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ABSTRACT: Microbial reduction of graphene oxide (GO) under aer-
obic conditions is poorly understood despite its critical role in changing GO
toxicity and environmental fate. Here we show that 20 mg/L GO interacts
with the membrane-bound cytochrome ¢ of E. coli in saline, shuttling
electrons from the respiratory chain to extracellular molecular oxygen. This
results in the formation of superoxide anions (O,*~), which in turn reduce
GO in 30 min. The critical role of superoxide was demonstrated by impeding
GO reduction upon addition of superoxide dismutase, or by carrying out
experiments under strictly anaerobic conditions that preclude O,*” forma-
tion. Coating GO with bovine serum albumin also stopped GO reduction,
which indicates the need for direct contact between GO and the cell
membrane. Cell death was observed as a consequence of GO bioreduction.

1% step: electron shuttling by
GO interrupts ¢ tra

¢ transport chain
constituent (c.g. Cyt c)

Apparently, electron shuttling by GO (via membrane contact) interrupts the respiratory chain and induces oxidative stress, as
indicated by a 20% decrease in electron transport activity and an increase in intracellular reactive oxygen species. This novel
antimicrobial mechanism could be relevant to assess GO stability and biocompatibility, and informs potential applications for

microbial control.

B INTRODUCTION

Owing to its electronic, mechanical, optical, and thermal
properties, graphene oxide (GO) is being considered for many
different applications.' > Large-scale production of GO is
conducive to incidental or accidental releases to the environ-
ment,” where it may undergo various transformations.””” Among
these transformations, GO reduction has received much atten-
tion because this process substantially alters GO toxicity.'® For
instance, reduced GO (rGO) is reported to be more toxic than
the parent GO to both Gram-positive Staphylococcus aureus
and Gram-negative Escherichia coli.'' rGO exhibited stronger
antimicrobial activity than GO against E. coli, with an inacti-
vation efficiency of 84% versus 59%, respectively, after 1 h
exposure.''

Microbial reduction of GO can be accomplished by various
microorganisms under both anaerobic and aerobic conditions.
GO can be reduced by heterotrophic, facultative anaerobes
such as Shewanella,"* E. coli)'®> and Halomonas eurihalina.'*
Two extracellular electron transfer pathways have been sug-
gested: direct charge transfer from the cell surface and the use
of self-secreted soluble redox electron mediators.'"> A few
studies have shown that strictly anaerobic conditions are not
required for microbial reduction of GO since this process can
also occur aerobically.'°™"® Proposed explanations for aerobic
GO reduction include that rapid utilization of oxygen by fast-
growing cells results in an anaerobic microenvironment, ° and
that flexible GO sheets wrap themselves around the cell
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surfaces, locally decreasing oxygen availability."> However, rapid
diffusion of oxygen under continuous stirring facilitates its
presence during GO reduction, which requires an explanation
of how GO competes successfully with oxygen as an electron
acceptor. Furthermore, the role of oxygen in the GO reduction
pathway and its interaction at GO-membrane interface are
poorly understood.

Discerning the aerobic reduction mechanism is important to
inform GO stability and fate and transport processes in the
environment. Moreover, E. coli growth has been reported to be
inhibited as a result of GO reduction.'® Thus, uncovering the
antimicrobial mechanism associated with aerobic reduction of
GO is important to inform the durability and biocompatibility
of graphene-based materials and to possibly enhance microbial
control applications.

In this study we show that GO interacts with membrane-
bound cytochrome ¢ of E. coli, shuttling electrons from
the respiratory chain to extracellular molecular oxygen. This
results in the formation of superoxide anions (O,*”), which in
turn reduce GO. The reduction process interrupts the
respiration chain and contributes significantly to the overall

cytotoxicity.
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B MATERIALS AND METHODS

Materials. GO was purchased from Plannano, China. E. coli
MP 1 was obtained from Agricultural Culture Collection of
China (ACCC, Beijing). All reagents used in this study were of
analytical grade or better.

