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New types of antimicrobial systems are urgently needed owing to the emergence
of pathogenic microbial strains that gain resistance to antibiotics commonly used

in daily life and medical care. In this study, we developed for the first time a

© Tsinghua University Press broad-spectrum and robust antimicrobial thin film coating based on large-area

and Springer-Verlag Berlin chemical vapor deposition (CVD)-grown graphene-wrapped silver nanowires

Heidelberg 2016 (AgNWs). The antimicrobial graphene/AgNW hybrid coating can be applied on

commercial flexible transparent ethylene vinyl acetate/ polyethylene terephthalate
KEYWORDS (EVA/PET) plastic films by a full roll-to-roll process. The graphene/AgNW hybrid
graphene, coating showed broad-spectrum antimicrobial activity against Gram-negative
silver nanowires, (Escherichia coli) and Gram-positive bacteria (Staphylococcus aureus), and fungi
antimicrobial, (Candida albicans). This effect was attributed to a weaker microbial attachment
chemical vapor to the ultra-smooth graphene film and the sterilization capacity of Ag*, which
deposition (CVD), is sustainably released from the AgNWs and presumably enhanced by the
electrochemical corrosion electrochemical corrosion of AgNWs. Moreover, the robust antimicrobial activity

of the graphene/AgNW coating was reinforced by AgNW encapsulation by
graphene. Furthermore, the antimicrobial efficiency could be enhanced to
~100% by water electrolysis by using the conductive graphene/AgNW coating as
a cathode. We developed a transparent and flexible antimicrobial cover made of
graphene/AgNW/EVA/PET and an antimicrobial denture coated by graphene/
AgNW, to show the potential applications of the antimicrobial materials.

Antimicrobial agents are widely used in daily life to ~ with antimicrobial agents that can kill harmful microbes
treat and prevent many infectious diseases. Coatings ~ on contact are highly recommended for personal
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smartphones and tablets, automated teller machine
(ATM), self-service kiosks used in hospitals, retail
display fixtures, and other public facilities [1-2]. A
variety of antimicrobials that prevent the attachment
and proliferation of pathogenic microorganisms have
been developed [3—4]. However, because microbes
continuously develop resistance against most classes
of antimicrobials, new classes of antimicrobials are
urgently needed [5-7].

Emerging nanomaterials such as silver nanoparticles
[8-11], silver nanowires [12-15], vanadium pentoxide
(V,0Os5) nanowires [16], carbon nanotubes [17-18], and
graphene [19-23] have already shown promising
antimicrobial activity. As a natural antimicrobial
material, silver exhibits broad-spectrum antimicrobial
activity toward many pathogenic bacteria, fungi,
and viruses [24]. In comparison with bulk silver,
nanostructured silver with a high specific surface
area, including colloid silver nanoparticles, showed
significant improvement in antimicrobial activity,
owing to specific effects such as strong adsorption at
the microbial surface and enhanced silver ion (Ag*)
release [24-26]. The release of Ag" driven by its
oxidative dissolution is considered to be the main
mechanism of the antimicrobial activity of silver
[27-28]. Indeed,
containing Ag* are currently used in hospitals as

silver nitrate and sulfadiazine

broad-spectrum antimicrobial agents because of low
toxicity. Nevertheless, Ag* is a cation that easily forms
highly insoluble precipitates, such as Ag,S [29] and
AgCl [30], which result in a significant reduction of
its antimicrobial capacity. Recently, graphene-based
nanomaterials, including graphene oxide (GO) and
reduced graphene oxide (rGO) nanosheets, showed
effective inhibition of the growth of Escherichia coli
through severe graphene insertion [19-21], formation
of pores in the bacterial cell wall [23], or destructive
lipid extraction [22]. In addition, the assembly of GO
or rGO powder with colloid silver nanoparticles was
reported to enhance the overall antibacterial activity,
and even to confer special features such as controlled
durative slow-release of Ag" ions [31-34]. However,
the intrinsic antimicrobial activities of the graphene
film, grown by the chemical vapor deposition (CVD)
method, and its hybrid with silver nanostructures are
still unclear [35-36].
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On the other hand, the hybrid thin film of large-
area monolayer graphene-covered silver nanowires
(AgNWs) is a promising flexible transparent conductive
film [37] for potential applications in displays [38],
electrochromic smart windows [39], touchscreens,
and healthcare-related wearable devices, among others,
where the attachment and proliferation of pathogenic
microorganisms remains a major safety issue. Hence,
functionalizing those films with antimicrobial activity
may significantly enhance the reliability and safety of
the corresponding device’s applications. For example,
a nanostructured hybrid film of GO and AgNW has
been reported as a transparent conductive film with
antibacterial activity [33]. However, the antimicrobial
activity of large-area CVD-grown graphene wrapped
AgNW films, which show better optoelectronic pro-
perties than those of GO and AgNW hybrid films
[33, 39], has never been reported.

