenon has been
speculated to be more bacteriostatic than bactericidal.'*** In addition to that, destructive extraction of phospholipids from
bacterial cells upon interaction with graphene or GO has been demonstrated in both simulations and experiments.**~*
Furthermore, GO was observed to have antibacterial activity against multidrug resistant pathogens.***' Growth inhibition of
Klebsiella pneumoniae by GO in a murine infection model resulted in enhanced survival of mice by preserving the viability
of lung cells followed by the prevention of inflammation and tissue damage.*® However, the observed relapse of infection
depicted a failure in complete eradication of bacteria, suggesting a difference between the in vitro and in vivo antibacterial
potential of GO.** Hence, an in-depth understanding of the molecular mechanisms by which GO demonstrates antimicrobial
activity is required to design safe and effective GO-based antibacterial therapeutics.

Mass spectrometry-based proteomics analysis has been widely used to analyze bacterial response to external stimuli such as

. 42-4
drug or nanomaterial exposure.***

Quantitative proteomics analysis is often employed to analyze the expression level of
proteins in a bacterial system, to gain an in-depth understanding into what pathways they regulate and to be able to construct
complete signaling networks. Proteomics analysis would help to gain an insight into the dynamic behavior of proteins under the
influence of various environmental conditions at any given time point. Differentially expressed proteins (relative abundance)
directly reflect the changes occurring in the biological processes (sometimes in the form of feedback loops) upon drug or
nanomaterial perturbations. Thus, it is crucial to understand the underlying molecular mechanisms of the bacteriostatic or
bactericidal nature of a drug or nanomaterial. This information in turn could help enhance the efficiency and effective use of the
said drug/nanomaterial. Thus, in this study, our aim was to explore the time-dependent antimicrobial effect of GO and perform an
in-depth evaluation of the underlying molecular mechanisms, by analyzing the alteration in protein expression in Staphylococcus

aureus.

Materials and Methods

The Preparation of Bacterial Cultures
Staphylococcus aureus subsp. aureus NCTC 10788 was tested in this study. The bacterial strain was purchased from the
Gothenburg University Culture Collection. Tryptic soy broth (TSB)/agar was used for the cultivation and growth of the
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bacteria. The inoculum was prepared by inoculating a colony of the bacterial strain in 5 mL of growth medium and
incubating overnight at 37 °C.

The Examination of Graphene Oxide Nanoparticles

Highly concentrated single layered aqueous graphene oxide (GO) was purchased from Graphene Supermarket Inc., USA
(SKU: UHC-GO-175ML,; bottle: 6113). The concentration of the GO was 6.2 g/L with a composition of 79% carbon and
20% oxygen. The surface size of GO was in the range of 0.5 to 5 um. The GO stock solution was diluted to 2 mg/mL and
sonicated for 4 h in a sonication bath to obtain well-dispersed nanosheets in solution. The size of GO was measured by
dynamic light scattering (DLS) on a Zetasizer nano (Malvern Panalytical Ltd, Malvern, UK), at room temperature, at
a concentration of 10 pg/mL. Furthermore, infrared spectra of GO were recorded using an attenuated total reflectance
Fourier transform infrared spectroscopy (ATR-FTIR) Alpha spectrometer (Bruker), with a diamond crystal as a refractive
element, in the range 500—4000 cm ' at a resolution of 4 cm™'. Raman spectra was measured with a Raman microscope-
WITec alpha300R equipped with a 50% objective and a 532 nm laser and 600 g/mm grating. Each spectrum was recorded
in the range of 500-3000 cm ', with 10 number accumulations, and 0.5 second integration time. X-ray photoelectron
spectroscopy (XPS) measurements were carried out on a PHI VersaProbe III X-ray photoelectron spectroscope using
monochromatized Al Ka (1486.6 eV) X-ray source. The take-off angle was 90° relative to the surface. The data analysis
was performed with CasaXPS software. Atomic force microscopy (AFM) images were carried out using INTEGRA
Prima setup NT-MDT Spectrum Instruments with a resonance frequency of 150 kHz in a tapping mode. Images were
recorded in 512x512 pixels, at a 0.5 Hz scan rate and then processed using the Gwyddion software.

