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Graphene and silver nanoparticles (AgNPs) are important building blocks for the synthesis of functional
nanomaterials for bio-related applications. Here, we report a facile strategy to decorate AgNPs onto
reduced graphene oxide (RGO) by the simultaneous reduction of silver ions and graphene oxide
nanosheets within one system, and further to fabricate a dimension-adjustable RGO/AgNP multi-layered
film by a thermal-driven self-assembly process. The structures of the fabricated RGO/AgNP hybrid films
were identified by UV-visible spectroscopy, X-ray diffraction, X-ray photoelectron spectroscopy, Raman
spectroscopy, and transmission electron microscopy. The thickness of the fabricated RGO/AgNP film was
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further measured by scanning electron microscopy. The hydrophilicity of the RGO/AgNP films was tested
by contact angle measurement. Antibacterial and cell culture experiments based on the fabricated RGO/
AgNP films indicate that this kind of hybrid film exhibits excellent antibacterial activity and high biocom-
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1. Introduction

With increasing concern about medical and surgical risks,
microbial infections have been hot research fields following
the urgent demands of efficient, innoxious, and secure anti-
bacterial materials." Antibacterial materials can be mainly
divided into two types: organic and inorganic. Inorganic anti-
bacterial materials have attracted more interest compared to
organic ones due to their better heat-durability, longer validity,
and higher stability.* ® With the development of nanotechno-
logy, many kinds of nanomaterials have been synthesized for
antibacterial applications.”"" Antibacterial nanomaterials
possess more excellent and comprehensive performances
ascribing their novel and enhanced properties as being related
to the nanoscale effect. Until now, inorganic nanomaterials
such as titanium dioxide (TiO,),” zinc oxide (ZnO),** silver®'°
and copper'’ nanoparticles (AgNPs and CuNPs) have been
found to have very good antibacterial activities. For instance,
Krishnaraj et al. used Acalypha indica extracted from leaves to

“State Key Laboratory of Chemical Resource Engineering, Beijing University of
Chemical Technology, 100029 Beijing, China. E-mail: suzgq@mail. buct.edu.cn
Chair of Materials Science, Otto Schott Institute of Materials Research, Friedrich-
Schiller-University Jena, D-07743 Jena, Germany

‘Hybrid Materials Interfaces Group, Faculty of Production Engineering, University of
Bremen, D-28359 Bremen, Germany. E-mail: wei@uni-bremen.de

852 | Biomater. Sci,, 2015, 3, 852-860

patibility. A potential antibacterial mechanism of the fabricated RGO/AgNP hybrid film was proposed.

biomimetically synthesize AgNPs with a size of 20-30 nm, and
further demonstrated that the synthesized AgNPs have
effective inhibitory activity against bacterial-like water borne
pathogens viz., Escherichia coli and Vibrio cholerae."

Throughout the past few decades, Ag-based nanomaterials
have occupied an important position as remarkable antibac-
terial agents. In addition, a great number of Ag-containing
composited nanomaterials for antibacterial application have
been reported.’>'* For example, Pinto et al. prepared cellulose/
Ag composites and discovered their excellent antibacterial
activity for Bacillus subtilis, Staphylococcus aureus and Klebsiella
pneumoniae.”> Recently, Fei and co-workers used Bombyx mori
silk fibroin as a template to in situ produce AgNPs under light,
and the silk fibroin/AgNP composite destroyed the methicillin-
resistant Staphylococcus aureus."> Although many materials
have been used as substrates and templates for binding with
AgNPs to synthesize effective antibacterial nanomaterials, the
hybridization of AgNPs with graphene and its derivatives still
have potential significances as a novel antibacterial
nanomaterial.

Graphene and its derivatives have been widely used for the
varied research fields such as optoelectronics, energy
resources, nanotechnology, and biotechnology ascribing to
their excellent macroscopic and microcosmic properties.**"®
There is increasing interest for the preparation and application
of novel graphene-based nanomaterials, especially hybrid

This journal is © The Royal Society of Chemistry 2015
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graphene film decorated with other building nanoblocks.'®"”
Indeed, compared to bulk composites, hybrid films have mul-
tiple advantages of lighter weight, smaller volume, larger
specific surface area, and easier preparation. Recently, the
potential conductive applications of graphene-based hybrid
films, such as with a conductor,'® electrode,'® sensor,?**! and
battery,>* have attracted much more interest while the antibac-
terial and cellular bioapplications gained comparatively less
attention.

