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Graphene-based materials (GMs) are promising antibacterial agents which provide an alternative
route to treat pathogenic bacteria with resistance to conventional antibiotics. To further improve their
antibacterial activity, many methods have been developed to functionalize the GMs with chemicals.
However, the application of additional chemicals may pose potential risks to the environment and
human being. Herein, a radio-frequency-driven inductively coupled non-thermal hydrogen plasma
was used to treat and reduce graphene oxide (GO) without using any other chemicals, and we found
that the plasma-reduced GO (prGO) is with significantly higher bactericidal activity against
Escherichia coli. The mechanism of the increased antibacterial activity of prGO is due to that plasma
processing breaks down the GO sheets into smaller layers with more rough surface defects, which
can thus induce more destructive membrane damages to the bacteria. This work sets another good
example, showing that plasma processing is a green and low-cost alternative for GM modification
for biomedical applications. Published by AIP Publishing. https://doi.org/10.1063/1.5012132

Infectious diseases caused by bacteria constantly
threaten the health of humans, especially due to the rise and
prevalence of antibiotic-resistant bacteria in recent years. To
tackle this problem, it is urgently required to develop more
efficient antibacterial agents. Several nanomaterials have
been found to show antimicrobial activity, such as carbon
nanotubes,1,2 fullerene,3 and metal oxides.4 Since 2010,
graphene-based materials (GMs) including graphene, graphene oxide (GO), reduced GO (rGO), and their derivatives
have emerged as potential acute inhibitors of bacterial
growth,5 which show a broad-spectrum of inactivation capability against a wide variety of microorganisms with almost
zero resistance and display tolerable cytotoxic effects on
mammalian cells compared with carbon nanotubes.6
Although many graphene production methods have
emerged in recent years, most of them remain costly and
time-consuming, which limits the practical usage of graphene. Currently, a common approach to synthesize a
graphene-like material (rGO) is based on the reduction of
GO, a promising precursor for chemically derived graphene.
GO can be obtained via chemical oxidation of graphite and
subsequent exfoliation, and then, it can be reduced to rGO
through several means, including chemical,7 thermal,8 photothermal,9 and laser-induced10 methods. GO has a layered
structure similar to that of graphene but with epoxide and
hydroxyl groups on its basal plane and carboxylic groups at
its edges.11 Compared with graphene, GO or rGO is more
widely used in biomedical applications because they are
more hydrophilic and easier to be functionalized with other
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chemicals because they are with more oxygen-containing
groups on the basal plane or at the edges.12
However, the antibacterial activities of most reported
GO or rGO are still limited.13 In order to improve the antibacterial activity, a number of studies have been designed to
functionalize GO or rGO with other chemicals which display
significantly higher antibacterial activity, such as silver,14,15
polyamide,16 polyvinyl-N-carbazole,17 and ZnO.18 One
problem in the application of these chemicals is that they
may cause potential risks to the environment and to human
health.
To avoid such potential risks, it would be much better to
employ physical tools to treat GMs. In this regard, the application of non-thermal plasma may be an ideal option. Nonthermal plasma is an ionized gas which is usually generated
by electrical discharge in various gases. Compared with
other methods, the plasma processing is performed at room
temperature, which does not need any toxic chemicals or
special equipment and is appropriate for polymer modifications for biomedical applications. It contains an array of
active species, i.e., radicals, ions (positive and negative),
electrons, and so on, which can induce both physical (such
as cleaning, etching) and chemical (degradation, crosslinking, oxidation, reduction, etc.) modifications of plasmaexposed materials, including GO.19,20 Previously, we have
used the argon (Ar) plasma approach in one-step in situ to
synthesize highly dispersed Pt nanoparticles on graphene.21
Herein, we used the radio-frequency-driven inductively coupled hydrogen (H2) plasma to treat and reduce GO, and we
proved that the plasma-reduced GO (prGO) displayed significantly higher bactericidal activity against Escherichia coli
(E. coli).
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The image of the plasma used for GO treatment is
shown in Fig. 1(a), which was characterized by the optical
emission spectroscopy (OES) measurement [Fig. 1(b)].
During plasma exposure, H2 was continuously dissociated to
generate atomic hydrogen,22 which could not only fabricate
GO sheets into smaller and thinner layers19 but also effectively removed the oxygen functional groups and result in
reduction of GO.23 The fabrication and reduction of GO by