Time Kill Assay Against S. aureus Using GO

Bacterial cells grown overnight were inoculated into fresh tryptic soy broth (TSB) medium (dilution factor: 200)
containing sterilized deionized water (“control”) or 100 pg/mL GO (“treatment”). The culture flasks were incubated at
37 °C, 300 rpm for a total of 24 h. The sample fractions (100 uL) were collected at O h, 4 h, 8 h and 24 h to evaluate the
viability of the bacterial cells. To determine the viability, the collected culture suspension was serially diluted using
isotonic saline and plated on TSB agar plates to count colonies.

Fluorescence Microscopy Analysis of the Bacteria

For live/dead staining, 500 pL of control and GO treated bacterial culture were collected at 4 h, 8 h and 24 h of growth.
The collected cells were stained with LIVE/DEAD fluorescence stain kit L7012 (Invitrogen, Molecular Probes Inc.,
Eugene, OR, USA) containing SYTO 9 and propidium iodide. SYTO 9 crosses the bacterial membrane and binds to
DNA, whereas propidium iodide can only cross the disrupted bacterial membrane. The bacterial cells were stained with
a mixture of SYTO 9 and propidium iodide for 20 min and examined using a fluorescence microscope (Carl Zeiss, Jena,
Germany). To examine the intracellular reactive oxygen species, 500 pL of control and GO treated bacterial culture were
collected at 8 h and 24 h of growth and stained with DAPI and CellRox deep ROS sensor (Life Technologies) as reported
in a previous study.*® Briefly, the bacterial cells were stained with CellRox deep red stain for 20 min, washed with
sterilized deionized water followed by counter staining with DAPI for 20 min. The stained cells were again washed with
sterilized deionized water and examined under a fluorescence microscope. The acquired images were further analyzed for
the quantification of different color intensities using ImageJ (National Institute of Health).

Scanning Electron Microscopy Analysis of Bacterial Cells

Scanning electron microscope was used to examine the morphology of bacterial cells after GO exposure. For SEM,
500 pL of control and GO treated bacterial culture were collected at 4 h, 8 h and 24 h of growth. The collected cells were
immediately fixed overnight with 3% of glutaraldehyde. The fixed bacterial cells were dehydrated using a graded series
of ethanol concentrations (40-90%) for 10 min and with 100% ethanol for 15 min. The dehydrated cells were loaded on
clean glass surfaces and dried at room temperature. The dried samples were then sputter coated with gold (5 nm) prior to
SEM imaging. SEM imaging was performed using JEOL JSM 6301F (Carl Zeiss AG, Jena, Germany).
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Protein Extraction and Digestion from S. aureus

All experiments for mass spectrometry analysis were carried out in biological triplicates. For quantitative proteomics
analysis, samples (1 mL) were harvested after 4 h, 8 h and 24 h of bacterial growth with and without GO treatment. The
harvested samples were then centrifuged at 14,000 rpm for 5 min at 4 °C to obtain cell pellets. The acquired cell pellets
were stored at —80 °C until required. Cells were lysed using a detergent-based lysis buffer containing 4% SDS in 100
mM triethylammonium bicarbonate pH 8.5 and 10 mM ethylenediaminetetraacetic acid (EDTA), along with a protease
inhibitor cocktail (cOmplete™, Roche). Cell extracts were further boiled at 90 °C for 10 min, followed by sonication for
30 s on ice. Cell debris was removed by spinning down the cells at 13,400 rpm for 45 min at 4 °C. The protein lysate was
purified using acetone/methanol precipitation. Dried protein pellets were resuspended in denaturation buffer containing 8
M urea in 10 mM Tris-HCI pH 8.0. 15 pg protein lysate was subjected to reduction with 1 mM dithiothreitol (DTT) and
alkylation with 5.5 mM iodoacetamide (IAA) in the dark, for 1 h each at room temperature. Proteins were subsequently
digested for 16 h with trypsin (1:100, w/w; Pierce™). The reaction was arrested by acidification with 10% trifluoroacetic
acid and stage-tipped.*’

