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Highly efficient photoactive antimicrobial coatings were obtained using zinc oxide—reduced graphene
oxide nanocomposites (ZnO-rGO). Their remarkable antibacterial activity and high stability demon-
strated their potential use for photoactive biocide surfaces. The ZnO-rGO nanocomposites were pre-
pared by the sol—gel technique to create photocatalytic surfaces by spin-coating. The coatings were
deeply characterised and several tests were performed to assess the antibacterial mechanisms. rGO was
homogeneously distributed as thin sheets decorated with ZnO nanoparticles. The surface roughness and
the hydrophobicity increased with the incorporation of graphene. The ZnO-rGO coatings exhibited high
activity against the Gram-positive bacterium Staphylococcus aureus. The 1 wt% rGO coated surfaces
showed the highest antibacterial effect in only a few minutes of illumination with up to 5-log reduction
in colony forming units, which remained essentially free of bacterial colonization and biofilm formation.
We demonstrated that these coatings impaired the bacterial cells due to cell membrane damage and
intracellular oxidative stress produced by the photogenerated reactive-oxygen species (ROS). The
enhancement of the ZnO photocatalytic performance upon rGO incorporation is due to the increased
detected generation of hydroxyl radicals, attributed to the reduction of electron—hole pair recombina-
tion. This intimate contact between both components also conveyed stability against zinc leaching and
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Introduction

In recent decades, microbial contamination and biofilm formation
have become severe concerns in many fields, ranging from
healthcare to industrial environments, due to the increased
bacterial resistance to antibiotics."™ Consequently, the develop-
ment of alternative bactericidal strategies based on nano-
technology has aroused significant interest." Photocatalytic
antimicrobial coatings involving metal oxide nanoparticles
represent an emerging approach in order to inactivate a wide
variety of microorganisms, and prevent transmission and infec-
tion problems.> Among inorganic semiconductors, ZnO is one
of the most promising photocatalysts owing to its natural
abundance, low cost, non-toxicity, chemical stability, tunable
nanometric architecture, wide band-gap (3.37 eV) and large
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exciton binding energy (60 meV).*” Moreover, ZnO displays
antimicrobial activity against different microorganisms even in the
dark mainly due to the generation of reactive oxygen species (ROS)
and the release of zinc ions.®™° However, the recombination rate of
the photogenerated electron-hole pairs decreases its photocatalytic
performance, thus limiting its practical application."*

Graphene (or reduced graphene oxide), a two-dimensional
layer structure of sp>-hybridized carbon atoms, has emerged as
a new functional material for many technological applications
due to its large surface area, high electrical conductivity, superior
mechanical properties and biocompatibility.’*™* These unique
properties make graphene an excellent electron-transport material
in photocatalysis, suppressing charge carrier recombination.">™®
Graphene oxide (GO) contains a series of reactive oxygen func-
tional groups (including carboxylic acids and hydroxyl groups),
which provide possible sites for interaction with metal or metal
oxide particles.’®?® Therefore, GO can be used as a precursor
material to anchor semiconductor particles, followed by the
subsequent reduction of GO to rGO to obtain composites with
intimate interfacial contact.”'>°

Besides, the deposition technique selected to fabricate the
nanostructured coating can influence the thickness and the
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surface roughness.”” Spin-coating is a simple technique for
obtaining uniform layers on relatively flat surfaces.”® Alternative
techniques such as spray-coating, electrochemical deposition or
electrospray have multiple coupled variables, making process
optimization more complex.”® In the spin-coating process, the
film thickness and morphology can be modulated by depositing
successive layers of coating and selecting the appropriate rota-
tion speed.*®*' Fast operation, cost-effectiveness and good
repeatability are additional advantages of this procedure.*

The aim of this work was to combine the remarkable
electrical and mechanical properties of rGO with the high
antibacterial performance of ZnO nanoparticles to prepare
improved photoactive bactericidal surfaces by a spin-coating
technique using a sol-gel preparation method. The bioactivity
of the ZnO-rGO nanocomposites with different rGO loadings
was assayed against a Gram-positive pathogenic bacterium,
Staphylococcus aureus. The coatings were deeply characterised
and several tests were performed to assess the charge transfer
processes and antibacterial mechanisms. Since good perfor-
mance should also include resistance and reuse after washing
the coating, it is important to evaluate the reusability of the
photocatalytic coatings by assaying the same coatings under
repeated incubation-irradiation cycles.

