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ABSTRACT Graphene oxide (GO) is a promising material for the develop-

ment of antimicrobial surfaces due to its contact-based antimicrobial activity.
However, the relationship between GO physicochemical properties and its
antimicrobial activity has yet to be elucidated. In this study, we investigated
the size-dependency of GO antimicrobial activity using the Gram-negative
bacteria Escherichia coli. GO suspensions of average sheet area ranging from
0.01 to 0.65 «em” were produced and their antimicrobial activity evaluated in cell
suspensions or as a model GO surface coating. The antimicrobial activity of GO
surface coatings increased 4-fold when GO sheet area decreased from 0.65 to

0.01 «m. The higher antimicrobial effect of smaller GO sheets is attributed to

oxidative mechanisms associated with the higher defect density of smaller
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sheets. In contrast, in suspension assays, GO interacted with bacteria in a cell entrapment mechanism; in this case, the antimicrobial effect of GO increased

with increasing sheet area, with apparent complete inactivation observed for the 0.65 um? sheets after a 3 h exposure. However, cell inactivation by GO

entrapment was reversible and all initially viable cells could be recovered when separated from GO sheets by sonication. These findings provide useful

guidelines for future development of graphene-based antimicrobial surface coatings, where smaller sheet sizes can increase the antimicrobial activity of

the material. Our study further emphasizes the importance of an accurate assessment of the antimicrobial effect of nanomaterials when used for

antimicrobial surface design.
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raphene is a two-dimensional carbon
nanomaterial consisting of a single
layer of sp>bonded carbon atoms
arranged in a hexagonal crystal structure.
Since its first isolation from graphite in
2004," graphene has attracted worldwide
interest due to its exceptional electronic,
thermal, and mechanical properties.> From
solar cells to biomedical devices, graphene has
opened new possibilities for developing ma-
terials with novel or improved properties>~>
A common approach to synthesize
graphene materials is based on the use
of graphene oxide (GO)—water-dispersible
graphene sheets with a high density of oxy-
gen functional groups in the planes and edges
of the sheets.® GO is produced by the chemi-
cal oxidation of graphite to graphite oxide and
its subsequent exfoliation by ultrasonication.
Due to its low production cost, scalability,
and aqueous stability, GO is a very promising
material for use as a precursor for chemically
reduced graphene or as a building block for
graphene-based composite materials.”
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Several studies have demonstrated the
strong antimicrobial properties of GO against
a wide variety of microorganisms, including
Gram-positive and -negative bacterial patho-
gens, phytopathogens, and biofilm forming
microorganisms.2~"? The antimicrobial activ-
ity of GO is thought to be mediated by
physical and chemical interactions when
sheets come in direct contact with bacterial
cells.>™ In this process, the cell membrane
appears to be a primary target of the cyto-
toxicity of GO. Membrane damage in GO-
exposed bacteria was identified by morpho-
logical changes in the cell structure, leakage
of RNA and intracellular electrolytes, uptake of
membrane-impermeable dyes, and changes
in the transmembrane potential®'%'413
Membrane damage may be caused by the
atomically sharp edges of graphene, which
could penetrate the cell membrane and
physically disrupt its integrity.'®'*'® Mem-
brane damage may also be mediated via
lipid peroxidation induced by the oxidative
nature of GO,'"'? as was also highlighted for
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fullerene'” and carbon nanotubes (CNTs).'®'® Oxida-
tive stress was proposed to be a major component of
the antimicrobial activity for bacterial cells exposed
to GO.H'12'20

The antimicrobial properties of GO have triggered
a strong interest in the development of GO-based
antimicrobial surfaces due to GO's contact-mediated
mode of action. This antimicrobial mechanism offers
a viable alternative to biocide-releasing surfaces using
antibiotics or silver, which deplete from the surface
over time.2' Antimicrobial GO surfaces also avoid the
release of toxic biocides, a key consideration in the
design of antimicrobial surfaces for environmental
applications??

Attachment of bacterial cells to GO-coated surfaces
was shown to induce a disruption of the cell integrity
and loss of cell viability, reducing bacterial develop-
ment on the surface.”'®'*?* GO was successfully used
to impart antimicrobial properties to stainless steel,
cotton fabric,2* polymer films,>?® and water treatment
membranes.?>?®?” Such antimicrobial surfaces have
important applications in the biomedical field for pre-
venting microbial contamination of medical devices,
or in environmental systems where biofouling is a
major cause of increased operation costs in marine
transport, membrane-based water treatment, and heat
exchangers.?873°

Previous research using CNTs has shown that their
cytotoxicity is highly dependent on their physicochem-
ical properties. By changing the size, oxidation level,
functionalization, or electronic structure, the cytotoxi-
city of CNTs may be tuned to increase their antimicro-
bial potential.'®'®31~33 However, despite the growing
interest in the use of GO for antimicrobial surfaces,
there is a limited understanding of the required GO
material properties for effective antimicrobial activity.
To date, most studies have focused on the antimicro-
bial properties of GO sheets in suspension assays,
where aggregation and cell wrapping mechanisms
may occur.>*** For example, GO sheet size was found
to influence its antimicrobial activity in suspension due
to the capacity of larger sheets to completely wrap
around the cells and isolate them from their environ-
ment.3* However, in GO-coated surfaces, where sheets
are immobilized on the surface, the interactions be-
tween GO sheets and bacterial cells may be signifi-
cantly different than in suspension and changes in
the physicochemical properties of GO sheets, such as
sheet size, may have a different effect when applied on
a surface.