Here, we demonstrated for the first time that a thin
coating based on large-area CVD-grown monolayer
graphene-wrapped AgNW networks exhibit efficient
antimicrobial properties. The CVD-graphene/AgNW
hybrid film showed broad spectrum and robust
antimicrobial activity against various microorganisms,
including Gram-negative (E. coli) and Gram-positive
bacteria (Staphylococcus aureus), and fungi (Candida
albicans). Moreover, based on the good electrical
conductivity of the graphene/AgNW hybrid film, the
antimicrobial efficiency could be enhanced to ~100%
by water electrolysis by using the hybrid film as a
transparent electrode.

A scheme of the structure and antimicrobial activity
of the graphene thin film covered by AgNWs is
shown in Fig. 1(a). The AgNW networks were partially
embedded into the plastic substrate and fully encap-
sulated by large-area CVD-grown monolayer graphene
film. The plastic substrate used in this work was a
commercial flexible transparent plastic film made by
ethylene vinyl acetate/polyethylene terephthalate
(EVA/PET) bilayer polymer. Large-area monolayer
graphene film was grown by low-pressure CVD on
copper foil. The detailed fabrication process of
graphene/AgNW hybrid film is described in the
experimental section and illustrated in Fig. S1 in the
Electronic Supplementary Material (ESM). Briefly,
AgNWs were spin-coated onto the EVA/PET plastic

VEN$VIE1R\JSI($YI-|!¥ gAS @ Springer | www.editorialmanager.com/nare/default.asp



Nano Res. 2016, 9(4): 963-973 965

substrate and subsequently hot-laminated with
graphene/Cu to form Cu/graphene/AgNW/EVA/PET
stacked film. The graphene/AgNW/EVA/PET hybrid
film was then obtained by removing the Cu foil with
electrochemical bubbling delamination [39]. The micro-
structure of the hybrid film was first characterized by
optical microscopy (OM) and afterwards by scanning
electron microscopy (SEM), shown in Figs. 1(b) and
1(c), respectively. A network of AgNWs formed by an
overlay of individual nanowires, which was fully
covered by a monolayer graphene film, enabled the
hybrid film to be electrically conductive. Note that the
CVD-grown graphene usually exhibits a polycrystalline
film with several micrometers to a few tens of micro-
meters, and thus contains a high density of grain
boundaries and point defects [40—41], which may open
up avenues for the corrosion of underlying AgNWs
and diffusion of the released Ag*. Moreover, some
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graphene cracks formed during the graphene transfer
process, as indicated by red arrows in Fig. 1(c), also
contribute to the release of Ag*. The corresponding
OM and SEM characterization of EVA/PET, graphene/
EVA/PET, and AgNW/EVA/PET is shown in Fig. 52 in
the ESM.

As obtained, graphene/AgNW/EVA/PET flexible film
showed high transparency in a broad wavelength
range from 320 to 2,000 nm of the UV-vis-NIR spectrum,
depicted in Fig. 1(d). The absorption peak at ~380 nm
was assigned to the AgNWs, which accounts for the
transverse plasmon mode of AgNWs [42]. The inset of
Fig. 1(d) exhibits a roll of flexible graphene/AgNW/
EVA/PET film produced by a full roll-to-roll process
[39], showing its potential in low-cost mass production
of thin films with antimicrobial coating. The remarkable
transparent and flexible nature of the hybrid thin film
enables it to be easily fabricated as an antimicrobial

Figure 1 Structure and characterization of the CVD-grown graphene-wrapped silver nanowire hybrid film. (a) Scheme and mechanism
of the antimicrobial activity of graphene-wrapped silver nanowire film. (b) OM image of the graphene/AgNW/ EVA/PET film. (c) SEM
image of the graphene/AgNW/EVA/PET film, showing that AgNWs form a connected network completely covered by a monolayer of
graphene film. Red arrows indicate cracks in the graphene film. (d) UV-vis-NIR spectrum of the graphene/AgNW/EVA/PET film,
showing high transparency. The inset shows a photograph of a roll of transparent graphene/AgNW/EVA/PET film. (e) Photograph of a

flexible and transparent antimicrobial cover made of the hybrid film.
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mask, as it can be seen in Fig. 1(e).