NanoLC-MS/MS Analysis of Extracted Proteins

Following sample desalting using C18 stage-tips,*’ each sample was injected thrice (for label-free quantitation, LFQ) on
an Easy-nLC 1200 system coupled to a Q Exactive HF-X mass spectrometer (Thermo Fisher Scientific).*®
Chromatographic separation was performed using 20 cm analytical column (75 pm ID PicoTip fused silica emitter
(New Objective)) in-house packed with ReproSil-Pur C18-AQ 1.9 pm resin (Dr Maisch GmbH). The peptide mixtures
were separated using an 87-minute segmented gradient from 10-90% of HPLC solvent B (80% acetonitrile in 0.1%
formic acid) in HPLC solvent A (0.1% formic acid) under a flow rate of 200 nL/min. The mass spectrometer was
operated in a data-dependent mode. Resolution of the Orbitrap mass analyzer was 60,000 (full MS) and 30,000 (MSMS).
The 12 most intense precursor ions were sequentially fragmented in each scan cycle using higher energy collisional
dissociation (HCD) fragmentation. In all measurements, dynamic exclusion was set for 30 s. The target values were 10°
charges for MS/MS fragmentation and 3x10° charges for the MS scan.

Proteomic Data Analysis

Acquired MS spectra were processed using the MaxQuant software suite (version 1.6.7.0),*° integrated with an
Andromeda search engine. Database search was performed against a target-decoy database of Staphylococcus aureus
NCTC 8325 downloaded from UniProt (taxonomy ID 93061), containing 2,889 protein entries, and additionally
including 246 commonly observed laboratory contaminants. All search parameters in the MaxQuant software were
maintained as default. The endoprotease was set as trypsin/P with a maximum missed cleavage of two. The fixed
modification was set for carbamidomethylation (Cys). Label-free quantification was selected with a minimum ratio count
of two. A false discovery rate of 1% was applied at the peptide and protein level individually. Downstream bioinfor-
matics analysis was performed using Perseus version 1.6.15.0.°° Data were filtered to contain entries with only
quantitative information in at least 2 of the tested 6 conditions. Missing values were replaced from the normal
distribution via imputation. Paired ¢-test was performed on each group (i.e., for each time point) (P-value threshold —
0.05). Only significant hits from the #-test were used to perform the Fisher exact test (P-value threshold — 0.05).
Enrichment plots were generated using a free online platform for data analysis and visualization (bioinformatics.com.cn).

Statistical Analysis

All experiments were performed in biological triplicates and the data are presented as the mean + standard deviation. The
statistical analysis and the difference between the groups was estimated by one-way analysis of variance (ANOVA),
followed by a Tukey’s test to compare the multiple means. Differences between values were considered statistically

significant if the P-value was lower than 0.05.
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Results and Discussion

Characterization of Graphene Oxide (GO)

FTIR was used to determine the functional groups of the GO (Figure 1A). It exhibited the following characteristic features: the
peak at 1620 cm ™' corresponded to the stretching vibration of C=C in the unoxidized graphitic domain, and the oxidized surface
regions were evident by the stretching vibration of carboxyl C=0 and bending vibration of C-OH in 1730 and 1390 cm ',
respectively. The peak at 1055 cm ' corresponded to the stretching vibration of C-O groups and the broad band at 3370 cm ™'
corresponded to the OH vibration stretching.® GO was further analyzed by XPS to evaluate the chemical states. The survey scan
spectra of GO showed the presence of carbon and oxygen (Figure 1B). High-resolution C; spectra of GO has been shown in
Figure 1C. The Cy spectrum of GO was characterized by contributions at 284.6, 286.8, 288.2 and 290.0 eV, arising from the C-C,
C-0, C=0 and O-C=0 bonds, respectively.’' Raman spectroscopy was performed to assess the level of “disorder” in the sp*
hybrid structure of graphene family.* The Raman spectra of GO has been shown in Figure 1D. The G band (1585 cm ') was
a result of in-plane vibrations of sp” bonded carbon atoms, whereas the D band (1350 cm ') was due to out-of-plane vibrations
attributed to the presence of structural defects. The splitting of 2D Raman-active bands centered at 2700 cm™'. The prominent
D peak was from the structural imperfections created by the attachment of the hydroxyl and epoxide groups on the carbon basal
plane.>®> AFM image was used to obtain the morphology and thickness of GO sheets. The AFM image (Figure 1E and F) depicted
the height of GO to be 1 nm, demonstrating the single-layer thickness structure feature.>*

