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I
nfectious diseases induced by bacteria
continue to be one of the greatest health
problems worldwide, afflicting millions

of people annually.1 Antibacterial materials
are widely used in daily life and effectively
protect the public health.1 A series of drugs
or materials, including antibiotics,2 metal
ions,3 and quaternary ammonium com-
pounds,4 can inhibit bacteria growth and
destroy cellular structure of microorgan-
isms. However, it is known that the above
materials are associated with concerns
about antibiotic resistance, environmental
pollution, complex chemical synthesis, and
high cost.2�4 More recently, antibacterial
nanomaterials, including nanosilver, nano-
metal oxide, carbon nanotubes (CNTs), gra-
phene, etc., have been explored to overcome
these disadvantages.1,5�11 Among these
antibacterial nanomaterials, carbonnanoma-
terials are renewable, easier to obtain and
cheaper than Ag and metal oxide.8 Unfortu-
nately, CNTs, which can easily pierce cells,
have been reported to be cytotoxic for both
human cells and bacteria.6 Graphene and
its drivatives have high antibacterial activity
due to physical damages occurred upon
direct contact to bacterial membranes by

sharp edges of graphene sheets; however,
the improved oxidative stress induced by
graphene-based material can lead to the
apoptosis of mammalian cells.12 Thus, the
exploration of biocompatible carbon nano-
materials is necessary in this field.
Graphene quantum dots (GQDs), as de-

fined, are a kind of 0D material with char-
acteristics derived from both graphene and
carbon dots (CDs), which can be regarded
as very tiny pieces of graphene.13�17 Com-
pared with organic dyes and semiconduc-
tive quantum dots (QDs), GQDs are superior
in terms of their excellent properties, such
as high photostability against photobleach-
ing and blinking. Unlike their cousins, CDs,
GQDs clearly possess graphene's structure
inside the dots regardless of the dot size,
which endows them with some unordinary
properties of graphene.13�17 More impor-
tantly, GQDs have been found to have
lower toxicity than graphene oxide (GO)18

and cause no apparent toxicity in vivo.19 For
these reasons, the GQDs have attracted
great attention in materials science and
biological applications.13�17 Especially in
the area of biomedicine, significant pro-
gress has been achieved for the utilization
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ABSTRACT Herein, an antibacterial system combining the “safe”

carbon nanomaterials, graphene quantum dots (GQDs), with a low

level of H2O2 has been put forward. It has been found that the

peroxidase-like activity of GQDs originates from their ability to

catalyze the decomposition of H2O2, generating 3 OH. Since the 3 OH

has a higher antibacterial activity, the conversion of H2O2 into 3 OH

improves the antibacterial performance of H2O2, which makes it

possible to avoid the toxicity of H2O2 at high levels in wound

disinfection. All the experiments in vitro display that this intrinsic activity exerts a high enhancement of antibacterial activity of H2O2, and the designed

system possessed broad spectrum of antibacterial activity against both Gram-negative (Escherichia coli) and Gram-positive (Staphylococcus aureus) bacteria.

More importantly, to assess the antibacterial efficacy of the designed system in actual wound disinfection, the GQD-Band-Aids are prepared and show

excellent antibacterial property with the assistance of H2O2 at low dose in vivo.
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of GQDs in cellular imaging, biosensors and drug
delivery.13�17

In addition, GQDs possess higher peroxidase-like
activity than graphene due to their excellent electron
transportation property.17,20�22 Up to now, the study
of peroxidase-like activity of GQDs ismainly focused on
biosensing,17,20�22 and its pharmacological activity in
antibacterial field has not been reported. As a medical
reagent, H2O2 is widely used in wound disinfection
to avoid bacterial infection. Nevertheless, the anti-
bacterial activity of H2O2 is lower than hydroxyl radi-
cal ( 3OH),