The antimicrobial activity of the graphene/AgNW/
EVA/PET hybrid film was carefully evaluated. C. albicans
S5C5314 was chosen as a microorganism model since
it is the most prevalent fungal pathogen in humans,
causing a wide range of diseases from superficial mu-
cosal infections to deep-seated systemic invasions. As
shown in Fig. 2(a), the number of colony forming units
(CFU) of C. albicans on EVA/PET film was significantly
higher than that on AgNW/EVA/PET, graphene/EVA/
PET, and graphene/AgNW/EVA/PET films, which was
evidenced by confocal laser scanning microscopy
(CLSM) in Figs. 2(c)-2(f). The graphene/AgNW/EVA/
PET hybrid film exhibited the lowest CFU counts,
indicating that graphene/AgNW surface was effective
at preventing microbial attachment.
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In fact, microbial adhesion to biomaterial surfaces is
the crucial step in biofilm formation and subsequent
biomaterial-associated infections [43]. The control of
microbial adhesion is essential to avoid infections,
which is usually determined by both microbial
characteristics and physicochemical properties of the
material surface. From the material surface point of
view, surface roughness, wettability, and chemistry
influences bacterial adhesion [43]. Generally, rough
surfaces harbor more microbes than smooth surfaces
[44-45], whereas hydrophilic materials are more
resistant to microbial attachment than hydrophobic
materials [46—47]. As a unique two-dimensional atomic
crystal made by a flat monolayer of sp*hybridized
carbon atoms, graphene is chemically inert and ultra-
smooth at the atomic level [48]. In addition, graphene
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Figure 2 Antimicrobial activity of the graphene/AgNW hybrid film against C. albicans. CFU (a) and death rate (b) on EVA/PET,
AgNW/EVA/PET, graphene/EVA/PET, and graphene/AgNW/EVA/PET films. The number of Candida cells shows that graphene
coverage significantly decreases the attachment of microorganisms, whereas the death rate shows that the antimicrobial activity is
mainly originated in the AgNWs. (¢)—(f) CLSM of C. albicans on EVA/PET (c), AgNW/EVA/PET (d), graphene/EVA/PET (e), and
graphene/AgNW/EVA/PET (f). Live cells are stained in green; dead cells are stained in red. (g)—(j) The equivalent SEM images of C.
albicans on EVA/PET (g), AgNW/EVA/PET (h), graphene/EVA/PET (i), and graphene/ AgNW/EVA/PET films (j). Red arrows indicate
the concave structure or collapse of dead cells and yellow arrows indicate AgNWs.

'EN%IEI}SS%I'}EE?S @ Springer | www.editorialmanager.com/nare/default.asp



Nano Res. 2016, 9(4): 963-973 967

was reported to exhibit a moderately hydrophobic
behavior with a contact angle (CA) of about 90°-95°
[49]. Thus, graphene coverage significantly enhanced
the smoothness and reduced the hydrophobicity of
EVA/PET plastic substrate (~106°) to some extent,
as indicated by contact angle measurements shown
in Fig. 54 in the ESM. Both effects lead to a weaker
microbial adhesion on the surface of the graphene-
covered film.

Remarkably, the death rates of C. albicans on
graphene/AgNW/EVA/PET and AgNW/EVA/PET films
were over 4-fold higher than on the EVA/PET film,
whereas graphene/EVA/PET film did not exhibit
antimicrobial efficiency, as shown in Fig. 2(b). SEM
imaging was used to further examine morphological
changes in C. albicans on EVA/PET, AgNW/EVA/PET,
graphene/EVA/PET, and graphene/AgNW/EVA/PET
films shown in Figs. 2(g) and 2(j). The cell membrane
of C. albicans remained intact on EVA/PET and
graphene/EVA/PET films, as it can be observed in
Figs. 2(g)-2(i). However, the membrane collapsed or
was even perforated in the groups containing AgNWs,
as an evidence of the crucial effect of AgNWs for
antimicrobial efficiency evidenced in Fig. 2(h)-2(j).
Thus, we can conclude that AgNWs account for the
antimicrobial activity of the graphene/AgNW hybrid
film, whereas the outer graphene layer played a role
in reducing the attachment of microbes to the surface.