plasma exposure were proved by atomic force microscopy
(AFM), Raman spectroscopy, and X-ray photoelectron spectroscopy (XPS) measurements herein (Fig. 2). The AFM profiles of GO before and after plasma treatment are shown in
Figs. 2(a)–2(f). The AFM height profiles [Figs. 2(c) and
2(d)] show that the obtained GO and prGO were with high
quality, most of which are monolayer (with a thickness of
around 1.0 nm). For GO without plasma treatment, there are
some large sheets with size larger than 1 lm [indicated by
the asterisk in Fig. 2(a)], while for GO after plasma treatment, most sheets are with lateral size smaller than 0.5 lm,
and there is no sheet whose lateral size is larger than 1 lm in
the view [Fig. 2(b)]. Except for the size change, plasma processing can also introduce defects into the GO surface, which
are proved by the three-dimensional (3D) AFM images
[Figs. 2(e) and 2(f)]. Compared with GO, the surface of
plasma-treated GO became rougher, and some parts protruded out on the surface like needles and knifes. All these
results indicate that the plasma exposure really fabricated the
GO sheets into smaller layers, which are with more defects
on its surface. To further investigate the effects of plasma on
GO, GO and prGO suspensions were deposited on a quartz
plate and examined by Raman spectroscopy with a 532 nm
laser. A Raman spectrum of GO [Fig. 2(g)] similar to that in
the previous literature24 was obtained, which displays the Dband at 1340 cm1 and the G-band at 1590 cm1 and also a
weak 2D-band due to the lack of the graphic structure. After
plasma treatment, the D peak intensity relative to the G peak
increased obviously. The ID/IG ratio of both GO and prGO
was calculated, which increased from 0.91 to 1.15 after
plasma treatment. Furthermore, the Raman mapping of the
D/G intensity ratio of GO for an 8  7 lm area before [Fig.
2(h)] and after [Fig. 2(i)] H2 plasma treatment was also
examined. The typical mapping results show that the ratio of
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GO without plasma treatment ranges predominantly between
0.85 and 0.95, while the ratio ranges predominantly between
1.05 and 1.2 for GO after H2 plasma treatment, with some
patches of the shown area having the ratio value even larger
than 1.2. As the D band reflects structural defects, the Raman
results therefore unambiguously confirm that the plasma treatment process has really altered the structure of GO with a
plenty of structural defects. Except for the physical modifications verified by the AFM and Raman measurements, the
plasma exposure can also cause chemical modification (reduction) of GO. Figures 2(j) and 2(k) show the C1s spectra of
GO before and after plasma treatment, respectively. In addition to C-C located at 284.8 eV, the XPS C 1s spectrum of
GO also features signals at higher chemical shifts for oxygen
functional groups, including C-O (286.9 eV) and O¼C-O
(288.35 eV).25 After plasma treatment, the intensities of these
oxygen functional groups decreased markedly, indicating the
reduction of GO. Therefore, the plasma treated GO was really
reduced, and so, it is termed as plasma-reduced GO (prGO) in
this manuscript.
To evaluate the antibacterial activity of GO and prGO,
the model bacterium E. coli DH5a was selected. The bacterial culture which had been incubated in liquid Luria-Bertani
(LB) media overnight at 37  C under shaking (180 rpm/min)
was centrifuged at 1844 g for 5 min. The obtained bacterial
pellet was suspended in 20 mM phosphate buffer saline
(PBS, pH 7.2). The working bacterial culture was prepared
by amending the bacterial suspension in PBS (20 mM, pH
7.2) with GO or prGO to a final concentration of 0.2 mg/mL
and then incubated at 37  C under shaking (180 rpm/min).
The bacterial density for GO and prGO treatment was at
about 105 CFU/mL (Colony-forming unit). After incubating
for a certain time (0.5, 1, 2, 3, and 4 h), the bacterial suspension was diluted 10 times with PBS. 100 lL of the diluted
bacterial suspension was transferred and spread on a solid
LB agar plate and then incubated at 37  C overnight for
Colony-forming unit (CFU) measurements. CFU is a unit
used to estimate the number of viable bacteria. One CFU on
the plate is equivalent to one viable cell in the bacterial suspension. As seen from Fig. 3(a), after incubating for 0.5 h,
prGO at 0.2 mg/mL inactivated most bacteria and only few
fractions were alive. When the duration of the exposure time

FIG. 1. (a) Digital image of the plasma generator for GO treatment. Treatment conditions: GO: 40 mg; power: 150 W; treatment time: 20 min; flow velocity:
10 sccm; and atmospheric pressure: 15 Pa. (b) Optical emission spectrum (OES) of the H2 plasma.
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FIG. 2. (a)–(f) AFM images of GO before (a), (c), and (e) and after (b), (d), and (f) H2 plasma treatment. The asterisks in Fig. 2(a) indicate the large sheets
with a lateral size larger than 1 lm. (g) Raman spectra of GO before and after H2 plasma treatment. (h) and (i) Raman mapping of the D/G intensity ratio of
GO for a 8  7 lm area before (h) and after (i) H2 plasma treatment. (j) and (k) XPS spectra of GO before (j) and after (k) H2 plasma treatment.