23 and the concentration of H2O2 used in
disinfection is high (usually 0.5�3%, ca. 166 mM to
1 M).24�26 The high concentration of H2O2 is also
harmful to healthy tissue27,28 and even delays wound
healing.26 Consequently, improving the antibacterial
activity of H2O2 and lowering the “high concentration”
used for efficacious germicidal efficacy are demanding
for wound disinfection. Recently, functional inorganic
analogues, such as V2O5 andmagnetic iron oxide, have
been used to assist H2O2 for antibacterial applica-
tion.29,30 Tremel and co-workers have demonstrated
that V2O5 nanowires with vanadium haloperoxidases-
like activity can produce HOBr and 1O2 species. This
intrinsic activity displays a strong antibacterial activity
against both Gram-negative (Escherichia coli) and
Gram-positive (Staphylococcus aureus) bacteria.29 Very
recently, Gao et al. have reported ferromagnetic nano-
particles with peroxidase-like activity can enhance
oxidative cleavage of bacterial biofilm components in
the presence of H2O2 at the concentration of 1%,
breaking down the existing biofilm and preventing
formation of new biofilm.30 However, the V2O5 and
magnetic iron oxide were considered to be toxic and
inappropriate for the application in vivo unless via

elaborate surface functionalization.31�34 Herein, taking
the advantages of both peroxidase-like activity and
excellent biocompatibility of GQDs, an antibacterial
system based on GQDs and low dose of H2O2 has
been designed (Scheme 1A). The presence of GQDs
can convert H2O2 (low antibacterial activity) into

3OH radicals (high antibacterial activity), thus improv-
ing the antibacterial performance of H2O2, which
makes it possible to avoid using high concentra-
tion of H2O2 in wound disinfection. The designed
system possessed broad spectrum of antibacterial
activity against both Gram-negative (E. coli) and
Gram-positive (S. aureus) bacteria. What's more, the
GQD-Band-Aids were prepared and used in wound
disinfection in vivo (Scheme 1B).

RESULTS AND DISCUSSION

The green luminescent GQDs were synthesized
according to previous reports.35�37 The characteriza-
tions of the as-prepared GQDs were shown in Figure 1
and Figure S1 (Supporting Information). The typical
transmission electron microscope (TEM) images and

atomic force microscopy (AFM) images showed that
GQDs were well dispersed (Figure 1A,C). For GQDs,
the size distributions (3�8 nm), height distributions
(0.4�2nm), the average size (5.1 nm) and averageheight
(1.3 nm) were similar to the literatures (Figure 1D,E).
Furthermore, high-resolution TEM (HRTEM) images
showed GQDs had crystallinity with lattice of 0.21 nm
(Figure 1B), which was consistent with the (102) diffrac-
tion planes of sp2 graphitic carbon, implying that GQDs
kept the similar crystallinity with graphene.35�37 In addi-
tion, the results of UV�vis absorption, photolumines-
cence (PL) spectroscopy, Fourier transform infrared
(FT-IR) spectroscopy and X-ray photoelectron spectros-
copy (XPS) were consistent with those previously re-
ported (Figure S1, Supporting Information).35�37 The
peroxidase-like activity of the GQDs was evaluated by
catalytic oxidation of 2,20-azinobis(3-ethylbenzthiazoline-
6-sulfonate) (ABTS) in the presence of H2O2. As shown
in Figure S2A�D (Supporting Information), the cata-
lytic activity of GQDs was dependent on pH, tem-
perature and concentration, which was similar to those
of natural peroxidase and graphene oxide.20�22,38 Under
our experimental conditions, the optimal pH and tem-
perature were pH 4.0 and 37 �C. Moreover, in a certain
range of H2O2 concentrations, typicalMichaelis�Menten
curves could be obtained for GQDs and GO. Maximum
initial velocity (Vmax) and Michaelis�Menten constant
(Km) were estimated by using Lineweaver�Burk plot
(Figure S2E, Supporting Information), and the results
were summarized in Table S1 (Supporting Information).
The GQDs showed higher peroxidase-like activity than
graphene oxide (GO), which might be contributed to
its better electron transportation property.17,20 Even
the optimal pH of GQDs was pH 4.0; they still displayed
certain peroxidase-like activity at pH 7.4, which pro-
mised their usage in biologic field (Figure S2F, Support-
ing Information).