The antimicrobial mechanism of the AGNW/EVA/
PET film can be attributed to the release of Ag* through
the oxidation of Ag® by atmospheric oxygen dissolved
in the water [14, 28]. Compared with the AgNW/
EVA/PET film, the graphene/AgNW/EVA/PET film
with a similar AgNW density exposed less area of silver
to the microbial culture solution but exhibited almost
the same antimicrobial capacity. This phenomenon can
be explained by the electrochemical corrosion of silver.
It has been reported that wet corrosion of a copper
foil covered by graphene can be promoted due to
electrochemical reactions [50]. Actually, since uncovered
AgNWs are in direct contact with conductive graphene,
a (-) Ag/electrolyte/graphene (+) primary battery might
be formed when the graphene/AgNW hybrid film is
placed into the electrolyte. Considering that the
electrode potential of Ag (+0.7996V) is much smaller
than that of graphene (+2.5V) [51-52], AgNWs would

always work as the active anode and graphene as an
inert cathode, which significantly enhance the corrosion
of AgNW releasing Ag'. The release of Ag' was
confirmed by measuring the content of silver element
by Inductively Coupled Plasma-Atomic Emission
Spectrometer (ICP-AES), as shown in the experimental
section. When graphene/AgNW/EVA/PET film was
placed into acid solutions, the electrochemical corrosion
type was hydrogen evolution

Anode (AgNW)
Cathode (graphene)

2Ag —-2e =2Ag" (1)
2H"+2e =H, (2)
Otherwise, oxygen reduction dominated the corrosion
process when the hybrid film contacted with neutral
or basic solutions
Anode (AgNW)
Cathode (graphene)

4Ag —4e =4Ag" 3)
2H,0+0O,+4e =40H- (4)

Afterwards, we evaluated the broad-spectrum anti-
microbial activity of the graphene/AgNW/EVA/PET
hybrid film. Besides the C. albicans evaluation mentioned
above, the antimicrobial activities against the Gram-
negative bacteria E. coli and the Gram-positive S. aureus
were also tested. We found that graphene/AgNW/
EVA/PET film exhibited efficient antimicrobial activity
against both E. coli and S. aureus, as it can be inferred
from Fig. 3. Both types of bacteria remained alive
and intact on the surface of EVA/PET, as evidenced
in Figs. 53(b) and S3(d) in the ESM. In contrast, the
contact with the surface of the graphene/AgNW/
EVA/PET film led to the development of holes in the
cell membranes and subsequent collapse and death of
both E. coli and S. aureus, as observed in Figs. 3(a)-3(b)
and 3(d)-3(e). The antimicrobial efficiency of graphene/
AgNW/EVA/PET film against bacteria is slightly reduced
compared to C. albicans, even though approximately
two times higher than that of EVA/PET plastic substrate
without graphene/AgNW coating, as shown in Figs. 3(c)
and 3(f). This broad spectrum of antimicrobial capacity
makes the graphene/AgNW/EVA/PET hybrid film
highly promising for practical applications [53].

Surprisingly, the monolayer graphene coverage did
not reduce the antimicrobial activity of underlying
AgNWs. On the contrary, the graphene coverage enables
unprecedented advantages for robust antimicrobial
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968 Nano Res. 2016, 9(4): 963-973