Exposure Time is Key for Antimicrobial Activity of GO

The bacteriostatic and bactericidal efficiency of GO has been widely studied, and many previous studies have confirmed its
broad-spectrum antimicrobial efficiency.>'> However, most of the studies have tested the antimicrobial properties of GO
against the harvested bacterial cells in log phase and under nutrient-depleted conditions.'*'>***! In practical biomedical
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Figure | Characterization of GO. (A) IR spectra of GO sheet; (B) XPS of survey spectra of GO; (C) Cls core level spectrum of GO; (D) Raman spectra of the GO; (E and
F) AFM analysis of GO.
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Figure 2 Time-dependent bactericidal activity of GO. (A) Loss of viability of S. aureus upon GO treatment for 4 h, 8 h and 24 h in comparison to control sample. (B)
Representative fluorescence microscopy images of control and GO-treated S. aureus cells for 4 h, 8 h and 24 h. Green color represents live bacterial cells and red color
represents dead bacterial cells. Data represented as mean % standard deviation from three independent biological replicates. *P <0.01, **P <0.0001.

applications, bacterial cells are likely to be exposed to a variety of nutrients, hence in this study we examined the antibacterial
efficiency of GO and its mode of action in the presence of a rich medium. The bacterial cells were exposed to GO, and samples
were collected at 4 h, 8 h and 24 h of culture time to test the viability of the bacteria, morphological alteration, and changes in the
protein expression of the bacterial cells induced by GO treatment. Since the smaller size of GO has been demonstrated to have

d,*>~*¢ an average size of 90 + 2 nm GO was selected for this study. The size

higher antimicrobial efficacy as previously mentione
of GO was optimized by sonication of commercial GO for 2 h. Control and GO-exposed bacterial cultures were collected at 4 h, 8
h, and 24 h of growth and bacterial viability was analyzed and represented as CFUs. In accordance with previous studies, GO was
observed to significantly reduce bacterial viability. As shown in Figure 2A, GO treatment reduced 50 + 17% of the viability of
bacterial cells after 4 h of exposure time, 69 + 9% after 8 h, and 93 + 2% after 24 h of treatment, suggesting that exposure time is
a key factor in achieving a strong antimicrobial effect. This observation also eliminates any speculation that a rich medium may
alter the bioactivity of GO and reduce its antimicrobial property,” thus highlighting the fact that GO is equally effective in
deactivating bacterial cells that are enriched with nutrients.

The wrapping and trapping of bacterial cells in planktonic state by GO was demonstrated previously as a leading mode of
action for antimicrobial activity.'***** Furthermore, the role of such wrapping by GO was speculated to mainly inhibit the
bacterial growth by preventing proliferation rather than killing the bacterial cells.’® Hence to examine the bactericidal effect of
GO against the planktonic bacterial cells, the treated and non-treated cells were examined by fluorescence microscopy after
staining them with a Live/Dead viability stain. The staining kit contains two different fluorescent dyes - SYTO 9 and
propidium iodide. Both are nucleic acid stains, but SYTO 9 is cell membrane permeable and can thus enter live cells and stain
them green. Propidium iodide on the other hand being impermeable to cell membranes can only stain cells with disrupted
membranes red. This is a well-established method to visualize the live and dead bacterial cells and can help to distinguish the
bacteriostatic and bactericidal effect of antimicrobial drugs or nanomaterials. Figure 2B illustrates the density of viable and
non-viable bacterial cells with and without GO treatment. The density of non-viable cells (red color) was observed to increase
with increasing GO exposure time (Figure 2B). This observation strongly suggests that GO treatment against planktonic
bacteria not only has a bacteriostatic effect but also deactivates the cells by disrupting the cell membrane.