Scheme1. (A) The designed systembased onGQDs and low
level of H2O2 for the antibacterial application. (B) The GQD-
Band-Aids used in wound disinfection in vivo.
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Unlike other nanoenzymes, such as Fe3O4, Co3O4,
CeO2, etc., the mechanism of GQDs' peroxidase-like
activity had not been well understood.17,20�22 Consid-
ering that the peroxidase-like activity of most nano-
enzymes may originate from their catalytic ability
toward thedecomposition ofH2O2 togenerate hydroxyl
radical ( 3OH),

39
fluorescence and chemiluminescence

(CL) experiments were carried out to detect 3OH during
the reaction. Terephthalic acid (TA) was used as a
fluorescence probe for tracking of 3OH because it could
capture 3OH and generate 2-hydroxy terephthalic acid

(TAOH), which emitted unique fluorescence around
435 nm (Figure 2A).40,41 Figure 2B,C showed the fluo-
rescence change in the mixed solution of GQDs, TA
and H2O2. After 12 h reaction, compared with control
experiments, remarkable fluorescence enhancement
at 435 nm indicated the presence of 3OH radicals.41

CL experiments showed after the addition of GQDs, the
hydroxyl radical scavenger, mannitol, was much more
effective as an inhibitor of luminol's CL than the singlet
oxygen scavenger, sodium azide (Figure S3, Supporting
Information). Similar to fluorescence experiments, the

Figure 1. (A) TEM images of GQDs. (B) Representative images of individual GQDs. (C) The AFM images of GQDs. Insets of C are
corresponding height profile of GQDs. (D,E) Particle size distributions and height distributions of GQDs.

Figure 2. (A) Reaction between hydroxyl radical ( 3OH) and terephthalic acid (TA). (B) Fluorescence spectra of the PBS solution
(pH = 7.4, 25 mM) include only TA; TA and H2O2; only GQDs; TA and GQDs; TA, GQDs and H2O2 after 12 h reaction. The
concentrations of TA, H2O2 and GQDs were 0.5 mM, 1 mM and 100 μg/mL, respectively. (C) Histograms of ΔPL intensity
showed the catalysis effect of GQDs; error bars were taken from three parallel experiments.
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strong quenching of CL by hydroxyl radical scavenger
also proved the existence of 3OH radicals.42,43 The
above experiments indicated the presence of the 3OH
during the interaction between GQDs and H2O2.

41�43

Like peroxidase mimics with iron centers,43 it is known
that electron transfer may occur between pairs of
different oxidation states of GQDs to drive their catalytic
activity.44 The reactionmechanism could be deduced in
Figure S3D (Supporting Information).
In view of excellent antibacterial capacity of 3OH

and the high peroxidase-like activity of GQDs that
could convert H2O2 into 3OH, the antibacterial system
was designed. Herein, a disk diffusion assay and a
growth-inhibition assay in liquid medium were used
to evaluate the antibacterial capacity of the antibacte-
rial systems (Figure 3 and Figure S4, Supporting
Information).45,46 The Gram-positive bacteria E. coli

and Gram-negative bacteria S. aureus were used as
models for the investigation of the antibacterial activ-
ities of the designed system. Log phase bacterial cells
were used in all experiments. As shown in Figure 3,
with the assistant of GQDs (100 μg/mL), H2O2 signifi-
cantly decreased viabilities of both E. coli (Figure 3A)
and S. aureus cells (Figure 3B) in a dose-dependent
manner.Without addition of GQDs, just in the presence
of a relative higher H2O2 concentrations (100 mM and
1 M H2O2 for E. coli and S. aureus, respectively), the
survival rate of E. coli and S. aureus cells could be down
to 10%. With the assistance of GQDs, the antibacterial
ability of H2O2 had been remarkably improved; just
1 and 10 mM H2O2 could reach similar effect on E. coli

and S. aureus cells, respectively. H2O2 exhibited differ-
ent dose-dependent antibacterial effect on Gram-
positive and Gram-negative bacteria, which could be
due to different structures and chemical compositions
of their cell walls and the “bacteria observer” effect.45,47