activity of AgNWs, which is relevant for practical
applications. As mentioned above, silver nanostructures
are susceptible to many anions by forming extremely
insoluble precipitates such as Ag,S [29] and AgCl [30],
which significantly suppress the release of Ag*. On
the other hand, chemically inert graphene can be
used for corrosion-inhibiting coating for metallic
nanostructures [54]. As shown in Fig. 4(a), the fully
covered graphene/AgNW/EVA/PET can bear the
sulfurization of underlying AgNWs in Na,S solution
with little degradation of antimicrobial activity against
C. albicans. SEM images in Fig. 4(b) clearly show that
AgNWs without graphene coverage were corroded
severely until broken, whereas in Fig. 4(c) is shown
that the shape of nanowires in graphene/AgNW/
EVA/PET film remained intact under the attack of
aqueous Na,S. Moreover, the electrochemical corrosion
of underlying AgNWs also enabled the sustained
release of Ag* from the grain boundaries, and point
defects of CVD-grown graphene film for robust
antimicrobial activity, which greatly expanded the
potential practical applications [55].
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Figure 3 Antibacterial activity of the graphene/AgNW hybrid film against E. coli and S. aureus. (a) and (b) CLSM and SEM images
of a graphene/AgNW/EVA/PET film against Gram-negative bacteria E. coli. (c) Death rate of E. coli from the CLSM image. (d) and (e)
CLSM and SEM image of graphene/AgNW/EVA/PET film against Gram-positive bacteria S. aureus. (f) Death rate of S. aureus from the
CLSM image. In the CLSM images, live cells are stained in green, whereas dead cells are stained in red. Red arrows indicate concave or
collapsed dead cells, whereas yellow arrows indicate AgNWs in the SEM images.

Another significant concern of nanomaterial-based
antimicrobial systems is the toxicity issues for humans
and the environment. Nanomaterials such as colloid
nanoparticles and nanowires can be easily released
into the environment owing to their ultra-small size
and high surface reaction activity [26]. The rising
concentration of silver as an environmental pollutant
also increases the chance of exposure in humans [56].
Usually, owing to their weak adhesive force on the
substrate, pre-coated AgNWs do not adhere and can
be easily removed from the substrate under moderate
friction forces or ultrasonic elution, as shown in
Fig. 4(e). Remarkably, as Fig. 4(d) shows, the coated
graphene/AgNW/EVA/PET film exhibited a constant
antimicrobial activity against C. albicans even after
long-time ultrasonic elution. We believe that the full
encapsulation of AgNWs between graphene and the
EVA supporting layer significantly enhanced the
adhesion of AgNWs to the substrate, which made
it more resistant to repeated ultrasonic elutions,
significantly higher than the uncovered AgNW sample,
as evidenced in Fig. 4(f).
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Figure 4 The robustness of the antimicrobial activity of the graphene/AgNW hybrid film against C. albicans. (a) Contrast of antimicrobial
activity against C. albicans before and after aqueous Na,S (4 wt.%) corrosion for a pure AgNW film and a graphene/AgN'W hybrid film.
(b) SEM image of a AgNW film immersed into Na,S for 30 s, showing that the nanowires were corroded to break. (c) SEM image of
graphene/AgNW film immersed into Na,S for 2 min, showing that nanowires were still intact even after corrosion. (d) Contrast of
antimicrobial activity before and after ultrasonic elution for the AgNW and graphene/AgNW films. (¢) SEM image of AgNW film before
(left) and after (right) ultrasonic elution for 10 min, showing the significant decrease in nanowire density. (f) SEM image of graphene/
AgNW film before (left) and after (right) ultrasonic elution for 20 min, showing unchanged nanowire density.

Apart from the intrinsic antimicrobial activity,
owing to the good electrical conductivity of the
graphene/AgNW/EVA/PET film, as indicated in
Fig. S5 in the ESM, the antimicrobial activity was
expected to be enhanced by applying electrical input.
Here, we demonstrated the increased antimicrobial
activity by water electrolysis. The scheme is shown
in Fig. 5(a). A graphene/AgNW/EVA/PET hybrid film
with sheet resistance of ~20 /] was used as a
cathode, a chemically inert electrode like platinum (Pt)
wire as the cathode, and 1 mL of C. albicans SC5314
culture suspension as the electrolyte. Hydroxyl ions
and hydrogen gas were generated at the surface of
the hybrid film when a small voltage of ~5V was
applied with a current flow of ~3 mA. Note that such
low voltage and small current flow do not harm
human health. The generation of large amounts of
hydroxyl ions allows the neutral microbial suspension
(pH value at 7) to become strongly basic (pH value
at 10), which is an unsuitable environment for
many microorganisms. In order to investigate the
antimicrobial strength of the graphene/AgNW/EVA/

PET hybrid film under water electrolysis, the
microorganisms were washed away from the surface
of the graphene/AgNW/EVA/PET hybrid film with
PBS in a sterilized Petri dish. Through serial 10-fold
dilutions, 200 uL of each microbial suspension was
spread on a Sabouraud Gentamicin Chloramphenicol
(SGC) agar plate and incubated at 37 °C for 24 h.
Surviving CFU count was performed afterwards.
Figures 5(c)-5(e) show the number of fungi colonies
grown on SGC plates as a function of the electrolysis
time.