Although the questions whether and how graphene and its
derivatives present antibacterial activity are still not clear, gra-
phene-based hybrid film may achieve significant discoveries in
biological applications.>*** With AgNPs attaching onto the
lamellar structure of reduced graphene oxide (RGO) as a sub-
strate, the RGO/AgNP hybrid films demonstrated enhanced
antibacterial activities.”>>’ For example, Hu et al found
superior antibacterial effects with graphene-based paper,
which was responsible for the bacteria-killing effect of a fabri-
cated graphene-based paper.”> With incorporation of AgNPs
onto GO sheets, Ma and co-workers found that the modified
GO nanosheets provided enhanced antibacterial activity by the
synergistic effects of AgNPs and GO.*” It is worth noting that
the synthesis method and process should be fully considered
when fabricating antibacterial biomaterials in recent or poten-
tial bioapplications. Using the least toxic and hard-absorbed
residue, an environmentally friendly and more facile synthesis
strategy is usually the most popular.

In this work, we combined a facile simultaneous reduction
synthesis method and a thermal evaporation-driven self-
assembly technique to create RGO/AgNP hybrid films. To
achieve this aim, sodium citrate, as an environmental-friendly
and harmless reductant, was utilized to reduce GO and silver
nitrate (AgNO;) in a liquid system and then the dimension-
adjustable RGO/AgNP hybrid films were fabricated by the
thermal evaporation-driven self-assembly process at the liquid-
air interface. Furthermore, we investigated the multi-layered
structures and morphologies of the prepared RGO/AgNP
hybrid films and explored their hydrophilicity. Finally, the
antibacterial activity and biocompatibility of the RGO/AgNP
films were demonstrated by revealing their strong abilities to
kill Escherichia coli and promote growth of mouse osteoblast-
like MC3T3-E1 cells. Based on the obtained results, we pro-
posed a potential antibacterial mechanism for this kind of
RGO/AgNP hybrid film.

2. Experimental section
2.1. Materials

Natural graphite flakes (99.8% purity), AgNO; (>99.0% purity),
and sodium citrate tribasic dehydrate (>99.0% purity) were
purchased from Sigma-Aldrich. Na,HPO,, NaH,PO,, NaCl,
H,0,, phosphoric acid, sulphuric acid, hydrochloric acid, pot-
assium permanganate (KMnO,), ethanol, glycerol, glutaralde-
hyde, and diethyl ether were supplied by Beijing Chemicals
Co., Ltd (Beijing, China). Dulbecco’s PBS (DPBS) was pur-
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chased from PAA Laboratories GmbH. A cell Counting Kit-8
(CCK-8) was bought from Dojindo Laboratories (Tokyo, Japan).
All chemicals used in this work were of analytical reagent
grade and directly used without additional purification.
The water used was purified through a Millipore system
(~18.2 MQ cm).

2.2. Synthesis of GO

GO was synthesized by the oxidation of natural graphite flakes
according to a modification of Hummers method.*® In detail,
3 g of graphite flakes were mixed with concentrated phospho-
ric acid (40 mL) and sulphuric acid (360 mL) under stirring at
room temperature; then potassium permanganate (18 g) was
added slowly, and the mixture was incubated and stirred in a
thermostatic water bath for 12 h (50 °C). When the tempera-
ture was dropped to room temperature, the mixture was
poured slowly onto crushed ice (200 mL) and 10% hydrogen
peroxide (10 mL). After that, the luminous yellow solution was
centrifuged (4000 rpm for 0.5 h), and the supernatant was de-
canted away. The remaining solid material was then washed in
succession with 400 mL of water, 400 mL of 30% hydrochloric
acid, and 400 mL of ethanol (2x); for each wash, the super-
natant decanted away. The material remaining after this mul-
tiple-wash process was coagulated with 200 mL of diethyl ether
and the resulting suspension was filtered through a PTFE
membrane with a 0.22 pm pore size. The obtained solid on the
filter was vacuum-dried overnight at room temperature, and
6.2 g of product was obtained.

2.3. Synthesis of AgNPs

AgNPs were synthesised with sodium citrate according to a pre-
viously reported method.*® Briefly, 11.1 mg of silver nitrate was
dissolved into deionized water (65 mL). The solution in a
100 mL beaker was brought to 95 °C with magnetic stirring.
Then 3.92 mL aqueous sodium citrate (1%) was added drop-
wise, and the reaction was allowed to run about 1 hour (when
the solution reached an orange-yellow colour, which indicates
the reaction was completed).

2.4. Fabrication of RGO and RGO/AgNP hybrid films

Aqueous GO (0.2 mg mL™", 60 mL) was sonicated for 1 h and
heated to 95 °C in a 100 mL beaker with vigorous stirring.
Then 10 mL of aqueous sodium citrate (0.5 g) was added suc-
cessively into the GO solution. The reaction ran for 1 h and the
final black dispersion was incubated at 80 °C to allow for for-
mation of the RGO film. To prepare the RGO/AgNP hybrid
film, a mixture of a solution of GO (0.2 mg mL™", 60 mL) and
AgNO; (148 mg) was heated to 95 °C. After that, 10 mL of
aqueous sodium citrate (0.75 g) was added dropwise and the
reaction was continued for 1 h. Finally, the gray black dis-
persion was incubated at 80 °C to allow for the formation of
the film.