Furthermore, without addition of H2O2, the GQDs did
not show any antibacterial activity at the concentration
range from 10 to 500 μg/mL for both E. coli and
S. aureus cells, implying that the GQDs could serve as
a catalyst to enhance the antibacterial activity of H2O2

in this system (Figure S5, Supporting Information). And
as shown in Figure 3C,D, the enhanced antibacterial
activity of H2O2 could also inhibit the growth of both
E. coli (Figure 3C) and S. aureus bacteria (Figure 3D).48,49

In addition, as shown in Figure S6 (Supporting
Information), the GQD-based system also showed ex-
cellent antibacterial performance for Staphylococcus

epidermidis, which was another kind of Gram-negative
bacteria associated with infections.50,51

To investigate the changes of bacterial morphology
induced by the antibacterial system, scanning electron
microscope (SEM) was used to observe E. coli and
S. aureus before and after GQDs/H2O2 treatment. As
shown in Figure 4, untreated E. coli (Figure 4A) and
E. coli cells treated just with GQDs (Figure 4C) were
typically rod-shaped, both with smooth and intact cell
walls, which also demonstrated that the GQDs showed
little toxicity against bacteria. While, after treatment
with H2O2 (Figure 4B) or with both GQDs and H2O2

(Figure 4D), the bacterial surface became rough and
wrinkled since H2O2 and free radicals can oxidize the

Figure 3. Survival rates of E. coli (A) and S. aureus (B) treated with H2O2 at different concentration coincubation with or
without GQDs (100 μg/mL). Optical density at 600 nm (OD600nm) of bacterial suspension treated with 100 μg/mL GQDs and
1mMH2O2 (E. coli) (C) and 10mMH2O2 (S. aureus) (D) at 2.5 and 5 h. The original bacterial concentration is 1� 106 cfu mL�1.
*Significantly different (P < 0.05) from data obtained. There were no significant differences between the ODs at 2.5 and 5 h of
E. coli and S. aureus after treatment with both GQDs and H2O2, which indicated the enhanced antibacterial activity of H2O2 by
GQDs could also inhibit the growth of both E. coli and S. aureus bacteria.
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lipid membrane and destroy the bacterial mem-
branes.52 As for S. aureus cells, the results of SEM
experiments were similar to that of E. coli cells
(Figure 4E�H). Without the addition of H2O2, the
S. aureus cells were rod-shaped and smooth; in the
presence of H2O2, S. aureus cells became rough and
damaged. Moreover, according to typical transmission
electronmicroscope (TEM) images, the GQDs adhered to
the cellmembraneof E. coli and S. aureus (Figure 5).48,49,53

From the inhibition results (Figure 3 and Figure S4,
Supporting Information), and TEM (Figure 5), we could
conclude that the antibacterial activity of the systemwas
not just a consequence of the bulk release of 3OH. GQDs,
which adhered to the bacterial cell membrane, might
catalyze the decomposition of H2O2 into 3OH on site and
make the 3OH radicals damage the bacterial cell mem-
brane more directly and effectively. In short, all these
in vitro experiments indicated that our designed system
had strong antibacterial properties against both Gram-
positive and Gram-negative bacteria.
Biofilms on biomaterial implants are difficult to

eradicate due to the protection offered by the biofilm
mode of growth.50 The effect of the GQD-based anti-
bacterial systemon thebiofilm formation anddestruction
of the S. aureus was also explored. All the biofilm mass
was quantified by crystal violet staining method.54,55