In this study, we investigate how GO sheet size alters
the antimicrobial activity of GO-based surface coatings
using a model Gram-negative bacteria, Escherichia coli.
A size dependency in the antimicrobial activity of GO
is revealed and explained in terms of changes in the
GO material properties and reactivity. Furthermore, the
biological interactions of GO in bacterial suspensions
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and when applied as a surface coating are compared.
The differences highlighted in these two distinct
exposure conditions demonstrate the importance of
selecting antimicrobial nanomaterials based on ac-
curate toxicological data obtained under relevant
conditions. Our findings have important implications
for the design of novel graphene-based antimicrobial
materials.

RESULTS AND DISCUSSION

Characteristics of Graphene Oxide Sheets. GO sheets were
obtained by the chemical oxidation of graphite using
a modified Hummers' method.3® This approach gener-
ated an oxidized graphite material that can be sonicated
to form a well-dispersed aqueous GO suspension which
was stable for weeks. AFM imaging revealed that the GO
sheets produced by this approach had an average sheet
height of 1.4 nm (Figure 1A, B). These results indicate
that most sheets were single-layer GO’

The functionalization of graphene by the chemical
oxidation treatment is confirmed by Raman spectro-
scopy and X-ray photoelectron spectroscopy (XPS)
(Figure 1C, D). Raman spectroscopy of GO shows the
characteristics G (1590 cm™~") and D (1350 cm™") bands
of carbon nanomaterials. The G band is attributed to the
sp>-bonded carbon regions while the D band reflects
the amount of disorder introduced to the crystalline
structure by the presence of defects.>*® The D band,
which is absent in pristine graphite, increases in inten-
sity in GO (Figure 1C), indicating the successful oxida-
tion of the graphenic structure. The nature of the
oxygen-containing functional groups in GO was identi-
fied as C=0, CO, and C=00 bonds by XPS (Figure 1D).
Elemental survey by XPS analysis also revealed that
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Figure 1. Characteristics of graphene oxide nanosheets. (A)
Atomic force microscopy (AFM) imaging of graphene oxide
sheets deposited on silicon. (B) Graphene oxide sheet height
distribution as determined from AFM imaging. (C) Raman
spectra of graphite (black) and graphene oxide (blue). (D)
X-ray photoelectron spectroscopy (XPS) of the C 1s region of
graphene oxide, indicating the deconvoluted peaks asso-
ciated with the different carbon functional groups. Experi-
mental data is indicated by a full black line and the baseline
by a dotted black line.
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GO was free of any metal residues used during the
chemical oxidation process (Figure S1, Supporting
Information).

To investigate the effect of sheet size on the anti-
microbial properties of GO, we generated GO suspen-
sions of different sheet areas using probe sonication
(Figure 2). Probe sonicating GO sheets at high power
density (6.5 kW L") breaks GO sheets into smaller
fragments and generates GO sheets of decreasing
average area with increasing sonication time3%3°
The as-synthesized GO sheets, which were dispersed
in water by mild bath sonication, have an average
sheet area of 0.65 um?, with large sheets of up to
several micrometers in lateral dimensions (Figure 2B).
When the GO suspension is sonicated at high intensity
for different periods of time, the average sheet area
decreases from 0.65 ymz (0 min) to 0.29, 0.10, and
0.01 um? after 1, 10, and 120 min of sonication, res-
pectively (Figure 2A). The complete size distribution of
GO sheets at each sonication time is given in Figure S2
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Figure 2. Change in GO sheet area by ultrasonication
treatment. (A) Mean GO sheet area for different sonication
time. (B) Representative SEM micrographs of the GO sheets
deposited on silicon. Images were taken at an acceleration
voltage of 2 kV.
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of the Supporting Information. This approach provided
a wide range of GO sheet dimensions to investigate
the effect of sheet size on the antimicrobial activity
of GO.

Size-Dependent Antimicrobial Activity of Graphene Oxide-
Coated Surfaces. The antimicrobial properties of GO of
different sheet area were evaluated using model GO-
coated surfaces formed by vacuum filtration of a GO
suspension over a mixed cellulose filter. After air dry-
ing, a stable and homogeneous GO surface is formed
(Figure S3). This GO surface is similar to the free-
standing antimicrobial GO paper previously developed
by Hu et al."* Using this model surface, the effect of
sheet size on the antimicrobial activity on GO-coated
surfaces can be investigated without confounding
factors, such as nonuniform surface coverage that
could arise from using a GO-functionalized surface.

After 3 h of contact with GO-coated surfaces, E. coli
cell viability was evaluated using a Live/Dead fluores-
cent staining, which stains as “dead” those bacteria
with compromised membrane integrity.*® Cell viability
was evaluated for planktonic cells, not in contact with
GO, and for cells attached to the surface. No change
in cell viability was observed for bacterial cells not in
contact with the surface, while cell viability decreased
for cells attached to all GO surfaces (Figure 3A). These
results demonstrate the need for direct contact between
bacterial cells and GO for bacterial inactivation, in agree-
ment with the contact-based antimicrobial mechanisms
proposed for GO.'%*! The requirement for cell contact
was also highlighted for the toxicity of fullerene'” and
CNTs."3'42 For these materials, intimate contact with
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Figure 3. Antimicrobial activity of GO-coated filters for different GO sheet areas. (A) Cell viability of deposited and planktonic
E. coli cells after 3 h of contact with GO-coated filters, determined by Live/Dead fluorescent staining. (B) Number of viable E. coli
cells after 3 h of contact with GO-coated filters, determined by CFU agar plate counting. (C—E) Representative epifluorescence
picture of live (green) and dead (red) E. coli cells on a control surface (mixed-cellulose filter, C) or surfaces coated with GO sheets
0f 0.01 um? (D) and 0.65 zm? (E). Lower case letters in the figure indicate statistical significance, with different letters indicating

statistical difference (p-value < 0.05).
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the cells allows for direct oxidation of cellular compo-
nents by the material.'”"® Physical disruption of the cell
membrane may also arise from the interaction between
carbon nanomaterials and the cell surface.*>** For GO,
both these mechanisms have been proposed to explain
its antimicrobial activity.'%'%164!