GO Bioreduction. E. coli were grown in Luria—Bertani
(LB) medium at 37 °C to midexponential phase and then
harvested by centrifugation at 4500 rpm at 4 °C. After washing,
cells were resuspended and diluted in saline (0.5% NaCl) to
achieve the concentration of 10’—10° cfu/mL. GO was added
to the cell suspension at a final concentration of 20 mg/L, and
the mixture was incubated at 37 °C for 0.5 h with continuous
shaking, which was sufficient to complete the bioreduction
process until no further GO structural change was detected.
To evaluate whether GO can be reduced by spent medium,
GO was incubated in spent medium for 0.5 h instead of cell
suspension. The spent medium was collected after microbial
growth to midexponential phase via centrifugation. To validate
the involvement of O,, the bioreduction was also performed
under anaerobic condition in an anaerobic chamber (1029
Forma Anaerobic System, Massachusetts, U.S.A.).

GO and rGO Characterization. After reduction, rGO
were collected via centrifugation at 9000 rpm and purified
according to Chouhan’s method.'” Briefly, the brownish pellet
was phase separated in a mixture of 1:1 hexane/deionized
water and centrifuged at 5000 rpm for 6 min. The rGO, which
appeared at the interface of two solvent phases, was carefully
collected, washed with deionized water, and dried in vacuum
desiccator before characterization.

Surface elemental composition of the rGO were determined
with X-ray photoelectron spectroscopy (XPS) (PHI 5000
VersaProbe, Tokyo, Japan). The crystal structures were deter-
mined with X-ray diffraction (XRD) using a D/Max-2500
diffractometer (Rigaku, Tokyo, Japan) working at 40 kV and
40 mA using CuKa radiation. Raman spectra were recorded
using a Renishaw inVia Raman spectrometer (RM2000, London,
U.K.) with an exciting wavelength of 532 nm. Fourier transform
infrared (FTIR) transmission spectra of the materials were
obtained using a 110 Bruker TENSOR 27 apparatus (Bruker
Optics Inc., Karlsruhe, Germany). The particle size distribu-
tion of GO or rGO suspensions and { potential were measured
by dynamic light scattering (DLS) using a ZetaPALS
(Brookhaven Instruments, Holtsville, U.S.A.). Corresponding
polydispersity index values with DLS measurements were
provided in Table S1 of the Supporting Information (SI). And
all measurements were done at least in triplicate, and the
results were expressed as mean + standard deviation (SD).
Typically, the SD/mean for DLS measurement was in the
range of 1.4%—9.5%. Sonication (at 40 kHz for 10 min) was
used to ensure adequate dispersion before DLS and zeta poten-
tial measurements. The morphology was visualized via Scan-
ning Electron Microscope (SEM, Nova Nano SEM 230,
Hillsboro, U.S.A.).

Interaction of Cyt ¢ with GO. According to Ma et al.,”’
20 mg/L GO was added to 150 ug/mL Cyt ¢ solution (from
Macklin, China), and the spectral change were monitored
by UV—vis spectrometer (Cary 100, California, U.S.A.) from
350 to 650 nm. Where it was needed, GO was preincubated
with bovine serum albumin (BSA) before interaction with
Cyt c. Briefly, 2.5 mL of 1 g/L GO was mixed with 1 mL of
10 g/L BSA and 1.5 mL of sterile water, and the mixture was
incubated at 37 °C in an orbital shaker for 2 h. After that,

BSA-coated GO was separated via centrifugation, and washed
three times to remove unbounded protein. The size of con-
jugated particle and suspendability were also analyzed with
DLS (Figure S1).