2.5. Hydrophilicity test of RGO/AgNP film

Hydrophilicity of the fabricated RGO/AgNP hybrid films was
investigated by measuring the contact angle of water droplets
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on the fabricated films. The water contact angle (WCA) test
was conducted with a JC2000C1 instrument. For each sample,
8-10 data points were collected and an average contact angle
was calculated.

2.6. Fabrication of antibacterial material

The bacterial strain used was Escherichia coli (E. coli) ATCC
25922. Luria-Bertani (LB) broth was prepared by weighing 1 g
of tryptone, 0.5 g of yeast extract, and 0.5 g of NaCl, and dissol-
ving them in 100 mL of deionized water. This solution was
autoclaved for 25 min at 116 °C prior to use. The E. coli were
prepared as follows: a small amount of frozen E. coli was trans-
ferred from a —80 °C glycerol stock into 100 mL of LB media
in a sterile conical flask, followed by shaking at 160 rpm and
37 °C for 14 h (WHY-2 Incubator Shaker, Changzhou Putian
Instrument Manufacturing Co., Ltd). Following the 14 h incu-
bation period, the tubes contained approximately 1 x 10° CFU
(colony forming units) mL™" of E. coli.

For the adhesion experiments, two cultures of E. coli were
prepared as above and diluted to 1 x 10> CFU mL™". After a
14 h incubation period, 10 mL solution of each bacterial
culture was transferred into a 50 mL conical tube under sterile
conditions. The silicon wafers covered with and without RGO/
AgNP hybrid film (1 cm x 1 cm) were first washed with 75%
ethanol to kill bacteria and then put into conical tubes and
incubated for 24 h at 37 °C with no shaking (DNP-9052BS-III
Incubator, Shanghai CIMO Instrument Co.). Overall, 18
samples were tested in three separate runs (triplicate) of the
adhesion experiment. After treating with E. coli bacteria solu-
tion, the morphologies characterizations of bacteria were
observed with SEM. The samples were removed from the bac-
terial solution and delicately washed with distilled water to
remove excess bacterial solution, and then dipped into station-
ary liquid (2.5% glutaraldehyde, solvent: 0.1 M PBS solution,
pH = 7.6) for 5 h, finally dehydrated through an ethanol series
(30, 40, 50, 60, 70, 80, 90, 95, and 100%, respectively) for 3 min
and air-dried overnight for next characterization.

For the viability experiments, the viable cell counts of bac-
teria were measured by a surface spread plate method. Four
sterilized samples (silicon wafers covered with no film, GO
film, RGO film, and RGO/AgNP hybrid film) were immersed
in 10 mL of sterilized water and inoculated with bacterial
suspension (1 x 10®> CFU mL™"). The bacteria-inoculated solu-
tions were incubated in a shaking incubator at 160 rpm and
37 ©°C. After 2 h of contact time, 100 pL of each solution
was taken and cultured on melted agar (1.5%, w/v) LB solution
that was allowed to solidify at room temperature before
incubating overnight at 37 °C to allow viable cells to form colo-
nies. The LB agar plates were kept at 37 °C for 24 h and the
bacterial colonies were observed. Overall, 36 samples were
tested in three separate runs (triplicate) of the viability
experiment.

2.7. Cell culture of RGO/AgNP hybrid film

Mouse osteoblasts (MC3T3-E1 cells) were used to investigate
the biocompatibility of the RGO/AgNP hybrid film. Samples
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transferred on silicon wafers covered with different films were
washed with ethanol (70%), rinsed in Dulbecco’s PBS (DPBS)
and placed in a p-slide. 300 pL of a cell suspension containing
cells (1.5 x 10* em™~?) were seeded into each well with incubat-
ing at 37 °C, 5% CO, atmosphere, and 100% humidity. The
viability of cells on the samples was evaluated after being cul-
tured for different periods. Following incubation, cells were
stained with 100 pL of a vitality staining solution containing
fluorescein diacetate (stock solution 0.5 mg mL™" in acetone)
and propidium iodide (stock solution 0.5 mg mL™" in Ringer’s
solution). The viable and dead cells were quantified by fluo-
rescence microscopy.

Cell proliferation was quantified using a Cell Counting
Kit-8 (CCK-8) assay. Briefly, MC3T3-E1 cells were cultured in
the 96-well plate with a seeding density of 5000 cells per well
for 24 h. Then the culture medium was removed and replaced
with fresh culture medium containing the samples (GO film,
RGO film, and RGO/AgNP hybrid film) and then continuously
incubated for 72 h. After that, 100 pL of fresh medium contain-
ing 10 pL of CCK-8 reagent was added to each well and incu-
bated for an additional 4 h. Next, the plate was shaken for
300 s and absorbance was measured using single wavelength
spectrophotometry at 450 nm using a microplate reader
(Bio-Rad 680).