For cells deposited on the surface, a higher number
of dead cells are observed when cells are attached to
GO-coated surfaces than to a control mixed-cellulose
membrane (Figure 3C—E). Cell inactivation by GO is
found to be affected by the size of the GO sheets on the
surface. For GO sheets of an average area of 0.65, 0.29,
0.10,and 0.01 um?, cell viability of deposited cells after
3 h of exposure is 73, 61, 50, and 30%, respectively
(Figure 3A). Therefore, the antimicrobial activity of GO
sheets, when applied as a surface coating, increases
with decreasing sheet dimensions.

The higher antimicrobial activity of small GO sheets
contrasts with previous findings where cell inactivation
induced by GO in bacterial suspensions increased with
increasing sheet size.3* Since toxicity results from dye-
based assays may be affected by interactions of nano-
materials with dye molecules,***> the antimicrobial
activity of GO was further confirmed using a second
assay. After bacterial exposure, the GO-coated surfaces
were mildly washed to remove bacterial cells not
attached to the surface. The surfaces were then
bath-sonicated to detach the cells, which were imme-
diately spread on agar plates and incubated overnight.
Using this dye-independent approach, a similar rela-
tionship between GO sheet area and bactericidal
activity was found (Figure 3B). Cell inactivation de-
creased from 79% to 21% when GO sheet area was
reduced from 0.65 to 0.01 um? respectively. These
consistent results from two independent assays con-
firm the increasing antimicrobial activity of GO as sheet
area is decreased.

Oxidative-Stress Mediated Antimicrobial Activity of Graphene
Oxide. Bacterial inactivation by GO, for all sheet areas,
was characterized by a disruption of cell integrity.
This is demonstrated by the uptake of the membrane
impermeable propidium iodide dye in the Live/Dead
fluorescent staining (Figure 3D, E), and morphological
changes observable by scanning electron microscopy
(SEM) (Figure 4). After exposure to GO, cells were fixed
in paraformaldehyde-glutaraldehyde, carefully dehy-
drated, and chromium-coated for microscopy analysis.
Figure 4A shows E. coli cells with intact cell morphology
when deposited on the control mixed-cellulose mem-
brane. On the other hand, bacterial cells deposited on
GO-coated surfaces show a flattened or deformed shape,
indicative of compromised cell integrity (Figure 4B—D).
These results confirm the findings of previous studies
where exposure of bacterial cells to GO sheets resulted in
alteration of the cell morphology.8'%163

In agreement with the fluorescent viability assay,
more cells with an altered cell morphology were found
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Figure 4. (A) Representative SEM micrographs of E. coli cells
deposited on a control filter. (B) SEM micrographs of E. coli
cells deposited on 0.01 um? GO sheets showing compro-
mised cell integrity. (C, D) SEM micrographs of E. coli cells
deposited on 0.65 xm? GO sheets showing compromised (C)
and normal (D) cell integrity.

on surfaces coated with small (0.01 um?) GO sheets
than with large (0.65 m?) GO sheets, where cells with
normal cell integrity (Figure 4D) were more abundant
than cells with compromised cell integrity (Figure 4C).
Therefore, although direct contact with GO sheets is
required for cell inactivation, additional factors are
involved in the extent of bacterial inactivation by GO
sheets of different sizes. Additional SEM micrographs
of cells on control and GO-coated surfaces can be
found in Figure S4 of the Supporting Information.

Previous studies have proposed that physical inter-
actions between GO sheets and bacterial cells may
be involved in GO-induced membrane damage.
Membrane perturbation and piercing by GO sheets
was primarily identified by molecular dynamics (MD)
simulations using model phospholipid bilayers.'64647
Interaction between GO sheets and lipid bilayers
was found to induce a local perturbation of the lipid
bilayer. In these simulations, the highest perturbation
was observed for large and unoxidized graphene
sheets, while GO sheets, due to their hydrophilicity,
mostly adhere on the surface of the membrane without
penetrating the lipid bilayer.*” Other simulations have
shown that, in order to penetrate the lipid bilayer,
contact must be made through the edges of graphene
sheets. The sharp, atomically thin edges of graphene
sheets induce a spontaneous piercing of the mem-
brane, which decreases the energy barrier for their
penetration into the membrane. Uptake of graphene
and GO was identified in mammalian cell lines;**“®
yet uptake and physically induced membrane damage
still remain to be demonstrated in bacterial cells,
which differ considerably in their cellular architecture.*®
A recent force spectroscopy investigation of the inter-
actions between GO sheets and E. coli cells has shown
that the interactions of GO in contact with bacterial
cells are mostly repulsive and therefore unfavorable for
physically induced membrane damage ?°

Recent studies have indicated that availability of
the basal planes, rather than sheet edges, determines

ACRT A RN
VOL.9 = NO.7 = 7226-7236 = 2015 A@@L%{\)

WWwWW.acsnano.org

7229



the antimicrobial properties of GO.">*° In Langmuir—
Blodgett films, where the sheets are completely flat on
the surface and minimal cell contact with the sheet
edges occurs, GO was still found to inactivate bacterial
cells coming in contact with the surface.”® These find-
ings suggest that contact with the sheet edges, and
thus direct piercing of the membrane by GO sheets,
is not required for the antimicrobial activity of GO.
Consequently, other mechanisms linked to the physi-
cochemical interactions between GO sheets and
bacterial cells may have a more important role in the
antimicrobial activity of GO sheets.