In the experiments of biofilm destruction by GQD-
based antibacterial system, treatment with both of GQDs

(100 μg/mL) and H2O2 (100 mM) for 12 h in biofilm
minimal media (Tryptone Soy Broth medium) resulted
in obvious reduction in remaining biofilms (Figure S7,
Supporting Information). In contrast, similar to control
wells treated with neither GQDs nor H2O2, wells treated
with GQDs alone still showed clear biofilm bands. Even
the treatment with just H2O2 (100 mM) displayed certain
effect for biofilm destruction; the remaining biomasses
were much larger than the wells treated with both
of GQDs and H2O2. Moreover, as shown in Figure S8
(Supporting Information), when adding both GQDs
(100 μg/mL) and H2O2 (1 mM) in biofilm minimal media,
the biofilm formation of S. aureus was strongly inhibited,
while similar to control group, when wells were treated
with GQDs (100 μg/mL) or H2O2 (1 mM) alone, the clear
biofilm bands could be observed. From the above results,
GQDs could serve as a promoter to enhance the activity
of H2O2 through converting H2O2 into 3OH for the

Figure 4. Typical SEM images of (A) E. coli; (B) E. coli treated
with H2O2; (C) E. coli treated with GQDs; (D) E. coli treated
with GQDs and H2O2; (E) S. aureus; (F) S. aureus treated with
H2O2; (G) S. aureus treated with GQDs; (H) S. aureus treated
with GQDs and H2O2.

Figure 5. Internalization and location of GQDs in bacteria
membrane. (A,B) Typical TEM images of E. coli with inter-
nalized GQDs. (C,D) Typical TEM images of S. aureus with
internalized GQDs.

Figure 6. (A) The cotton fabric absorbed with (left) and
without (right) GQDs. (B) The obtained GQD-Band-Aid.
(C) The mouse treated with GQD-Band-Aid.
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destruction and inhibiting formation of biofilm since the
generated 3OH had a higher activity to oxidize nucleic
acids, proteins and polysaccharides in the matrix of
biofilm,30 and the designed GQD-based antibacterial
system could break down the existing biofilm and pre-
vent formation of new biofilm as well.
Band-Aids are widely used in dressing the wound

and avoiding disinfection.56 The active ingredient in
Band-Aids, benzalkonium chloride, has an excellent

antibacterial activity but can lead to adverse drug
reactions, such as allergic rhinitis, rhinitis medicamen-
tosa, etc.57�59 By taking advantage of the good bio-
compatibility of GQDs and their abilities to enhance
H2O2 to kill bacteria, we designed a kind of Band-Aid,
GQD-Band-Aid, and demonstrated its usage in wound
disinfection to avoid bacterial infection (Figure 6).
To assess the antibacterial efficacy of GQD-Band-Aid

in vivo, we utilized Kunming mice with wound on their
back as a model.60 The mice were divided into four
groups: treated with SalineþBlank-Band-Aid, GQD-
Band-Aid, H2O2þBlank-Band-Aid, and H2O2þGQD-
Band-Aid on their wounds, respectively. The concen-
tration of H2O2 used in test therapy was 100 μM, which
was much lower than that commonly used (0.5�3%,
ca. 166 mM to 1 M) in wound disinfection. After injury
on the back, photos were taken of the wounds of the
mice from four different groups, and Band-Aids were
changed at 24 h interval. During the therapeutic
process, no change in body weight was observed,
while the states of wounds were different. The wounds
of mice that were treated with H2O2þGQD-Band-Aid
did not appear to have any erythema and edema
during the whole therapeutic process. After 72 h of
therapy, the wounds of mice in this group formed
scabs. The wounds of mice in other three groups
appeared to have different levels of erythema and
edema and did not form scabs (Figure 7 and Table 1).
To define the host response to the infection, the tissues
of wounds were harvested (Figure 8A), and the num-
bers of bacteria were quantified on each day of the
therapeutic process (Figure 8B and Figure S9, Support-
ing Information). The bacteria from the tissues were
cultured on agar plates overnight, and the grown
colonies were counted for further analysis. The results
demonstrated that the bacteria of H2O2þGQD-Band-
Aids treated group were nearly four orders lower than
that of saline treated group. In parallel, the GQD-Band-
Aid and H2O2þBlank-Band-Aid groups also exhibited
some antibacterial activity, but the bacteria of the two
groupswere one order lower than that of saline treated
group, which implied that the combination of H2O2