The photographs of the number of Candida cells
on SGC agar plates clearly reflected the increased
inhibition of microbial growth as a time function of
water electrolysis. The antimicrobial efficiency could
increase to nearly 100% in only 4 min under the
above-mentioned electrolysis condition, as shown
in Fig. 5(b), indicating that electrolysis might be an
alternative way to enhance the antimicrobial activity
through the conducting graphene/AgNW electrode.

Besides the antimicrobial transparent and con-
ductive thin film, graphene/AgNW can be a versatile

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research
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Figure S Enhanced antimicrobial activity against C. albicans by water electrolysis using a graphene/AgNW electrode. (a) Scheme of
the enhanced antimicrobial activity by water electrolysis, where the graphene/AgNW hybrid film was used as the cathode and a Pt wire

as the anode. (b) Death rate versus electrolysis time, showing that antimicrobial efficiency could be greatly enhanced by short-time
electrolysis. (c)—(e) Representative photograph of CFU on SGC agar showing various electrolysis time points, i.e., (¢) 0's, (d) 30 s, and
(e) 4 min. The light color indicates the cell colonies, whereas the darker areas shows agar without colonies. The red arrows show the cell
colonies. (f) OM image of hyphae of C. albicans on the surface of a denture plate without graphene/AgNW coating, inset showing a
photograph of the denture plate. (g) OM image of the surface of a denture plate with graphene/AgNW coating with 4-min electrolysis
time, inset showing a photograph of the denture plate. (h) The photograph of a usable denture coated by graphene/AgNW. The dashed boxes

show the graphene/AgNW coated areas.

antimicrobial coating to various medical devices such
as prosthetics. In this work, a denture coated by
graphene/AgNW was developed. The fabrication
process is shown in the experimental section. The
denture wearers usually suffer from stomatitis, which
is the most common form of chronic oral inflammation
and is mainly caused by the adherence and colonization
by C. albicans [57]. The conductive graphene/AgNW
coating not only enhanced the intrinsic antifungal

TSINGHUA
UNIVERSITY PRESS

ability of the denture, but also provided an efficient
sterilization method by water electrolysis, as mentioned
above. As shown in Fig. 5(f), C. albicans proliferated
and formed hyphae on the surface of a denture plate
without graphene/AgNW coating. Conversely, Fig. 5(g)
shows that there were no fungi remaining on the
surface of the denture plate with graphene/AgNW
coating after only 4-min of electrolysis. In addition, a
usable denture partially coated by graphene/AgNW
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was developed and is shown in Fig. 5(h). Owing to
the remarkable flexibility of graphene and AgNW, the
coating process is compatible to the curved denture
surface, sharing its application to various non-planar
biomedical devices.

In conclusion, we report on the development of
large-area CVD-grown monolayer graphene covered
AgNWs with broad-spectrum and robust antimicrobial
activity. The outer layer of the graphene film greatly
reduced the microbial attachment. The robust
and broad-spectrum antimicrobial activities against
pathogenic Gram-negative (E. coli) and Gram-positive
bacteria (S. aureus), and fungi (C. albicans) were
mainly attributed to the sustained release of Ag* from
underlying AgNWs, which was presumably originated
from the electrochemical corrosion of silver. This
graphene/AgNW coating maintained robust antimic-
robial activity under tough environments due to the
graphene coverage, capable of showing an antibacterial
activity of up to 100% via the electrolysis of water
using the conducting graphene/AgNW electrodes. A
transparent and flexible antimicrobial cover, made of
a graphene/AgNW/EVA/PET film, and an antimicrobial
denture coated by graphene/AgNW were developed.
This antimicrobial thin film coating with remarkable
conductivity, transparency, and flexibility might be
integrated into many functional electronic devices
such as touchscreens and smart wearable healthcare
devices, enabling safe uses and avoiding microbial
threats.
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