2.8. Characterization techniques

Atomic force microscopy (AFM) imaging of GO was conducted
with a JPK NanoWizard 3 atomic force microscope (JPK AG,
Germany) using a tapping mode. The morphology of the RGO/
AgNP hybrid film was examined by scanning electron
microscopy (SEM, Supra 55, Carl-Zeiss Company, Germany),
which was equipped with energy dispersive X-ray spectroscopy
(EDS). Transmission electron microscope (TEM) experiments
were performed on a Tecnai G>20 electron microscope (FEI)
with an accelerating voltage of 200 kV. The final reaction sus-
pension was directly dropped onto a copper grid, and dried at
room temperature. UV-visible spectroscopy (UV-2900, Hitachi,
Japan, scanning rate 400 nm min~"), X-ray diffraction (XRD,
Rigaku D/max-2500 VB+/PC), X-ray photoelectron spectroscopy
(XPS, ThermoVG ESCALAB 250), and Raman spectroscopy
(LabRAM HORIBA JY, Edison, NJ) were used to compare the
structures of the GO with the RGO/AgNP hybrid film. In the
antibacterial experiment, the SEM images were obtained by
using a JSM-6700F scanning electron microscope (JEOL).
All the fluorescence microscope images for the mouse osteo-
blast-like MC3T3-E1 cell test were collected with a Leica DM-IL
fluorescence microscopy equipped with a Leica DFC320
camera.

2.9. Statistical analysis

All WCA and cell experiment data are expressed as the mean +
standard deviation (SD) with n = 3 and were analyzed using a
one-way analysis of variance (ANOVA) and a Turkey-Kramer
post hoc test using SPSS 19.0. Statistical significance was deter-
mined by analysis of variance with P < 0.05.

This journal is © The Royal Society of Chemistry 2015
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3. Results and discussion
3.1. Characterization of GO and AgNPs

GO was prepared according to the modified Hummers method
involving the steps of graphite oxidation and exfoliation.*® As
shown in the AFM (Fig. 1a) and TEM (Fig. 1b) images, the
single GO nanosheet with a crumpled and wrinkled structure
has a height of about 1 nm (section analysis in Fig. 1a) and a
size of 2-6 pm. For comparison with AgNPs in the RGO/AgNP
hybrid film, pure AgNPs were synthesized and their mor-
phologies are shown with various shapes such as a sphere, tri-
angle, cube, and rod (Fig. 1c and d).

3.2. Fabrication and characterizations of RGO/AgNP hybrid
film

Fig. 2 schematically shows the main steps for preparing the
RGO/AgNP hybrid film. GO and AgNO; were mixed evenly, and
then simultaneously reduced to RGO and AgNPs by the
addition of sodium citrate at 95 °C (Stage 1). Meanwhile, with
the temperature decreasing to 80 °C, the ash black hybrid sus-
pension was incubated for the formation of self-assembled
film at the liquid-air interface (Stage 2).

To display the reduction ability of sodium citrate, digital
pictures of the prepared GO, AgNPs, RGO, and RGO/AgNP

Fig. 1 Morphological and structural characterizations of GO and
AgNPs: (a) AFM image and section analysis of GO, (b) TEM image of GO,
(c, d) TEM images of AgNPs with different magnifications.
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Fig. 2 Schematic model for fabricating RGO/AgNP hybrid film.
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Fig. 3 (a) Digital pictures and (b) UV spectra of GO, AgNP, RGO and
RGO/AgNP hybrids; (c, d) the size distributions of pure AgNPs and
AgNPs on RGO.

were taken (Fig. 3a). The light yellow GO solution can be
reduced to reddish black and ash black colour with or without
AgNO;. The UV-vis absorption spectrum proved to be very sen-
sitive to the formation of silver colloids and the structure of
graphene-based materials. As shown in Fig. 3b, GO exhibits a
strong peak centred at 228 nm and a shoulder peak at 300 nm
due to the n-n* transition of aromatic C=C bonds and n-n*
transition of C=0 bond, respectively.*>*" With the reduction
of sodium citrate, the absorption peak at 228 nm redshifts to
250 nm while the shoulder peak at 300 nm disappears, indicat-
ing not only the reduction of GO by sodium citrate but also the
restoration of the m-conjugation network within RGO. As a
“green” moderate reducing agent, sodium citrate may release
free electrons and then reduce GO by them. The reaction pro-
ducts were small molecules such as carbon dioxide, water
molecules, and so on. It should be noted that GO can’t be
reduced completely by this chemical reduction. In fact, the
complete reduction of GO is very hard, which is different from
the physical preparation of pure graphene. The physical
methods can produce tiny amounts of perfect graphene with
high-temperature and high-pressure equipment, while the
chemical methods can obtain large amounts of RGO with
different degrees of reduction by a simple process of reducing
GO. Furthermore, AgNPs has a typical strong absorption peak
at 435 cm, suggesting the existence of various shapes, which
agrees well with the TEM results (Fig. 1c and d). However, in
the UV-vis absorption spectrum of the RGO/AgNP hybrid film,
both the absorption peaks of RGO and AgNPs can be observed
clearly, suggesting the successful reduction of GO and AgNO;
simultaneously. It should be noted that the peak at 405 nm
indicates the formation of spherical AgNPs, and here the
sufficient sodium citrate and high reaction temperature
promote the total reduction of silver ions to AgNPs. Compared
with the various shapes in pure AgNPs, the single spherical

Biomater. Sci., 2015, 3, 852-860 | 855


https://doi.org/10.1039/c5bm00058k

Published on 28 2015. Downloaded on 21.10.25 17:31:15.