Several studies have proposed a primary role of
oxidative stress in the antimicrobial activity of GO.
Oxidative stress in bacterial cells leads to the oxidation
of proteins, lipids, and nucleic acid and can ultimately
resultin membrane damage and cell death. In bacterial
cells exposed to GO, oxidative stress was indicated
by the dichlorofluorescein and nitro blue tetrazolium
assays, which revealed the intracellular accumulation
of free radicals and superoxide anions, respectively.'>*"
Acellular oxidation of lipid molecules, glutathione en-
zymes, and reduced DPPH (2,2-diphenyl-1-picrylhydrazyl)
by GO sheets was also observed, suggesting the intrinsic
oxidative potential of GO.'"#152>3

The physicochemical properties of carbon nano-
materials can have a major impact on their intrinsic
oxidative activity. For graphene, oxidative stress and
glutathione oxidation were shown to differ between
GO and chemically reduced GO.*'* In CNTs, the
nature of the oxygen functional groups or the chirality
of the tubes have an important impact on their oxida-
tive capacities.'®3? The oxidative potential of GO sheets
of different sizes was therefore investigated to deter-
mine if oxidative pathways are involved in the higher
antimicrobial activity of smaller GO sheets. The acellular
oxidation of glutathione was used as an indicator of
the oxidative potential of the material. Glutathione
is a thiol-rich tripeptide serving as one of the major
cellular antioxidant enzymes. It is present in millimolar
concentrations in Gram-negative bacteria, where it is
involved in the intracellular oxidative balance,** and is
also transported outside the cell to protect against
external electrophilic compounds.>>?® Due to its rele-
vance in oxidative stress, the oxidation of glutathione
has been widely used as an indicator of the oxidative
potential of carbon nanomaterials.'#3241527

Glutathione was exposed to GO sheets in a bicarbo-
nate buffer for 3 h, after which the unoxidized fraction
of glutathione was measured spectrophotometrically
using Ellman's reaction.”® Glutathione oxidation was
found to be influenced by the size of GO sheets. As
the sheet area is decreased from 0.65 um? to 0.01 um?,
glutathione oxidation increased from 49 to 71%
(Figure 5A). The higher glutathione oxidation by small
GO sheets indicates that, as the size of the sheets is
decreased, the GO material has a higher capacity to
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Figure 5. (A) In vitro glutathione oxidation by GO sheets of
different areas. Glutathione (0.4 mM) was exposed for 3 h to
0 (Ctrl) or 50 ug mL~" GO in 50 mM bicarbonate buffer, pH
8.6.H,0, (1 mM) was used as a positive control for the assay.
Black diamond symbols represent the ratio between the
D and G bands of GO as measured by Raman spectroscopy.
(B) Raman spectra of GO of different sheet areas, showing
the characteristics D and G bands. Spectra were normalized
to the G band intensity. Lower case letters in (A) indicate
statistical significance in glutathione oxidation between
treatments, with different letters indicating statistical dif-
ference (p-value <0.05).

induce oxidative stress. The increased oxidative poten-
tial of GO as sheet area is decreased likely contributes
to the higher antimicrobial activity of small GO sheets.
Likewise, higher glutathione oxidation in CNTs of differ-
ent chirality'® or oxygen-containing functional groups>>
was previously found to be a good predictor of their
potential antimicrobial activity.

Glutathione oxidation can occur either via direct
oxidation of biomolecules by GO sheets, as previously
indicated for fullerenes,'” or by an oxygen-mediated,
two-step mechanism proposed by Liu et al. for various
types of graphenic surfaces.’’” In the oxygen-mediated
glutathione oxidation pathway, the first step involves
the adsorption of O, on defect sites of the graphenic
structure, which results in the formation of surface
oxides that are reduced by electron transfer from the
glutathione enzymes. In the second step, the reduction
of these adsorbed oxygen molecules releases reactive
oxygen species (H,0, or O, ), which are also reduced
by the action of glutathione. In the presence of oxygen
and cellular antioxidants, GO can therefore lead to
oxidative stress either by the direct formation of
reactive oxygen species or by the depletion of cellular
antioxidants.>”

According to this oxygen-mediated mechanism,
the capacity of GO sheets to oxidize glutathione will
be dependent on the density of defects in the carbon
structure, as these defects will allow for more oxygen to
be adsorbed on the material.>” Higher defect densities
in smaller GO sheets may therefore explain their higher
oxidative potential. The increasing density of defects as
GO sheet area is decreased was confirmed by Raman
spectroscopy. Figure 5B shows the D and G bands
of GO sheets of different sizes. By normalizing the
spectra to the G band intensity, a gradual increase in
the D band intensity is observed as the size of the GO
sheets is decreased (Figure 5B). The Ip/I ratio, indicat-
ing the amount of defects in the GO sheets, increases
from 0.90 to 1.03 (Figure 5A, diamond symbols) when
GO sheet area is decreased from 0.65 to 0.01 um?Z.
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The change in the Ip/Ig ratio correlates with changes in
the glutathione oxidation by the GO sheets (R* = 0.96,
Figure S5), indicating that the higher oxidation capa-
city of GO sheets, as size is decreased, is due to the
increasing amount of defects in the GO sheets.