0,°~ Measurement. E. coli was incubated with 20 mg/L of
GO in saline for the indicated time, and the supernatant was
separated by centrifugation at 4500 rpm for 9 min. Sodium-
2,3,-bis(2-methoxy-4-nitro-S-sulfophenyl)-5-[ (phenylamino)-
carbonyl]-2H-tetrazolium inner salt (XTT, from Coolaber,
China), a known superoxide trap, was added to the superna-
tant at a final concentration of 125 M. The mixture was incu-
bated at 37 °C for 2 h, and the absorption was measured at
450 nm by microplate reader (Synergy 4, Vermont, U.S.A.).”!
XTT in saline with 20 mg/L GO only was used as abiotic con-
trol. Some tests were conducted in the presence of dicumarol
(0.2 mg/L), which inhibits Cyt ¢ reductase”” (a component of
the respiratory chain), to evaluate how interruption of respi-
ratory chain by GO contributes to toxicity. Specifically, dicu-
marol minimizes respiratory electron transport activity and
associated shuttling to GO. Additional controls were used,
including GO that had been preincubated (and coated) with
10 g/L BSA to determine the importance of direct cellular
contact with GO, and with 0.2 mg/L of superoxide dismutase
(SOD) to scavenge O,°” and discern its importance to GO
reduction and cellular toxicity. In all cases, measurements
uncertainties are calculated as the SD/mean, which was typically
in the range of 2.3%—6.7%.

Evaluation of Cell Viability and Oxidative Damage.
Bacteria were incubated with 20 mg/L of GO in saline for 2 h,
in the presence or absence of SOD, dicumarol, or BSA. Cells
were then collected, washed and subjected to 4’,6-diamidino-2-
phenylindole/Propidium Iodide (DAPI/PI) staining (Key-
GEN BioTECH, Nanjing, China).”® Cell viability was also
evaluated after incubation with GO under anaerobic conditions
or with 20 mg/L of rGO. Images were acquired on a confocal
microscope (LSM 880, Jena, Germany). The viability was also
quantified with lactase dehydrogenase (LDH) release using a
cytotoxicity detection kit (KeyGEN BioTECH, Nanjing,
China).”* During incubation, the intracellular reactive oxygen
species (ROS) content was measured using a ROS detection
kit (KeyGEN BioTECH, Nanjing, China).”* The malondial-
dehyde (MDA) content and total glutathione/oxidized gluta-
thione ratio (GSH/GSSH) over time were measured using a
micro-MDA assay reagent kit (KeyGEN BioTECH, Nanjing,
China) and assay kit (Nanjing Jiancheng Bioengineering
Institute, China), respectively.

Electron Transport Activity Assay. The electron trans-
port system activity of the E. coli was assessed by the reduction
of 2-(p-iodophenyl)-3-(p-nitrophenyl)-S-phenyl tetrazolium
chloride (INT) to formazan (INF).”® The bacteria were har-
vested by centrifugation, washed twice with phosphate buftered
saline (PBS, 50 mM, pH 7.4) buffer, and resuspended in 1 mL
PBS. Then 200 uL of INT (0.5%) and 0.2 mg nicotinamide
adenine dinucleotide (NADH) were added, the mixture was
incubated at 30 °C for 30 min under dark. After the addition of
100 pL of formaldehyde to terminate the reaction, the cells
were collected by centrifugation, and 500 yL of 96% methanol
were used to extract INF from the cells. The extraction process
was repeated twice, after which the extract was measured at
490 nm by microplate reader (Synergy 4, Vermont, U.S.A.)
against a solvent blank. The electron transport activity was
calculated as follows:*®
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Figure 1. GO was bioreduced by E. coli under aerobic conditions. Reduced GO (rGO) was characterized by (a) XPS analysis; (b) FTIR
spectroscopy; (c) XRD analysis; and (d) Raman spectroscopy. GO (20 mg/L) was incubated with E. coli for 2 h in saline solution.

electron transport activity (4gO,-g~ 'protein-min”")
ABS, Vi 2 1
ABSgo W 32

159 "Vt 2 m

where, ABS,q, is the sample absorbance, 15.9 is the specific
absorptivity of INT—formazan, V, and V| are the initial
volumes of bacteria and the total volume of methanol (mL),
t is the incubation time (min), 32/2 is the constant for trans-
formation of pmol INT-formazan to ug O,, and m is the
protein concentration (mg protein/mL bacteria). The
precision of these measurements was reflected by the relatively
low coeflicient of variation of replicate analyses, which ranged
from 3.0% to 4.8%.