Paper

g

10 pm

Fig. 4 SEM characterization: (a) GO film, (b) RGO film, (c, d) RGO/AgNP
hybrid film with different amplifications and (e, f) cross-section analysis
and EDS of the hybrid film (inset).

morphology demonstrates the possible role of RGO as a good
surfactant. In addition, Fig. 3c and d present the size distri-
butions of pure AgNPs and AgNPs on RGO, in which AgNPs on
RGO are much smaller than that of pure AgNPs, showing the
possible role of RGO as a good surfactant for the synthesis of
AgNPs.

The large-scale SEM images of GO film, RGO film, and
RGO/AgNP hybrid film indicate the unique folded morphology
of graphene (Fig. 4a-c), while the large-amount AgNPs are dis-
persed uniformly on the RGO nanosheets from the amplifica-
tion of Fig. 4c (Fig. 4d). In addition, the cross-section analysis
could display the multi-layered structure obviously, as shown
in Fig. 4e and f. The thicker hybrid films can be obtained by
delaying the evaporation time and increasing the dosages of
GO and AgNO;. EDS measurement was performed to investi-
gate the chemical composition of the hybrid film. Based on
the EDS analysis of the inset of Fig. 4f, it can be observed that
C, O, Ag and Na were the major constituents of the sample.

As the typical synthesis feature, this self-assembly method,
following a simultaneous reduction, steadily can control the
dimension and thickness of the fabricated hybrid films.
During the process of simultaneous reduction, the evaporation
of solvent accelerates the Brownian motion and RGO
nanosheets adhere to each other by the AgNPs attached on two
sides as a linker. Besides, the liquid-air interface provides a
suitable platform for the formation of RGO/AgNP hybrids.
With the process of thermal evaporation, the complete film
can be created and the accumulation results in the increased
thickness of RGO/AgNP film. In addition, it should be noted
that the size of the fabricated films can be effectively adjusted
by using different containers and harvested with different sub-
strates. The fabricated RGO/AgNP hybrid film can be easily
transferred onto any desired substrates with different sizes.

To understand the density of AgNPs decorated on the RGO/
AgNP film, the mass ratio of AgNO; to GO was adjusted and
the RGO/AgNP suspensions before film formation were
observed with TEM. Fig. 5 shows the typical TEM images of
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Fig. 5 (a—d) TEM images of RGO/AgNP suspension with different AQNP
encapsulations by adjusting the mass ratio of AQNOz to GO of about
6:1,8:1,10:1, and 12: 1, respectively.

the RGO/AgNP suspensions with different decorations of
AgNPs on a RGO surface. These samples were prepared by
adjusting the dosage of AgNO;, and the different dosages of
AgNO; were 75, 100, 125, and 148 mg, which correspond to a
mass ratio of AgNO; to GO of about6:1,8:1,10:1,and 12:1,
respectively. Based on the TEM images, the values of the top
surface attached AgNPs on each sample are calculated to about
76, 123, 167, and 201 per square microns (N pm™>), respect-
ively. The diameters of the AgNPs ranged from 10 to 30 nm in
all samples. In addition, the density of the AgNPs doping in
the RGO/AgNP films increased with increased AgNO; concen-
tration for the reduction reaction.

Structural characterizations of the RGO/AgNP hybrid film
were performed with UV-vis spectroscopy, XRD, Raman
spectroscopy, and XPS, and the corresponding results are
shown in Fig. 6. The crystal structure of the RGO/AgNP hybrid
film was characterized by XRD. The XRD patterns of GO and
RGO were recorded for comparison (Fig. 6a). The characteristic
diffraction peak (001) of GO is observed corresponding to an
average interlayer spacing of ~9.35 A, while the peak of RGO
shows a dramatic shift to higher 26 angles with spacing of
~3.71 A, indicating that RGO is well ordered two-dimensional
sheets and has smaller average interlayer spacing.*>*
In addition, five strong diffraction peaks for the fabricated
RGO/AgNP hybrid film are observed, which could be associ-
ated to the (111), (200), (220), (311) and (222) planes of the
synthesized AgNPs. The diffraction peaks of the synthesized
AgNPs are located in the same angles as the Joint Committee
on Powder Diffraction Standards (JCPDS), strongly indicating
the formation of AgNPs.”**