To identify the nature of the defects contributing
to the higher oxidation capacity of GO sheets as sheet
area decreases, GO chemical structure was determined
by XPS (Figure S6). The XPS analysis indicates only
small changes in the chemical structure of GO. De-
creasing the GO sheet area from 0.65 to 0.01 um?
results in a small decrease in the relative abundance
of CO (2.7%) and C=0 (1.4%) functional groups, with
a concomitant increase in C=00 (0.2%) and CC/CH
(6.2%). These results are in agreement with recent
findings on the photochemical fragmentation of GO
sheets by sunlight.>® Changes in surface functionalities
may influence the chemical reactivity of the material,
as observed for multiwalled CNTs following thermal
annealing.3? However, for GO, the changes observed
as sheet area decreases are small (<4% for all the
oxygen functional groups) and none of the different
surface functional groups correlated well with the
change in glutathione oxidation (Figure S7). Therefore,
the change in the oxidation capacity of GO sheets as
sheet area decreases does not appear to be associated
with a specific surface functional group.

The general decrease in oxygen functional groups
in smaller GO sheets indicates that the defect density
observed by Raman spectroscopy does not originate
from oxygenated defects. Previous studies have indicated
that oxygen adsorption on carbon electrodes may not
necessarily involve oxygenated defects.%® In addition,
glutathione oxidation by CNTs was decreased by severe
oxidation of the tubes, suggesting that oxygen func-
tional groups do not participate in the oxidation re-
action.’” Changes in the Ip/lg ratio (Figure 5A) can thus
be explained by the formation of smaller sp> domains
with a higher density of edge-type defects and dangling
bonds as sheet area decreases.>®" A similar increase in
the Ip/lg ratio was observed upon reduction and frag-
mentation of GO by sunlight.>® These type of defects will
be predominantly associated with sheets' edges,
although vacancies in the basal planes can also be
expected.® Edge-associated defects are known to serve
as oxygen adsorption sites on graphenic surfaces.>”%
These defects could be available to mediate oxidation
even on GO-coated surfaces, where edge-mediated
physical interactions with the cell membrane may be
less favorable,*® but where oxygen can still diffuse and
adsorb to GO sheets. Direct oxidation by GO sheets may
also be involved, as defect sites and edges are known to
be highly reactive sites compared to graphene planes.®’

Due to the close association between GO sheets
and cell membranes, lipid peroxidation is considered
to be the main oxidative pathway leading to oxida-
tive stress in bacterial cells exposed to GO."" Lipid
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120 F 23 Without antioxidant ]
f00 V7l With antioxidant . *

% Live Cells

Figure 6. Cell viability of deposited E. coli cells after 3 h
of contact with GO-coated filters of different GO sheet area,
with or without preincubation with 10 mM o-tocopherol
(antioxidant). Asterisks indicate statistical difference (p-value
< 0.05) between treatments with and without antioxidants.

peroxidation is a chain reaction that is initiated by the
oxidation of lipid molecules by reactive oxygen species,
forming lipid peroxide radicals that will propagate the
oxidative damage through the membrane.®® The chain
reaction can be terminated by cellular antioxidants that
scavenge free radicals. In lipid peroxidation, the most
important antioxidant protection is o-tocopherol
(vitamin E), a lipid-soluble antioxidant molecule located
inside the cell membrane®® To confirm the role of
oxidative stress in GO-induced bacterial inactivation,
we preincubated bacterial cells with 10 mM a-tocopher-
ol to remove the contribution of oxidative stress in the
cell response to GO exposure. This approach was pre-
viously shown to effectively alleviate the oxidative stress
induced by various types of cellular pro-oxidants.54%°

Preincubation of bacterial cells with a-tocopherol
reduced the antimicrobial effect of GO exposure for
all sheet areas (Figure 6). For the larger GO sheets
(0.65 and 0.29 um?), the effect of GO was completely
nullified and cell viability increased to values similar
to the control. These results indicate that oxidative
stress was the major contributor to the antimicrobial
action of GO. For smaller GO sheets, preincubation
with 10 mM o-tocopherol decreased the bacterial
inactivation induced by GO, indicating that oxidative
stress was also involved in their antimicrobial effect.
However, for these smaller, more oxidative GO
sheets, cell viability could not be fully recovered by
a-tocopherol (Figure 6). This effect can be attributed to
the higher oxidative potential of smaller GO sheets,
which results in a higher production of reactive species
that can overcome the additional protection offered
by a-tocopherol preincubation.*®> Nonetheless,
these results underscore the primary role of oxidative
stress in the size-dependency of GO antimicrobial
activity. Future studies on the antimicrobial interac-
tions of GO should therefore emphasize the different
oxidative interactions of GO-based materials and the
resulting oxidative stress at the cellular level.