and GQD-Band-Aids could kill bacteria during the

Figure 7. Photographs of wound on the mice from the four
groups at different times during the therapeutic process.
GþH:H2O2þGQD-Band-Aid group; G:GQD-Band-Aid group;
H: H2O2þBlank-Band-Aid group; Blank: SalineþBlank-Band-
Aid.

Figure 8. (A) The tissues of wound of the mice treated with SalineþBlank-Band-Aid, GQD-Band-Aid, H2O2þBlank-Band-Aid,
and H2O2þGQD-Band-Aid once one day. (B) The surviving bacteria in the tissues of wound and colon were quantified. Error
bars are taken from three mice per group.

TABLE 1. Erythema and Oedema of Tested Mice Were

Recordeda

erythema edema

GþH G H Blank GþH G H Blank

24 h � � � þ 24 h � þ þ þ
48 h � � � þ 48 h � þ þ þ
72 h � � � þ 72 h � þ þ þ
a Each test article was tested three times on three mice. “�” no erytheme or
edema. “þ” with erytheme or edema. GþH: H2O2þGQD-Band-Aid group; G: GQD-
Band-Aid group; H: H2O2þBlank-Band-Aid group; Blank: SalineþBlank-Band-Aid.
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wound antibacterial treatment most effectively. It was
worth mentioning that even the GQDs did not display
any antibacterial activity in vitro; the surviving bacterial
of GQD-Band-Aid group were less than that of saline
group, which might be attributed to that the injured
cells could release H2O2, and the released H2O2 with
the assistant of GQDs on the Band-Aid could kill
bacteria on the wounds.61�63

CONCLUSIONS

In summary, an antibacterial system combining
GQDs with low dose of common medical reagent,
H2O2, was designed. The peroxidase-like activity origi-
nating from GQDs could catalyze H2O2 decomposition

into 3OH. The conversion of H2O2 into 3OH improved
the antibacterial performance of H2O2 since the 3OH
had more potent antibacterial activity, which made
it possible to avoid using high concentrations of H2O2

in wound disinfection. The designed system showed
antibacterial properties against both Gram-negative
(E. coli) and Gram-positive (S. aureus) bacteria in vitro.
Moreover, to assess the antibacterial efficacy of
the designed system for wound disinfection, the
GQD-Band-Aids were prepared and showed excel-
lent antibacterial property in vivowith the assistance
of low concentration of H2O2. Our results indicate
that GQD-Band-Aids have potential use for wound
disinfection.

MATERIALS AND METHODS
Materials. Graphite was purchased from Sinopharm Chemi-

cal Reagent Co., Ltd. (Shanghai, China). Sulfuric acid, nitric acid,
terephthalic acid and mannitol were purchased from Beijing
Chemicals, Inc. (Beijing, China). 2,20-Azinobis(3-ethylbenzthia-
zoline-6-sulfonate) (ABTS), sodium azide and crystal violet
were obtained from Aladdin Chemistry Co., Ltd. (Shanghai,
China). Luminol was purchased from Sigma-Aldrich. E. coli
(ATCC 25922) and S. aureus (ATCC 25923) bacterial strains were
obtained from Chuanxiang Biotechnology, Ltd. (Shanghai,
China). S. epidermidis (ATCC 12228) bacterial strains were
obtained from Fuxiang Biotechnology, Ltd. (Shanghai, China).
Dialysis bags (molecular weight cut off = 1000 and 3500) were
ordered from Shanghai Sangon Biotechnology Development
Co., Ltd. Fabric and dressing were purchased from a drugstore.
Ultrapure water was prepared using Milli-Q-Plus system water
(18.2 MΩ cm) and used in all experiments. All reagents were
used as received without any further purification.