Combination of Wrapping, Contact Killing, and Generation of ROS Attributes to the
Antimicrobial Potential of GO

The size and concentration dependent antimicrobial activity of GO has been shown previously.*>*® Studies have also
demonstrated wrapping of bacterial cells by GO as a dominant factor in terms of antimicrobial activity against bacterial
cells in planktonic stage.'>** Physical damage of bacterial cells by sharp edges of vertical GO coatings has also been
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reported.®'” To understand the exact mechanism of action of GO against planktonic bacteria, control and GO-treated
bacteria were harvested and examined using SEM and CellRox staining to determine the morphological alteration and
intracellular ROS respectively.

As shown in Figure 3A, significant wrapping of bacterial cells was observed even at 4 h of GO treatment. The
intensity of wrapping/trapping of bacterial cells was dependent on the duration of treatment time (Figure S1). Although
wrapping of cells was evident after 4 h of GO exposure, very few bacterial cells were observed to have severe

A Control GO treatment

B DAPI CellRox DAPI CellRox

-- - --
GO
treatment
8h 24 h

Figure 3 Efficiency of GO to deactivate S. aureus cells and generation of intracellular reactive oxygen species is dependent on exposure time. (A) Representative scanning
electron microscopy images of control and GO-treated S. aureus cells for 4 h, 8 h and 24 h respectively. (B) Representative fluorescence microscopy images depicting
generation of intracellular ROS in S. aureus cells after 8 h and 24 h of GO treatment respectively. Blue color represents bacterial cells and red color represents the ROS.
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morphological disruption. In addition to wrapping, the morphological damage in terms of membrane perturbation (hole-
like structures) and collapse of cell membranes leading to complete disintegration of cells was observed after 8 h of GO
exposure. The increase in severity of membrane disruption and density of damaged cells was observed after 8 h and 24
h of exposure time suggesting that longer exposure time might be needed to achieve a contact-killing effect. Furthermore,
generation of intracellular ROS has been suggested previously as another mode of action by which GO deactivated the
bacterial cells.'*?***3> However, most of those assays were done in vitro by evaluating its glutathione reduction ability.
The actual intracellular ROS generation by GO in bacterial cells was rarely investigated. In order to examine the
generation of intracellular ROS, bacterial cells exposed to GO for different times were collected, stained with deep red
ROS fluorescence stain and examined using a fluorescence microscope. As shown in Figure 3B, GO exposure resulted in
generation of intracellular ROS. A significant amount of ROS in bacterial cells was detected after the 8 h of GO
treatment. Furthermore, an increase in amount of intracellular ROS was observed in the bacterial cells treated with GO
for 24 h, suggesting that exposure time is key to achieve ROS mediated bactericidal activity. As expected, ROS was not
detected in control cells that were not exposed to GO. The results obtained here confirm that intracellular ROS generation
on GO exposure occurs in vivo as well, which previously was demonstrated in vitro by glutathione reduction. However,
the amount of intracellular ROS after 24 h of GO treatment was less pronounced than the extent of dead cells after live/
dead staining (Figure 4). This observation indicates that the bactericidal activity of GO depends not only on ROS
generation, but rather is a combinatorial effect including other killing factors as well, namely wrapping/trapping and
insertion (Figures 2 and 3). For instance, our SEM and ROS staining observation suggests that the antimicrobial activity
of GO against planktonic bacterial cells begins with wrapping and trapping and is later followed by insertion and ROS
generation with increasing treatment time.

Label-Free Quantitative (LFQ) Proteomic Analysis of S. aureus

Label-free quantitative proteomics has been widely employed to determine the relative abundance of proteins amongst
biological samples subjected to diverse treatment conditions, without having the need to perform additional expensive
chemical labeling workflows. In the current study, in order to examine the alteration in protein expression induced by GO
treatment, label-free quantitative proteomics analysis was employed. 1,524 proteins were overall identified of which
1,078 were quantified in at least 50% of the tested conditions (Supplementary Table 1). Experiments were conducted in

biological triplicates as well as technical triplicates. The three biological replicates showed a high degree of correlation
(Pearson correlation coefficient > 0.9) (Figure S2). A histogram plotted of all the replicates, under all assessed conditions,
depicted normal distribution of the data (Figure S3). Volcano plots depicting differentially regulated proteins in both
directions (P <0.05) across all time points, indicated a dynamic fluctuation of protein expression at the molecular level