Apparent Size-Dependent Cell Inactivation in Bacterial
Suspension. The size-dependency of the antimicrobial
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Figure 7. Antimicrobial activity of GO sheets of different
sizes in suspension assays. (A) Number of E. coli colonies
growing on agar plates after 3 h of exposure to 200 xg mL ™"
GO of different sheet areas, before and after bath sonica-
tion to break up GO-bacteria aggregates. (B) Confocal laser
scanning microscopy imaging of live (green) and dead (red)
cells after 3 h of exposure to 200 g mL™" of 0.65 um? GO.
Side panels show the z axis view (height of 20 xm) along the
line traced on the image. Lowercase letters in the figure
indicate statistical difference (p = 0.05).

activity of GO, when applied on a surface, is found
to differ from previous findings based on suspension
assays.>* This discrepancy suggests that the anti-
microbial activity of GO involves different interaction
mechanisms in suspension assays compared to a
GO-based surface coating. To further elucidate the
antimicrobial mechanisms of GO, the size-dependency
of GO's bactericidal effect was evaluated in cell suspen-
sions. E. coli cell suspensions were exposed for 3 h to
200 ug mL™" GO of different sheet sizes and then spread
on agar media.

In suspension assays, size was also found to influence
the antimicrobial activity of GO (Figure 7A, blue bars).
However, when cell inactivation is evaluated using cell
suspensions, the size-dependency follows the opposite
trend of what was observed for GO surfaces in Figure 3B.
After 3 h of exposure, the number of viable CFU
decreased from 55 to 0.5% when sheet area increased
from 0.01 to 0.65 um?, respectively (Figure 7A). These
results indicate that larger GO sheets have a more
significant effect on bacterial cells in cell suspensions.

The findings described above are in agreement with
a previous study by Liu et al.** where larger GO sheets
induced a stronger antimicrobial effect, an effect attrib-
uted to the capacity of larger sheets to completely
cover bacterial cells and prevent their proliferation.>*
Cell entrapment in graphene sheets was also observed
by Akhavan et al.*> who showed that E. coli cells
remain viable up to 24 h within the sheets, as they
can be reactivated when released from the GO sheets
by sonication.® In agreement with these previous
findings, viable cells in GO-exposed cell suspensions
could be completely recovered when separated from
the GO sheets. Mild bath sonication was found to
restore the number of viable CFU to the level of the
control for all GO sheet sizes (Figure 7A, red bars).
After sonication, no significant differences between
the control samples and the different GO sheet sizes
could be found (p > 0.05 for all conditions). Our results
clearly show that the inhibition of cell proliferation
by GO in suspension is reversible, suggesting that
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the interaction of GO with bacterial cell suspensions
does not result in cell inactivation as observed on a
GO-coated surface.

To confirm the viability of bacterial cells, cell sam-
ples were stained for cell viability at the end of the 3 h
exposure and visualized by confocal laser scanning
microscopy. Most cells in contact with GO sheets were
found to be viable, even under conditions (0.65 um?
GO sheets) where complete inactivation appeared to
be obtained by CFU count (Figure 7B). In addition, all
cells were found within large GO-cell aggregates ran-
ging from 10 to more than 100 um in size (Figure 7B).
These GO-cell aggregates isolated the cells form their
media and prevented their proliferation when applied
on an agar medium, as suggested in previous studies
using suspension assays.3**> However, when these
aggregates are dispersed by sonication, the viable cells
are released into the suspension and therefore cell
viability, when evaluated by the CFU method, is recov-
ered (Figure 7A). Our results suggest that antibacterial
activity for GO sheets in cell suspensions must be inter-
preted with caution when correlating toxicity with the
physicochemical properties of GO nanomaterials.

An important difference between the antimicrobial
interactions of GO with E. coli cells in suspensions
compared to GO-based surface coatings is the higher
viability of cells in contact with GO sheets in the GO-cell
aggregates. The high aggregation state may have
had an effect on the interaction between cells and GO
sheets, which was suggested to be highly orientation-
dependent.'>'6%6°  Membrane damage induced
through sheet penetration or phospholipid extraction
by GO is mainly mediated by orthogonal contact with
GO sheet edges.'®*® On the other hand, interactions
with basal planes were shown to be required, through
a still unknown mechanism, for the antimicrobial
activity of GO with E. coli.”>>° GO-based surface coat-
ings reduce orthogonal cell contact with sheet edges
and enhance interactions with basal planes due to
flat sheet stacking. We therefore expect that the inter-
actions between GO-coated surfaces and bacterial
cells be different from those observed in suspended
aggregates, which possess a looser and undefined
structure.

Our results reveal that oxidative stress is a major
component of the antimicrobial activity of GO sheets
when applied on a surface, an effect that is attributed
to the presence of sheet defects which increase the
reactivity of the material to biomolecules. However, to
clarify the important differences in the antimicrobial
effect between GO in suspension and GO surface
coatings, the cellular interactions of GO with bacterial
systems need to be better understood. Further re-
search should focus on unraveling the oxidative path-
ways of GO in biological systems and identifying the
nature of the defects associated with higher reactivity
of GO sheets.
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CONCLUSION

GO sheet size was found to have an important
influence on the antimicrobial activity of GO, an effect
that was dependent on the type of assay used for toxicity
evaluation. GO-based surface coatings showed higher
antimicrobial activity for smaller GO sheet sizes. The high
antimicrobial activity of smaller GO sheets was found to
be mediated through oxidative mechanisms due to the
higher defect density introduced in GO sheets as size
decreases. For cell suspensions, GO sheet area impacted
bacterial development by a cell entrapment mechanism.
Under these conditions, the antimicrobial activity of
GO increased with increasing sheet area. However, cell