Synthesis of GQDs. Graphene oxide (GO) was synthesized from
graphite by a modified Hummers method.64 The GQDs was
prepared according to previous reports. Briefly, the GO solution
(30 mL, 0.5 mg mL�1) was first mixed with concentrated HNO3

(8mL) and H2SO4 (2mL) carefully. Then, themixture was heated
and refluxed under microwave irradiation for 9 h in aWBFY-201
microwave oven equipped with an atmospheric reflux device
(Gongyi Instrument Equipment Co., Ltd., China) operating at a
power of 650 W. The product contained a brown transparent
suspension and black precipitates. After cooling to room tem-
perature, the mixture was placed under mild ultrasonication for
few minutes, and the pH was tuned to 8 with Na2CO3 in an ice
bath. The suspension was filtered through a 0.22 μmmicropor-
ous membrane to remove the large tracts of GO, and a deep
yellow solution (yield ca. 30%) was separated. The mixture
was further dialyzed in a dialysis bag (retained molecular
weight: 1000 Da), and greenish-yellow fluorescent GQDs were
obtained.35�37

Bioassay. Kinetic measurements were carried out in time
course mode by monitoring the absorbance change at 417 nm.
Experiments were carried out using 75 μg mL�1 GQDs in
a reaction volume of 500 μL buffer solution (25 mM Na2HPO4,
pH 4.0, 37 �C) with 2.5 mM ABTS as substrate, and H2O2 con-
centration was 50 mM, unless otherwise stated. The Michaelis�
Menten constant was calculated using the Lineweaver�Burk
plot: 1/v = (Km/Vmax)/C þ 1/Vmax, where v is the initial velocity,
Vmax is the maximal reaction velocity, and C is the concentration
of substrate.20,38

Apparatus and Characterization. UV absorbance measurements
were carried out on a JASCO V-550 UV�vis spectrophotometer,
equipped with a Peltier temperature control accessory. Fluo-
rescence spectra were measured on a JASCO FP-6500 spectro-
fluorometer equipped with a temperature-controlled water
bath. All spectra were recorded in a 1.0 cm path length cell.

Chemiluminescence experiments were carried out on BPCL-2-
TGC Ultra Weak Luminescence Analyzer. FT-IR characterization
was carried out on a BRUKE Vertex 70 FT-IR spectrometer. The
samples were thoroughly ground with exhaustively dried KBr.
AFM measurements were performed using Nanoscope V multi-
mode atomic force microscope (Veeco Instruments, USA). TEM
images were recorded using a FEI TECNAI G2 20 high-resolution
transmission electron microscope operating at 200 kV. SEM
images were recorded using a HITACHI S-4500 instrument. XPS
measurement was performed on an ESCALAB-MKII spectro-
meter (VG Co., United Kingdom) with Al KR X-ray radiation as
the X-ray source for excitation. All the photos were taken by a
Canon camera.

Bacterial Culture and Antibacterial Experiments. Monocolony of
E. coli, S. aureus and S. epidermidis on the solid Luria�Bertani
(LB) agar plate was transferred to 20 mL of liquid LB culture
medium and grown at 37 �C for 12 h under 180 rpm rotation.
Then the bacteria were diluted with broth to 106 cfu mL�1.45,46

The as-prepared bacteria solution (500 μL) was mixed with
GQDs and H2O2 for 10 min. Then, the solution was placed on
solid medium by spread plate method and cultured for 24 h
before observing the number of the bacteria colonies. Control
experiments were performed in parallel without H2O2 or GQDs.