Statistical Analysis. At least three replicates were run per
treatment. For some experiment (i.e., bioreduction), experi-
ments were repeated more than ten times. All data were
expressed as means + SD, and statistical difference was deter-
mined by independent t test or One-Way ANOVA test.
A p-value less than 0.05 (*) indicated significant difference.

B RESULTS AND DISCUSSION

GO was Reduced by E. coli under Aerobic Conditions.
XPS, XRD, Raman, and FTIR spectroscopy results show that
GO was considerably reduced after microbial incubation under
aerobic conditions. The XPS spectrum of GO after incubation
was similar to that reported for rGO,*® and the C/O ratio
increased to 5.78 in comparison with the value of 2.68 for
pristine GO (Figure 1a). The decreases in the peak intensity of
the epoxy/hydroxyl (at 286.30 eV), carbonyl (at 287.30 eV)
and carboxyl groups (at 288.80 eV) were significant. Notably,
the bacterial residues on the GO surface were completely
removed (as indicated by the absence of a potassium (2ps,,)
peak at a binding energy of 292.7 V) (Figure $2)'° and did
not interfere with the XPS analysis. The apparent reduction in
O-containing groups on rGO, such as carbonyl (at 1735 cm™),
alkoxyl (at 1055 cm™"), and epoxy (at 1277 cm™"),*® was also
substantiated by the FTIR spectra (Figure 1b).

GO bioreduction was further corroborated with XRD anal-
ysis (Figure 1c). The characteristic diffraction peak of pristine
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Figure 2. Distinct morphological and physical properties of tGO compared to GO. SEM images of (a) GO and (b) rGO. Red arrows point to
appearance of holes and wrinkles on the rGO surface. Size distribution of (c¢) GO and (d) rGO indicates that the latter formed larger aggregates.
The inserts depict an increase in hydrodynamic diameters over time. (e) Zeta potentials of rtGO and GO both in water and in saline solution.

All experiments were carried out at least in triplicate.

GO appeared at 10.9°, whereas after reduction, the peak inten-
sity became indiscernible, and the appearance of wide peak at
26.6° indicated the formation of rGO.”” The change of XRD
pattern was likely due to the alteration of interlayer spacing
and ordering of the 2D structure. Consistent with this result,
the intensity ratio of the D and G bands (Ip/I;) of GO in the
Raman spectrum was approximately 0.95, while the Ij,/I; of
rGO was 0.72 due to the removal of oxygen-containing
functional groups (Figure 1d). The decrease in the I/l ratio
indicated the reduction in structural defects as a result of sp
network recovery. This trend for the I,/I; ratio was consistent
with that reported for bacterially reduced GO."”
Bioreduction is also evident by the change in the morphol-
ogical properties, surface charge and aggregation behavior of
GO after microbial incubation (Figure 2). The morphology
change can be visualized in SEM images that after reduction
thick and bulky aggregates were observed in comparison with
transparent and thin-layered pristine GO (Figure 2a and b).
The hydrodynamic diameter of rGO was generally more than
twice larger than that of GO, suggesting that rGO tended to
aggregate due to the increased hydrophobicity from reduction
(Figure 2c and d). Also, rtGO was less negatively charged
relative to pristine GO both in water and in saline because of

12786

the loss of O-containing functional groups (Figure 2e). Col-
lectively, the changes of physical and morphological properties
corroborate that GO had been microbially transformed to its
reduced form.

Extracellular O,°~ was Responsible for GO Reduction.
Since it has been suggested that GO might be reduced by
bacterial-secreted extracellular substances or under created
anaerobic microenvironments,'***?° we excluded these
possibilities by incubating GO with spent medium or by
performing the incubation under strictly anaerobic condi-
tions. As shown in Figure 3a, no GO reduction was observed
under either condition (as indicated by the similar Ip/Ig
ratios). Other mechanisms may be responsible for microbial
reduction of GO, in which both oxygen and direct contact with
cell (possibly involving aerobic respiratory activity) are
required.