MATERIALS AND METHODS

Materials and Chemicals. Graphite powder (SP-1 grade, 325 mesh)
was obtained from Bay Carbon (Bay City, MI). Potassium
hydroxide (KOH, >85%), potassium persulfate (K;S,0g 99%),
phosphorus pentoxide (P,Os, 98%), potassium permanganate
(KMnO,, 99%), hydrochloric acid (HCl, 37%), ethanol anhydrous
(99.5%), glutaraldehyde (50%), paraformaldehyde (95%), sodium
phosphate dibasic heptahydrate (Na,HPO,-7H,0 >99%), and
monobasic potassium phosphate (KH,PO,4, 99%) were obtained
from Sigma-Aldrich (St. Louis, MO). Sulfuric acid (H,SO,4, 95%) and
hydrogen peroxide (H,0,, 30%) were obtained from J. T. Baker
(Phillipsburg, NJ). 1,1,2-Trichloro-1,2,2-trifluoroethane  (Freon,
99%) was purchased from America Refrigerants (Sarasota, FL).
Sodium chloride (NaCl, crystals, ACS reagent) was obtained from
J. T. Baker (Phillipsburg, NJ). LIVE/DEAD Baclight bacterial viabi-
lity kit, containing propidium iodide (Pl) and SYTO 9, was ob-
tained from Thermo Fisher Scientific (Molecular Probes, Grand
Island, NY). Unless specified, all chemicals were dissolved in
deionized (DI) water obtained from a Milli-Q ultrapure water
purification system (Millipore, Billerica, MA).

Graphene Oxide Synthesis. Single layer graphene oxide (GO)
was produced by a modified Hummers' method®® as previously
described.?® SP-1 graphite (1.0 g) was dispersed in concentrated
sulfuric acid (5 mL) and preoxidized using K,5,0s (1.0 g) and
P,0s5 (1.0 g). The mixture was kept at 80 °C for 4.5 h, poured into
160 mL of DI water, and allowed to rest overnight. The graphite
powder was collected by vacuum filtration on a 0.45 um PTFE
membrane (Millipore), washed extensively with DI water, and
left to dry overnight at room temperature. In the second step,
the preoxidized graphite was placed in concentrated sulfuric
acid (40 mL), and KMnO, (5.0 g) was slowly added to the
graphite suspension. Care was taken not to let the temperature
increase above 10 °C by using an ice bath. After the KMnO,
addition, the mixture was slowly heated to 35 °Cand left to react
for 2.5 h. DI water (77.0 mL) was then slowly added into the
suspension, not allowing the temperature to exceed 50 °C. After
water addition, the mixture was left to react for an additional 2 h
at room temperature. The solution was then poured into 240 mL
of DI water, and 4.2 mL of H,0, (30%) was added, which turned
the color of the reaction to a bright yellow. The solution was
kept at room temperature for 2 days and the precipitate was
recovered by centrifugation (12 000g, 30 min) and washed with
HCI (10% v/v) and DI water to remove chemical residues. The
resulting material was resuspended in DI water and dialyzed
with Spectra/Por 3 dialysis membranes (molecular weight cutoff
3500 Da) for 3 days for additional purification. The final dark
brown graphite oxide suspension was lyophilized and stored at
room temperature until use.

Different GO sheet area distributions were obtained by
probe sonication of the initial GO material, as previously de-
scribed.3* GO suspensions (2 mg mL™" in DI water) were first
bath-sonicated (26 W L™, FS60 Ultrasonic Cleaner) to obtain a
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entrapment was found to be reversible, indicating that
the apparent effect of GO does not involve bacterial
inactivation and, rather, can be described as bacterio-
static. These findings have important implications for
future research on GO-based antimicrobial materials.
The size-dependent antimicrobial activity of GO sheets
provides useful guidelines for future developments in
GO-based antimicrobial surface coatings, where smal-
ler GO sheets may contribute to an improved material
performance. Furthermore, the conflicting results be-
tween suspension assays and surface coatings empha-
size the importance of an accurate assessment of the
antimicrobial effect of nanomaterials when used for
antimicrobial surface design.

clear stable suspension. Then, GO suspensions were probe-
sonicated for 0, 1, 10, and 120 min at high-intensity (6.5 kW L,
Misonix 3000, Misonix Inc., Farmingdale, NY) to break GO sheets.
An ice bath was used to avoid increase in temperature during
the sonication process.

Graphene Oxide Characterization. Raman spectra of graphite and
GO powders were acquired using a Horiba Jobin Yvon HR-800
Raman spectrometer equipped with a 532 nm laser excitation,
1800 grooves mm™' grating, 300 um spectrograph entrance
confocal hole and 200 um slit, and a x100 objective. XPS
measurements were performed on a PHI 5000 VersaProbe
Instrument (Physical Electronics, Chanhassen, MN), operating
with @ monochromatic Al Ko X-ray source (hv = 1486 eV). High
resolution XPS spectrum of C 1s was acquired with a 100 W beam
power at 23.5 eV pass energy and 200 ms dwell time for the
detector, with the resolution set at 0.2 eV. The spectra were
averaged over 20 scans. Atomic force microscopy (AFM) height
images were taken in tapping mode with a Bruker Multimode
(Digital Instruments, Plainview, NY) AFM equipped with a
Tap300AI-G cantilever (BudgetSensors, resonance frequency of
300 kHz). Scanning electron microscopy (SEM) images were
taken with a Hitachi SU-70 scanning electron microscope. For
both AFM and SEM, 3 uL of a diluted GO (50 ug mL™") was
drop-castona1cm x 1 cm silicon wafer previously cleaned by a
20 min UV-ozone treatment (UV/Ozone ProCleaner, BioForce
Nanosciences, Ames, |A).