Biofilm Formation of S. aureus. To develop biofilms, 10 μL of
stationary growth phase S. aureus bacterial culture (requiring
about 12 h growth at 37 �C in Tryptone Soy Broth (TSB) medium
and the concentrationofS. aureus cells: OD600nm=1.0) and 990μL
TSB medium (3%, containing 1% glucose) were into the 24-well
microtiter plates. Microtiter plates were then incubated in air at
37 �C. The medium was discarded and freshly added every 24 h.
After 48 h, each well was washed with PBS buffer under aseptic
condition to eliminate medium and unbound bacteria.65 The
generated biofilms could be observed on the bottom of wells.

Biofilm Destruction of S. aureus by GQD-Based Antibacterial System.
The obtained biofilms of S. aureuswere treated with both GQDs
(100 μg/mL) and H2O2 (100 mM), just H2O2 (100 mM) or GQDs
(100 μg/mL) for 12 h in biofilm minimal media (TBS medium),
respectively. The remaining biofilm was washed once with PBS
(1.0 mL), before adding crystal violet stain (1.0 mL; 0.2% crystal
violet, 1.9% ethanol and 0.08% ammonium oxalate in PBS). The
plates were incubated on the bench for 20 min before washing
the wells with PBS (2 � 1.0 mL). Photographs of the stained
biofilms were obtained using a Canon digital camera. The
amount of remaining crystal violet stained biofilm was quanti-
fied by adding 100% ethanol (1.0mL) andmeasured OD590nm of
the homogenized suspension.54,55 And the same 48 h old
biofilms without any treatment in biofilm minimal media (TSB
medium) for 12 h were measured as control groups.

Inhibiting Biofilm Formation of S. aureus by GQD-Based Antibacterial
System. When developing biofilms of S. aureus, both GQDs
(100 μg/mL) and H2O2 (1 mM), just H2O2 (1 mM) or GQDs
(100 μg/mL) were added into TSB medium containing S. aureus
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(Final concentration: OD600nm = 0.01) in the 24-well microtiter
plates, respectively. Microtiter plates were then incubated in air
at 37 �C for 48 h. The generated biofilmwasmeasured by crystal
violet staining method as mentioned.54,55 And the wells con-
taining same concentration of S. aureuswithout addingGQDs or
H2O2 in biofilm minimal media (TSB medium) for 48 h were
measured as control groups.

Preparations of GQD-Band-Aid. According to the literature,11 one
square cotton fabric on the homemade negative pressure
suction filter was mounted. GQDs solution (1.5 mg/mL) was
added into themetal cylinder continuous until all GQDs solution
passed through the cotton fabric. This filtration procedure
was repeated until the solution was completely absorbed by
cotton fabric. Then the square fabric disc was taken out and
vacuum-dried at 60 �C. Resulting yellow samples were denoted
as Fabric-GQDs. Then the Fabric-GQDs were fixed on the
dressing purchased from drugstore, and the GQD-Band-Aids
were obtained. The square cotton fabric of the same size
without absorbed GQDs was fixed on the dressing, and the
Blank-Band-Aids were obtained.

Mouse Injury Model. To evaluate the antibacterial effect of
GQD-Band-Aid in vivo, the injury model was built. The four
groups of 12 male Kunming mice with a ca. 4 mm2 wound
(6�8 weeks, 18�22 g, and three mice per group) were divided
into Saline, GQDs, H2O2 and GQDsþH2O2 groups. The mice
in four different groups with different Band-Aids on their
wound were observed and photographed and Band-Aids were
changedwith 24 h interval. After 3 days, all mice were sacrificed,
and the tissues of wounds were harvested, and the number of
bacteria was quantified at each day of the therapeutic process.
To determine the amount of bacteria in the tissues, wounds
from four groups of mice were separated and homogenized in
sterile saline. Aliquots of diluted homogenized intestinal tissues
were placed on agar, on which the grown colonies were
counted for analysis.60 All animal procedures were in accord
with the guidelines of the Institutional Animal Care and Use
Committee.
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