Since many bacterial cells are able to produce extracellular
0,°7,°>*" and 0, can act as both reductant and oxidant, we
first explored whether biogenerated extracellular O,*” may
have contributed to GO reduction. As shown in Figure 3b, we
detected nearly 3-fold formation of O, during the first
30 min of incubation, which coincided with GO reduction.
Furthermore, no GO reduction was detected after the addition
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Figure 3. GO was bioreduced by extracellular O,°". (a) Raman spectra of GO under various incubation conditions. (b) Production of extracellular
0," over time. The insert shows XRD spectra of GO at different incubation times. (c) UV—vis spectra of Cyt ¢ during interaction with GO or
BSA-coated GO. The insert enlarges the spectra in the range of 450—650 nm. E. coli was incubated with GO (20 mg/L) for 2 h unless otherwise
indicated. Cyt ¢ (150 ﬂg/mL) was incubated with 20 mg/L GO. Some treatments were amended with 0.2 mg/L SOD or 10 g/L of BSA. These
experiments were carried out at least in triplicate, and results were given as the mean values + standard deviations. The asterisks (*) indicate a
significant difference (P < 0.05) relative to controls.

Figure 4. Bioreduction mechanism.

o

—= 2": GO reduction by O,

mmm 1%t Electron shuttling by GO interrupts
e transport chain and forms O,

of SOD, a O,°” scavenger, which indicates that O,°” plays a
critical role in GO reduction (Figure 3a). The reduction of GO
by O,°” was verified using an abiotic O,"” generation system

(Figure S3).

0,°~ was Formed via Electron Shuttling by GO. Some
membrane-bound electron transport chain constituents, such

as Cyt ¢, relay electrons from the respiration chain toward the

outer part of the membrane,”

resulting in reduction of O, to

0,°".*> We hypothesized that GO may interact with Cyt ¢ or
other respiratory chain constituents, facilitating the electron

transfer process and promoting O,°” production. We therefore
investigated the interaction between Cyt ¢ (which is a cross-

membrane protein) and GO. As shown in Figure 3¢, the
reduced form of Cyt ¢ showed peaks at 520 and 550 nm, and
after interaction with 20 mg/L GO, the protein exhibited a
wide peak at approximately 530 nm (red line), which was
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+ Dicoumarol

Figure S. Confocal microscopy images showing that the GO reduction contributed significantly to microbial toxicity. The cell viabilities of
(a) control, or in the presence of (b) GO; (c) GO + SOD; (d) GO + dicoumarol; and (e) rGO as indicated by DAPI/PI stain. Dead cells were
stained in red by PI while live cells were stained in green by DAPIL The concentration of GO or rGO was 20 mg/L in all experiments. Some
treatments were amended with 0.2 mg/L SOD or 0.2 mg/L dicoumarol. These experiments were carried out at least in triplicate.

indicative of an oxidized form of Cyt ¢.”> However, when GO
was coated with BSA, no spectral change was observed, sup-
porting the hypothesis that Cyt ¢ can directly transfer electrons
to GO and itself becomes oxidized. These electrons were
further shuttled by GO to extracellular O,, expediting O,°~
production (Figure 3b). Electron-shuttling by GO has been
previously reported.'*”® GO is known to shuttle electrons
from NADH to molecular oxygen, promoting O,°” produc-
tion.”* Here, we demonstrate a novel (aerobic) GO bioreduction
pathway where GO accepts electrons from cross-membrane
protein Cyt ¢ (and possibly other components of the electron
transfer chain) and shuttles them to extracellular O, to form
0,*”, which in turn reduces GO (Figure 4).

Direct contact of GO with the cell membrane was a
prerequisite for the observed O, generation activity since
neither O,°” overproduction nor GO reduction was observed
when GO was precoated with BSA (Figure S4). Protein corona
formation was indicated by the significant increase in GO
particle size (Figure S1).