Furthermore, Raman spectroscopy can also detect the crys-
talline structure of graphene-based material. Fig. 6b displays
Raman spectra of the created RGO/AgNP hybrid film and its
three compared samples. For all the four samples, two peaks
at 1359 and 1595 cm™" can be assigned to the D- and G-band,
respectively. The D-band is related to the vibration of sp’
carbon atoms of disordered graphene nanosheets, and the

This journal is © The Royal Society of Chemistry 2015
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Fig. 6 Property and structure characterization of GO, RGO and RGO/
AgNP hybrid film: (a) XRD patterns, (b) Raman spectra, (c, d) XPS spectra.

G-band corresponds to vibration of sp”> carbon atom domains
of graphite.’® The intensity ratios of D- and G-bands (Ip/Ig) of
RGO and RGO/AgNP hybrid film increased from 0.77 to 0.97
and 1.03, respectively, indicating that most of the oxygenated
groups have been removed during the reduction process. Fur-
thermore, the D- and G-bands in RGO and RGO/AgNP hybrid
film exhibit a small red shift compared with that of GO,
suggesting a potential interaction between RGO and AgNPs. In
addition, the intensities of D- and G-bands in the RGO/AgNP
hybrid film are enhanced by ~600%. This low enhancement
factor for the RGO/AgNP hybrid film indicates the presence of
a chemical interaction or bonding between RGO and
AgNPs.>>3°

Fig. 6¢ and d shows the XPS spectra of GO, RGO, and RGO/
AgNP hybrid film. For all three samples, the bands located at
284.8 and 531.0 eV are associated with the characteristic peaks
of C1s and O1s, respectively.>” Moreover, the O1s peaks of the
RGO and RGO/AgNP hybrid films significantly decrease com-
pared to that of GO, verifying the obvious deoxidation effects.
In addition, Fig. 6d displays the Ag 3d spectrum, and the
peaks shown in 368 (Ag 3ds,) and 374 eV (Ag 3ds.,) provide
direct evidence for the formation and decoration of AgNPs on
RGO‘32,37

3.3. Hydrophilicity test of the fabricated RGO/AgNP films

As was mentioned above, the graphene-based hybrid films
have potential applications in the bio-related fields. For this
purpose, hydrophilicity of the fabricated hybrid film is of great
importance to the successful application.’® In this work,
hydrophilicity of the fabricated hybrid film was first investi-
gated, and the result is shown in Fig. 7.

Three self-assembled films were transferred onto silicon
wafers. Moreover, the modified silicon wafers as substrates
used in all four samples were treated with boiling in a solution
of concentrated sulfuric acid (70%) and hydrogen peroxide
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Fig. 7 WCA on (a) silicon wafer, (b) GO film, (c) RGO film, and (d) RGO/
AgNP hybrid film.

(30%) until no bubbles could be seen. In comparison with the
contact angle (42 + 3°, Fig. 7a) for the modified silicon wafer,
water droplets on the self-assembled films exhibited smaller
contact angles. The contact angle (24 + 2°) of the fabricated
RGO film (Fig. 7c) was a little smaller than that of the created
GO film (27 + 1°, Fig. 7b), which benefited from water-soluble
reaction residues such as inorganic salts on the film during
the self-assembly process. With the attachment of small nano-
particles, more specific surface area can be achieved. There-
fore, the contact angle of the fabricated RGO/AgNP film with
small sized AgNPs (Fig. 7d) is even decreased to about 18 + 1°,
indicating the excellent hydrophilicity of the RGO/AgNP hybrid
film. Based on morphological images and the cross-section
image, we suggest that the created RGO/AgNP hybrid film has
a unique layer-by-layer structure. The sandwich-like and nano-
porous structure of this film may be responsible for its
enhanced hydrophilicity.

3.4. Antibacterial test

Recently, graphene-based nanomaterials have been found to
be excellent antibacterial materials with mild cytotoxicity.*®
Previously, Kholmanov and co-workers first reported the anti-
bacterial properties of nanostructured hybrid transparent con-
ductive RGO/Ag-nanowire (RGO/AgNW) film.*® Taking this fact
into consideration, we further investigated antibacterial and
cytotoxic properties of the prepared RGO/AgNP hybrid film. In
the antibacterial test, Escherichia coli bacteria was chosen and
studied with a typical adhesion experiment. In the adhesion
experiment, two silicon wafers, covered with and without the
graphene film, were immersed in separated but identical bac-
terial solutions and incubated overnight. The samples were
then removed from the bacterial solutions and delicately
washed with distilled water to remove excess bacterial
solution.