Live/dead staining ROS staining
180
[live cell M@Dead cell @DAPI @ CellRox (ROS)
160
140
120
Fy
‘% 100
c
2 30
£
60
40
20
0
Control GO treated Control GO treated

Figure 4 Quantification of fluorescence color intensity of images acquired from live/dead viability staining and ROS staining. Fluorescence images acquired after 24 h of GO
treatment were used for intensity quantification. Data represent mean * standard deviation from three independent biological replicates.
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Figure 5 Volcano plots depicting differentially expressed protein levels between GO treatment and control conditions at (A) 4 h, (B) 8 h and (C) 24 h. The horizontal black
dotted line represents significance threshold at FDR 0.05. Significantly up- and down-regulated proteins on GO treatment are denoted in red and blue colours respectively.
(D) Venn diagram depicting intersection of data - overlap between significantly regulated proteins (P <0.05) after 4 h, 8 h and 24 h of GO treatment.

(Figure SA—C). As the time of GO treatment increased, expression of a greater number of proteins was observed to be
significantly affected (Figure 5D). Gene ontology enrichment plots of the significantly regulated proteins indicated an
over-representation of terms related to oxidative stress response, general stress response and ion transport (Figure 6A—C).
Additionally, a large number of cell-membrane associated proteins were also seen to be differentially regulated
(Figure 6A—C); 226 proteins were identified to be significantly regulated across all three tested GO treatment time
points (4 h, 8 h and 24 h).

Proteins downregulated upon GO treatment included those associated with cytolysis, peptidoglycan catabolic process,
cell wall biogenesis and proteins associated with oxidative stress. Large number of proteins that are associated with
biosynthesis of cell wall and peptidoglycan were also found to be downregulated. Notably, LtaS, MGT, MsrR, ebh,
MurB, MurC, TagGH and TarL were found to be significantly downregulated upon GO treatment. The LtaS protein
which was downregulated by 3.7-fold after 4 h of GO treatment, is known to interact with proteins (associated with early
and late cell division) and enzymes that play an intrinsic role in peptidoglycan synthesis.”” Another downregulated
protein MGT is actively expressed in S. aureus and considered as an important member of membrane-associated protein.
This protein has been suggested to play a significant role in bacterial cell wall biosynthesis.”® The protein MsrR was also
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Figure 6 Enrichment plots depicting gene ontology terms/KEGG pathways that are affected on GO treatment after (A) 4 h, (B) 8 h and (C) 24 h respectively. The color of
the dots indicates the P-value of enrichment significance and the size of the dots represents the number of proteins falling under the corresponding category. Only the most
significant hits (P <0.05) are represented in the plot.

found to be downregulated by 1.5-fold in S. aureus treated with GO for 24 h. MsrR belongs to the LytR-CpsA-Psr family
of cell envelope-associated proteins and has been suggested to play a significant role in cell envelope maintenance, cell
separation and pathogenicity of S. aureus.>® Protein Ebh was downregulated by 1.8-fold in the cells treated with GO for
24 h. The mutation in ebh has been previously demonstrated to increase the cell growth, but observed to affect the cross
wall, membrane enclosed peptidoglycan synthesis and assembly compartment.®® MurB, a protein that plays a critical role
to reduce UDP-GIcNACEP to UDP-N-acetylmuramic acid in the process of peptidoglycan biosynthesis,®' was also
downregulated by 1.6-fold after 24 h of GO treatment. On the other hand, MurC, that also plays a major role in
peptidoglycan and cell wall biosynthesis,®* was found to be downregulated by 1-fold and 1.7-fold respectively after 8
h and 24 h of GO treatment. Interestingly, another protein RpiA was downregulated by 2.9-fold and 3.4-fold respectively
in S. aureus cells treated with GO for 8 h and 24 h. Previously, rpi4 mutants were observed with alteration in gene
expression which are associated with peptidoglycan synthesis such as upregulation of mecA and sgtB, and down-
regulation of murBJY, femABX, pbp4, fisW and rod4.%®> Another protein TagH was also found to be downregulated by
1.1-fold in S. aureus upon 24 h of GO treatment. This protein is a membrane-bound component of the teichoic acid
translocation system and is involved in teichoic acid synthesis. The depletion in this protein was previously found to
thicken the cell wall due to autolysin sequestration.®* In addition to this TarL protein, which is believed to be involved in
synthesis of the ribitol phosphate polymer of cell wall teichoic acid by using the activated precursor, CDP-ribitol,*> was
found to be drastically downregulated upon GO treatment. TarL was downregulated by 2.1-fold, 3.5-fold and 3.6-fold in
S. aureus after 4 h, 8 h and 24 h of GO treatment respectively.