This GO Reduction Process Contributed Significantly
to Cellular Death. The proposed GO reduction mechanism
(Figure 4) would be harmful to the cell by interrupting the
respiratory chain and inducing O,° -related oxidative stress.
Accordingly, whereas significant cell death was observed con-
currently with GO reduction (Figure Sa and b), no GO reduc-
tion was detected (Figure S4) and cell viability was preserved
(Figure Sc and d) in the presence of SOD (to remove O,*”) or
dicumarol (a Cyt ¢ reductase inhibitor” to minimize electron
transport activity and associated shuttling to GO).
We further quantified loss of cell viability by measuring LDH
release, and bioreduction-induced release was almost five times
of that observed for unexposed E. coli (Figure 6a). Bacterial
inactivation was also noted in a dose-dependent manner (with
GO concentrations ranging from S to 20 mg/L) concomitant
with GO reduction (Figure SS). Consistently, cell death
significantly decreased when no GO reduction (and associated
escape of electrons from the respiratory chain) occurred
(Figure 6).
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The antimicrobial effect of GO had been previously ascribed
to two major mechanisms: physical disruption of the mem-
brane (i.e., penetration, extraction) and chemical oxidation
either through direct contact with the membrane or via intrinsic
ROS generation.”>*® Both mechanisms can be excluded here by
experiments where cell viability was preserved upon direct
contact of GO with the cell membrane under conditions that
mitigated GO reduction and oxidative stress (e.g,, with dicumarol
or SOD, or under anaerobic conditions) (Figure 6a). Note that
hydrogen peroxide (H,0,) that could have been produced by
superoxide reduction was not a significant contributor to
toxicity or GO reduction under the tested conditions. Specif-
ically, biogenerated superoxide is converted to H,0, by SOD,””
and no GO reduction (Figure 3a) or toxicity (Figure 6a) was
observed in SOD-amended incubations. Direct toxicity of rGO
can also be ruled out since no appreciable toxic effect was
observed when rGO was incubated with E. coli under the same
conditions (Figure Se). Although rGO is generally more conduc-
tive than GO, it formed larger aggregates in saline and precip-
itated quickly, thus minimizing cellular contact (Figure 2c).

To verify that cytotoxicity was largely due to the inter-
ruption of respiratory chain via electron transfer to GO, we
monitored the change in electron transport activity during
incubation (Figure 6b). Exposure to GO increased electron
transport activity by more than 20% during the first 30 min of
incubation. A significant decrease in electron transport activity
was eventually observed after 2 h, which was attributed to
oxidative stress as indicated by the decrease in GSH/GSSH
ratio (Figure 6¢).

GO has been previously proposed to exert oxidative stress by
oxidizing GSH,” thereby depleting the bacterial antioxidant
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system. To elucidate the direct contribution of GSH oxidation
to GO reduction and cytotoxicity, we monitored the GSH/
GSSF ratio as well as several indicators of oxidative stress
during GO bioreduction (Figure 6c). Although GO was
reduced in 30 min (Figure 3b), GSH depletion was notably
delayed. This suggests that the electrons for GO reduction
were transferred mainly from the respiratory chain rather than
directly from GSH oxidation. Furthermore, intracellular ROS
content, lipid peroxidation (MDA content), and LDH release
started to increase after 30 min, peaking after 2 h. Therefore,
GSH depletion was mainly a consequence of oxidative stress,
rather than direct GO reduction.

Overall, GO served as a conductive bridge to shuttle
electron from the intracellular respiratory chain to extracellular
molecular oxygen, thereby promoting O,°~ production, which
in turn reduced GO and the reduction process caused severe
oxidative damage. This novel (aerobic) bioreduction mecha-
nism could be important to inform the fate and transport of
GO in the environment, assess GO stability and biocompat-
ibility, and design GO-based materials with tunable con-
ductivity for some microbial control applications.
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