The SEM image of a clean silicon wafer after this treatment
(Fig. 8a) shows that a large number of E. coli bacteria were
attached onto the silicon surface. The size of a typical bac-
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Fig. 8 Antibacterial property of RGO/AgNP hybrid film: (a, b) SEM
images of (a) clean silicon wafer (a typical E. coli bacterium is shown in
the inset) and (b) RGO/AgNP hybrid film on the surface of silicon wafer
after the adhesion experiments. (c—f) Photographs of (c) clean silicon
wafer, (d) GO film, (e) RGO film, and (f) RGO/AgNP hybrid film after the
viability experiments. White areas correspond to bacterial colonies
grown during incubation.

terium attached to the wafer is about 3 pm in length and
1.5 pm in width, as shown in the inset of Fig. 8a. It is also typi-
cally rod-shaped with smooth and intact cell walls. Comparing
SEM images of bacteria on the clean silicon wafer and the
RGO/AgNP hybrid film-covered silicon wafer, the wrinkled
RGO sheets can be clearly seen and there are only a few bright
white objects (E. coli bacteria) on the RGO/AgNP hybrid film-
covered silicon wafer, which are marked with arrows (Fig. 8b).
In addition, we can hardly find the AgNPs because of its small
size and the appearance of cracks due to the long times of
soaking and vibration. The presented results indicate that only
a few bacteria were adhered onto the RGO/AgNP hybrid film,
which reveals the antibacterial property of the synthesized
film. Furthermore, the cell walls of E. coli on the RGO/AgNP
hybrid film became wrinkled and damaged; the shape and
size of these cells changed dramatically, which indicated that
RGO/AgNP hybrid film exhibited strong impacts on the cell
membranes of E. coli bacteria and destroyed bacterial cell
membrane integrity.

The viability of bacteria on different substrates was further
investigated. Fig. 8c—f shows the formation of bacterial colo-
nies on the control, GO film, RGO film, and RGO/AgNP hybrid
film after 24 h of cultivation. It is well known that only viable
E. coli bacteria can form bacterial colonies. Compared with the
control, GO film and RGO film revealed obvious performance
to prevent the growth of bacterial colonies (Fig. 8c—e), which
confirms that graphene and its derivatives can effectively
inhibit the growth of E. coli. It should be noted that no bac-
terial colonies were observed on the hybrid film-covered
plates, indicating the excellent performance of the RGO/AgNP
hybrid film to E. coli bacteria (Fig. 8f). Therefore, our RGO/
AgNP hybrid film shows a similar excellent antibacterial effect
as the previously reported RGO/AgNW film,"® and it is
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expected that this kind of graphene film will have potential
biomedical applications in the future.

A possible antibacterial mechanism of the fabricated RGO/
AgNP hybrid film was proposed based on the obtained results.
Previous reports indicated that AgNPs can enter into the body
of bacteria directly and they have been used in many types of
materials for achieving antibacterial effects.>*” Combining
AgNPs with enzyme, the bacteria are suffocated to death.
However, pure AgNPs may show less than ideal antibacterial
activity, which is ascribed to the aggregation of AgNPs leading
to the reduction of active specific surface area. On the other
hand, graphene and graphene derivatives can induce the
degradation of the inner and outer cell membranes of bacteria,
and reduce their viability.*>*" Although pure GO or RGO
nanosheets cannot achieve significant performance, they play
a positive role in the adhesion of bacterial to the surface of the
RGO/AgNP hybrid films, which could remarkably increase the
interaction between AgNPs and the bacterial surface. There-
fore, based on the synergistic effects of AgNPs and RGO on
antibacterial properties, the fabricated RGO/AgNP hybrid films
possess excellent antibacterial performance towards E. coli
bacteria.

The antibacterial activity of RGO/AgNP hybrid film is a com-
prehensive result. In fact, the antimicrobial activity of AgNPs
can depend on not only AgNPs but also the remaining silver
ions. The released silver ions may interact with negatively
charged bacterial surfaces and induce the death of cells. In
our case, the effect of silver ions on the antibacterial activity
can be ignored. In addition, RGO, as the product with
different reduction degrees of GO, can have a synergetic effect
on antibacterial activity of the final hybrid film. The water-
soluble GO nanosheets can adsorb and gather the bacteria
onto the surface, which may enhance the interaction between
bacteria and AgNPs on GO nanosheets.

Graphene and its derivatives may be better alternatives for
fabricating novel biomaterials as they have much lesser cyto-
toxicity compared to other common antibacterial agents. With
the combination of RGO nanosheets and AgNPs, the fabricated
RGO/AgNP hybrid film, with a high specific surface area and
layer-by-layer structure, showed enhanced antibacterial per-
formance because the RGO substrates inhibited the aggrega-
tion and depletion of AgNPs. In addition, both RGO and
AgNPs used for creation of the RGO/AgNP hybrid film are bio-
compatible, which provides enhanced biocompatibility. We
suggest that this stable RGO/AgNP hybrid film will have poten-
tial applications in water purification, antibacterial materials,
medical biomaterials, cell culture scaffolds, and environ-
mental remediation.