The second largest group of proteins that were affected by GO treatment were associated with oxidative stress
(Figure 7A—C). Notably proteins AldA, ClpC and Msr that are linked to oxidative stress were found to be highly
downregulated. The protein AldA was downregulated (2.3-fold) in S. aureus only after 24 h of GO treatment. AlIdA was
previously found to be irreversibly inhibited under H,O, treatment via overoxidation of Cys279 demonstrating its
sensitivity to oxidative stress. In addition to that, AIdA was also found to be sensitive to NaOCI stress.®® On other
hand, clpC operon in S. aureus comprises of four different genes: ctsR, mcsA, mesB and clpC. The disruption in clpC was
demonstrated to result in hypersensitivity to heavy metal stress, temperature stress, osmotic pressure stress, oxidative
stress, and alteration in biofilm formation.®” Msr protein in S. aureus was also found to be highly downregulated upon
GO treatment. The strong activity of Msr has also been demonstrated to enhance the sensitivity of various organisms to
oxidative stress.>® In addition to that quinol oxidase, and quinone oxidoreductase were also significantly downregulated
after 8 h and 24 h of GO treatment. These proteins are mainly involved in cellular response to oxidative stress for cell
survival.®* 7% This phenomenon suggests that GO-associated oxidative stress significantly starts after a certain period of
GO exposure to bacterial cells. In addition to that, outer membrane proteins were also found to be drastically affected,
wherein the majority of such proteins were found to be downregulated in all the tested treatment times, suggesting that
GO effectively interacts with membrane proteins (Figure 7A—C). This could possibly be due to the wrapping/trapping
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Figure 7 Number of differentially regulated proteins that are associated with oxidative stress, outer membrane, membrane stress and cell wall synthesis on graphene
treatment for (A) 4 h, (B) 8 h and (C) 24 h.
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and insertion effect of GO sheets, that increase in efficiency with increasing treatment time (Figure 3A). Moreover, GO
treatment was found to downregulate several proteins in S. aureus that are associated with general bacterial physiology
such as growth, cell division, virulence, and survival. The protein DivIB which is required for correct assembly of the
divisome at midcell during division and to prevent the hydrolytic growth of the cells in the case of incomplete septum’’
was downregulated after 8 h (1-fold) and 24 h (1.2-fold) of GO treatment. Another protein FMT was found to be
drastically downregulated in S. aureus upon GO treatment. FMT was found to be downregulated by 4.1-fold and 4.3-fold
respectively after 8 h and 24 h of GO treatment. The depletion of this protein has been suggested to reduce the cell
growth rate and virulence properties.”> The protein HslO which is known as a death resistance protein and acts as
a protective factor for cells during the stress condition,”® was found to be greatly downregulated with the GO treatment.
HslO was found to be downregulated by 3-fold, 5.5-fold and 4.6-fold respectively after 4 h, 8 h and 24 h of GO
treatment. Another protein, IcaR, was also found to be downregulated at all time points of GO exposure. This protein
encodes a repressor of icaADBC transcription in S. aureus and is known to significantly impact the cell adhesion and
biofilm formation.”* IcaR was found to be downregulated by 3.4-fold, 3.1-fold and 4.8-fold respectively after 4 h, 8 h and
24 h of GO treatment.