Antimicrobial Activity of Graphene Oxide-Coated Surfaces. Escherichia
coli K12 (Coli Genetic Stock Center #7740) cultures were grown
overnight in Luria—Bertani broth at 37 °C. The cultures were
then diluted in fresh medium and grown until log phase (~2 h),
which was verified by measuring the optical density at 600 nm.
The bacterial cells were washed three times with sterile 0.9%
NaCl solution before being diluted to 10’ colony-forming units
(CFU) mL™" in sterile saline solution.

For GO exposure, a homogeneous GO surface coating was
obtained by filtering a 2 mL GO suspension (200 #g mL™") on
amembrane (0.025 um mixed cellulose ester, Millipore, Billerica,
MA) and air-dried. Then, 2 mL of diluted bacterial suspension
were slowly added on top of the GO surface. Bacterial cells were
kept in contact with the GO-coated surface for 3 h. After the
3 h incubation, the bacteria suspension was removed and the
GO-coated filters were washed with sterile 0.9% NaCl suspen-
sion to remove unattached cells. The filters were placed in a
50 mL Falcon tube containing 10 mL of 0.9% saline solution and
bath-sonicated (26 W L-1, FS60 Ultrasonic Cleaner) for 10 min to
detach bacteria from the surface. Bacteria were then immedi-
ately spread on LB agar plates and incubated overnight at 37 °C
for CFU enumeration.

Cell viability was determined by using the LIVE/DEAD
fluorescent staining assay. Briefly, cells were exposed to GO in
the same way as for CFU enumeration. After washing the GO-
coated surface, cells deposited on the GO surface were stained
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with 3.34 uM SYTO 9 and 20 M propidium iodide in 0.9% saline
solution (Thermo Fisher Scientific, Molecular Probes, Grand
Island, NY) for 30 min. The staining solution was removed
before mounting the GO with deposited cells on a microscopic
slide for epifluorescence microscopy. Ten pictures per replicate
were taken with an Axiovert 200 M epifluorescence microscope
(Carl Zeiss Inc.,, Thornwood, NY). Live (green) and dead (red) cells
were counted with the ImageJ Cell Counter Plugin (National
Institutes of Health, Bethesda, MD).

Cell morphology of bacteria deposited on GO-coated filters
was visualized by SEM as previously described.?® After exposing
the cells to GO, the control and GO-coated filters were washed
with 0.9% sterile saline solution and fixed with Karnovsky's
fixative (2% paraformaldehyde, 2.5% glutaraldehyde in 0.2 M
Sorenson's buffer, pH 7.2) for 3 h. Samples were then dehy-
drated by a sequential immersion (10 min) in water/ethanol
(50, 70, 80, 90, 100%) and ethanol/freon (50, 75, 100%), and left
to dry overnight in a desiccator at room temperature. Samples
were then sputter-coated with chromium and imaged by SEM.

Antimicrobial Activity of Graphene Oxide in Suspension. E. coli
cultures were grown as described in the previous section.
The bacterial cells were washed three times with sterile 0.9%
NaCl solution before being diluted to 10° colony forming units
(CFU) mL™" in sterile saline solution. GO (2 mg mL~" stock) was
added to the medium for a final concentration of 200 ug mL~".
Cells were exposed to suspended GO for 3h at room temperature
under constant agitation. At the end of the exposure period,
bacterial suspensions were plated on LB agar media and incu-
bated overnight at 37 °C for CFU enumeration. To evaluate the
viability of cells present in GO aggregates, the bacterial suspen-
sions at the end of the exposure period were bath-sonicated for
10 min to break aggregates, as previously described,* and
immediately plated on agar media.

Cell viability in GO-bacteria aggregates was determined by
LIVE/DEAD fluorescent staining. After the 3 h exposure period,
cells were stained by adding 3.34 uM SYTO 9 and 20 uM
propidium iodide to the suspension (LIVE/DEAD Baclight
viability assay, Invitrogen). The samples were incubated for
30 min in the dark before pipetting 20 uL to a microscope
slide. The microscope slide was covered with a coverslip and
sealed for confocal laser scanning microscopy measurement.
Images were taken with a Zeiss LSM 510 equipped with a Plan-
Apochromat 20x/0.8 numerical aperture objective (Carl Zeiss
Inc., Thornwood, NY).

Glutathione Oxidation by Graphene Oxide. Glutathione (GSH)
oxidation mediated by GO was measured in acellular conditions
using a procedure modified from that described in our previous
publications.'®3? Reduced glutathione (0.4 mM) was exposed
to GO nanosheets (50 ug mL~") in a total volume of 10 mL of
50 mM bicarbonate buffer (pH 8.6) in a 25 mL glass scintillation
vial. Samples were exposed at room temperature for 3 h in the
dark, under constant agitation. The amount of nonoxidized GSH
was quantified spectrophotometrically using Ellman's reagent
(5,5'-dithiobis(2-nitrobenzoic acid), DTNB), which reacts with
thiol groups of GSH to yield 3-thio-6-nitrobenzoate (TNB) in
a 1:1 ratio.%” The reaction medium was filtered with a 0.45 um
poly(ether sulfone) filter unit (Whatman) to remove GO sheets.
Then, 900 uL of the filtered reaction mixture were added to
1.57 mL Tris-HCl buffer (pH 8.3) to which 30 uL of 100 mM DTNB
was added. The amount of thiol remaining in the reaction
medium was quantified by measuring TNB absorbance at
412 nm, using an extinction coefficient of 14150 M~ cm~'%8
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