3.5. Cell culture experiment

To evaluate biocompatibility and cytotoxicity of the created
RGO/AgNP hybrid film, mouse osteoblast-like MC3T3-E1 cells
were cultured on the surface of the RGO/AgNP hybrid film for
the subsequent cell culture experiments.

Biocompatibility of the RGO/AgNP hybrid film was assessed
by the live-dead assay via direct contact of cells. In this test,

This journal is © The Royal Society of Chemistry 2015
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Fig. 9 (a—d) Fluorescence microscopy images of MC3T3-El cells
(living-green; dead-red) on (a) a control, (b) GO film, (c) RGO film, and
(d) RGO/AgNP hybrid film after 1, 4, and 7 days of incubation. (e) Pro-
liferation of cells cultured on a control, GO film, RGO film, and RGO/
AgNP hybrid film for 1, 4, and 7 days.

the dead cells appear in red and the living cells appear in
green when observed with fluorescence microscopy. The pure
MC3T3-E1 cells sample without adding film was used as a
control. Fig. 9a-d shows the fluorescence microscopy images
of MC3T3-E1 cells after being mixed with four kinds of sub-
strates (a control, GO film, RGO film, RGO/AgNP hybrid film)
for 1, 4, and 7 days, respectively. At the beginning, all the three
samples with films have a few dead cells (red), which may be
caused by the original inadaptability towards inorganic
materials. However, after several days of incubation, very few
dead cells can be found in any of the four samples, indicating
that the MC3T3-E1 cells have excellent ability to adapt to the
hybrid films. For the control sample, the number of viable
cells was also found to increase with the incubation period
from 1 to 7 days. It is obvious that the number of viable cells
on all the four substrates increases with the incubation period
distinctively, revealing the excellent biocompatibility of the
MC3T3-E1 cells. Based on the above results, it can be con-
cluded that the RGO/AgNP hybrid film exhibits very good abili-
ties of adhesion and proliferation for cells.

To evaluate the viability of the created RGO/AgNP hybrid
film, a standard CCK-8 assay was used and the result is shown
in Fig. 9e. It can be observed that relative cell viability with the
RGO/AgNP hybrid film is higher than that of the three other
samples during the same incubation periods after the begin-
ning, which implies that our RGO/AgNP hybrid film has no
cytotoxicity to cells, but in some way has a significant pro-
motion on cell growth.

This journal is © The Royal Society of Chemistry 2015

View Article Online

Paper

Previous studies indicate that both graphene and AgNPs
have biological applications.**™** For instance, large-scale two-
dimensional graphene film has been fabricated and utilized
for the cell growth,** *> and AgNPs have been used in human
cells.*® However, the types and proportions of the functional
groups on the surfaces of graphene derivatives (GO and RGO)
can influence the biological properties significantly. In
addition, nanomaterials such as AgNPs can process unique
properties with synthetic control of size, uniformity, mor-
phology and structure. Therefore, the performances of cyto-
toxicity and cell growth were the reflection of complex
interactions effects. The cell-promoted performance of our
RGO/AgNP hybrid film may be ascribed to the small sized
AgNPs and RGO. We suggest that AgNPs serve as good
adhesion sites for cells from chemical bonding and thus RGO
nanosheets provide an excellent two-dimensional scaffold for
cell adhesion and growth. After long-term cell culture experi-
ments (about one week), the fabricated scaffold did not show
any decomposition in this biological system. In addition, we
tested the stability of this hybrid film in different solutions,
like water and buffers, and found that this kind of RGO/AgNP
hybrid film is very stable. The strong stability of this film is
ascribed to its multi-layered structure, in which AgNPs and
RGO nanosheets connect each other. Based on the above cell
culture results, we suggest that the created RGO/AgNP hybrid
film has favourable biocompatibility and it can be used as a
new scaffold for cell growth and as a potential novel nano-
carrier for drug delivery."”

4. Conclusions

We present a facile strategy for the preparation of dimension-
adjustable multi-layered RGO/AgNP hybrid films by combining
a simultaneous reduction and a thermal evaporation-driven
self-assembly process. Thicker hybrid films can be obtained by
delaying the evaporation time and increasing the dosages of
GO and AgNO;. Moreover, we can transfer it onto a selected
substrate for further applications without any post process.
The prepared RGO/AgNP hybrid films exhibit outstanding
hydrophilicity. Compared to previous methods of fabricating
graphene-based hybrid films, our strategy has several advan-
tages, such as environmental friendliness, no additives, time
saving, high efficiency, and cost-effectiveness. Finally, the
created RGO/AgNP hybrid film can be transferred directly onto
silicon wafers for antibacterial and cell culture applications
without any further complex post process. This facile strategy
shown in this work opens up a new way to prepare diverse gra-
phene-based hybrid films and extends the potential appli-
cations in biomedicine, biomaterials, and drug delivery.
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