was extended to 1 h, almost all bacteria were inactivated. Even
after incubating for 4 h, there was no clear bacterial inactivation in the GO group. The result clearly demonstrates that
prGO possesses significantly higher antibacterial activity than
GO. For further investigating the lowest concentration of prGO
which would still show effective antibacterial activity, the bacterial suspension was amended with different concentrations of
GO or prGO and then incubated at 37  C for 4 h. After incubation, the bacterial suspension was conducted with the CFU
measurement, and both the qualitative and quantitative results
are shown in the left and right of Fig. 3(b), respectively.
Strikingly, prGO as low as 0.02 mg/mL still showed strong
antibacterial activity which inactivated most bacteria after
incubation for 4 h, while GO even at 0.5 mg/mL showed no
comparably distinct effect on the bacterial inactivation at all.
We acknowledged that all GM may exert the antibacterial action via both physical and chemical damages, such as

direct contact of the sharp edges of graphene with membranes, destructive extraction of lipid molecules, wrapping,
photo-thermal ablation, generation of reactive oxygen species (ROS), and charge transfer.6 However, recent studies
have convinced us that the bacterial membrane is the most
susceptible to the damage induced by GM.26 Therefore,
for investigating the possible mechanism involved in the
increased antibacterial activity of prGO, we paid special
attention to the membrane damage of E. coli induced by GO
and prGO. The E. coli suspension added with GO or prGO at
0.2 mg/mL was incubated at 37  C for 4 h under shaking, and
then, the bacteria were collected by centrifugation at 1844 g
for 5 min. The obtained bacteria-GO/prGO pellet was fixed
by 4% glutaraldehyde pre-cooled at 4  C for 60 min, dehydrated with ethanol series, dried in air, coated with gold, and
observed with a scanning electron microscope (SEM). In
accordance to previously reported observations,27–29 we can
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FIG. 3. (a) Dependence of E. coli inactivation by GO and prGO at 0.2 mg/mL on exposure time. (b) Dependence of E. coli inactivation on GO and prGO concentration. Both the images (left) and the plot figure (right) were taken from the bacterial suspension after incubating with GO or prGO at different concentrations for 4 h. The bacterial density for GO and prGO treatment was at about 105 CFU/mL. The experiments for the image results have been repeated at least
three times, and the shown pictures are typical results. The plot figure results are the mean of three measurements.

only see GO or prGO layers enveloped on the bacterial cells
but not inserted into the cell membranes. The reason for this
phenomenon is probably due to that the inserted GO layers
are easily eluted during the dehydration process. However,
the morphologies of the bacteria after exposed to GO and
prGO are obviously different. Most of the bacterial cells
after incubating with GO were plump and also with the intact
cell morphology. Only few were damaged [as shown by the
arrow in Fig. 4(a)] which were probably due to dehydration
treatment. On the other hand, most of the prGO-exposed E.
coli cells exhibit considerable shrinkage with the size clearly
smaller than that of the GO-exposed cells, and even many
cells became completely collapsed and lost their membrane
integrity [as shown by the arrow in Fig. 4(b)]. A transparent
region is seen inside the membrane of some prGO-exposed
bacterial cells [as shown by the arrow in Fig. 4(b)], which is
due to the substantial degradation of the cell membranes and
consequently the leakage of intracellular substances. The
SEM results indicate that prGO can really cause more severe
membrane damage to bacteria than GO. The reason for the
more severe membrane damage induced by prGO is most
possibly due to that the defects formed on the prGO surface
by plasma processing like “needles” and “knifes,” which
could induce more significant physical damages to the bacterial membrane. Additionally, the breakdown of GO into
smaller layers by plasma processing also increased the
amount of prGO interacted with the bacteria. Besides, the
removal of oxygen-containing groups on prGO can also

FIG. 4. SEM images of E. coli after incubating with GO (a) and prGO (b) at
0.2 mg/mL for 4 h, respectively. The arrow indicates the bacteria with severe
membrane damage.
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increase its hydrophobicity and thus induce more severe
destructive extraction of phospholipid molecules of the bacterial membrane, which is also a well-recognized common
mechanism for GM bacterial inactivation.30
In conclusion, with employment of non-thermal H2
plasma, we have fabricated prGO into smaller pieces and
few layers, which are with spikes on the surfaces. The asobtained prGO showed considerably higher antibacterial
activity than GO. The mechanism of the increased antibacterial activity of prGO is due to the induction of more sever
membrane damages to bacteria. This work also demonstrates
that non-thermal plasma processing is a promising approach
to GM effective modification for biomedical applications.
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