By contrast, some proteins associated with oxidative stress, general stress, cell growth, virulence factor and biofilm
formation were found to be significantly upregulated in S. aureus upon GO treatment. Notably AhpC was drastically
upregulated in S. aureus exposed to GO. AhpC was upregulated by 1.5-fold, 2.4-fold and 2.8-fold respectively after 4 h,
8 h and 24 h of GO treatment. The resistance to oxidative stress by S. aureus is associated with metal ion homeostasis
through various regulators. For instance, PerR was found to control the expression of regulon of genes which encode
antioxidants,”” where ahpC is one of the major PerR regulon.”> The mutation of akpC has previously demonstrated to
increase H,0, resistance due to greater katd expression via relief of PerR repression.”” Several key proteins associated
with cell wall and general stress namely PrsA, VraR, FtsH, were also significantly upregulated in GO-treated S. aureus.
PrsA was upregulated by 4.3-fold only after 24 h of GO treatment. PrsA is a membrane-anchored lipoprotein that
facilitates the folding of exported proteins in the microenvironment of the cytoplasmic membrane and cell wall interface
affecting the surface properties and virulence of S. aureus.”® Thus, PrsA is considered as a key element of the VraRS-
mediated cell wall stress response. VraR, which was upregulated in 8 h (0.8-fold) and 24 h (2.1-fold) GO-treated cells, is
an essential protein for the phosphorylation-induced activation of VraR and has been shown to disrupt the cell wall stress
leading to re-sensitization of cells to antibiotics.”” FtsH is a membrane-bound metalloprotease which plays a major role
in virulence properties and stress tolerance. The knockout mutation in fisH has been demonstrated to increase thickness
of cell walls.”® FtsH was drastically upregulated by 3.8-fold and 5.1-fold respectively after 8 h and 24 h of treatment. In
addition to that, the proteins GuaA, Spx, ThyA and YbeY were found to be significantly upregulated. These proteins are
mainly associated with cell growth, virulence factors, biofilm formation and response to general stress. Moreover,
enzymatic proteins such as hydrolases, proteases, peptidases, and proteins associated with cell wall biogenesis were
also upregulated. Some proteins were found to be distinctly altered at specific time points of GO treatment. For instance,
at 24 h of GO treatment, 13 distinct proteins were differentially regulated. Endonucleases responsible for DNA repair,
exotoxins linked to pathogenesis, outer membrane proteins and lipoteichoic acid synthetases associated with biogenesis
and organization of cell wall were significantly upregulated in S. aureus after 24 h of GO treatment, suggesting an
increase in cell membrane as well as ROS associated stress with an increase in treatment time. This observation is
consistent with the results obtained from SEM and ROS staining. In general, most of the upregulated proteins are mainly
involved in cell adhesion, pathogenesis, cell wall biogenesis, cytolysis, and lipid catabolic process. All the fold change
values mentioned above are in log2 scale.

Conclusion

In conclusion, this study reveals a time-dependent antimicrobial activity of GO against S. aureus. The mode of
antimicrobial action observed is a combination of wrapping/trapping, insertion, and generation of intracellular ROS.
While the wrapping/trapping effect was observed to be a predominant antimicrobial behavior of GO against planktonic
state bacteria, oxidative stress, and membrane stress associated with cell damage and leakage of intracellular content was
found as an additional mechanism. Overall, the antimicrobial action was found to begin with wrapping/trapping and the
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antimicrobial efficiency was accelerated subsequently later by GO insertion and generation of significant amounts of
ROS to deactivate the bacterial cells. These phenomena are confirmed by viability assessment, live/dead staining,
examination of intracellular ROS and quantification of protein expression of S. aureus after GO treatment at different
time points. Proteomics data reveal the alteration in a large number of proteins that are associated with biosynthesis of
cell wall and peptidoglycan, oxidative stress, general stress response, virulence factor, cell survival and biofilm formation
in GO-treated S. aureus. The demonstrated results in this study could provide a deeper insight into the molecular
mechanism by which GO exhibits bacteriostatic and bactericidal activity, which further can be used as a guide to advance
the use of GO as an antimicrobial agent in various applications and to enhance its bacteriostatic and bactericidal effect.
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