This complete approach allowed us to identify the active
species and establish the action mechanism of these surfaces
that presented great biocide and stability properties, which
shows their great potential for coating functional surfaces.

Experimental
Fabrication and characterisation of photocatalytic surfaces

Zinc oxide nanoparticles were prepared by sol-gel synthesis
based on an version of the method reported by Spanhel and
Anderson and described in detail in our previous work.**>*
Briefly, 0.14 M zinc acetate dehydrate Zn(CH3;COO),-2H,0 was
dissolved in methanol (CH3;OH), by magnetically stirring for
1 hour at room temperature. Then, 0.14 M tetramethyl-
ammonium hydroxide ((CH3),NOH), 25 wt% in methanol, was
added drop wise. After aging for 48 hours, a stable ZnO
suspension was obtained and used for coating without any
post-conditioning. An appropriate amount of graphene oxide
(GO, Graphenea, Spain) was ultrasonically dispersed in the ZnO
sol and stirred overnight in order to obtain nanocomposites with
0.5, 1.0 and 1.5 wt% GO, relative to ZnO. The resultant suspen-
sions were deposited on glass substrates (1 x 1 cm?> approx.), by
the spin-coating technique (WS-650-23B, Laurell Technologies
Corporation). Prior to the deposition process, the substrates
were sequentially cleaned in an ultrasonic bath with detergent,
distilled water, acetone, ethanol and distilled water, and then
dried at 150 °C for 10 minutes. The spin-coating process was
carried out via dynamic dispensing at 500 rpm for 0.2 seconds
followed by 15 seconds of acceleration and drying steps at 1500
and 3500 rpm, respectively. After spin-coating, the samples
were dried at 150 °C for 10 minutes to evaporate the residual
solvent and the procedure was repeated ten times, achieving a
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mass surface density of 0.11 + 0.05 mg cm™>. Finally, the
coated specimens were calcined in air at 300 °C (to achieve
complete GO deoxygenation) for 1 hour to obtain the ZnO-rGO
nanocomposite films, which were denoted as ZnO-0.5rGO,
Zn0O-1.0rGO and ZnO-1.5rGO, respectively.

The crystal structure of the as-prepared films was charac-
terised by X-ray diffraction (PANalyticalX’Pert Pro) using CuK,
radiation. The diffraction patterns were recorded within Bragg’s
angles ranging from 2° to 90°, with 0.04° step and 50 s per point.
Phase identification and their distribution on the coatings
were addressed by Raman maps of the functionalised surfaces
recorded on a Renishaw Qontor-Raman spectrometer using a
405 nm laser and a 2400 grating. The mapping area on the
optical microscopy images (100x magnification) corresponds to
a grid surface of 40 nm X 55 nm, with 3 nm X and Y step sizes
(285 scans) and a spectral acquisition of one accumulation and
3 s. The morphology of the fabricated films was investigated by
scanning electron microscopy (SEM, Zeiss DSM 950) and trans-
mission electron microscopy (TEM/STEM, JEOL 2100F) at an
accelerating voltage of 25 and 200 kV, respectively. The surface
roughness was measured using a phenom scanning electron
microscope equipped with 3D Roughness Reconstruction soft-
ware (cut-off, A. = 77.88 pum; shortwave profile filter, /5 = 344 nm).
The optical properties of the samples were analysed by UV-vis
diffuse reflectance spectroscopy (DRS) using Agilent Cary 5000
equipment. The photoluminescence (PL) spectra of the photo-
catalytic coatings were recorded by using a LS50B Perking
Elmer luminescence spectrometer at an excitation wavelength
of 350 nm. The wettability of the spin-coated surfaces was
evaluated by measuring the water contact angle (WCA) using
the sessile drop technique (DSA25, Kriiss).

Antimicrobial activity assays and bioanalytical procedures

The antibacterial properties of the ZnO and ZnO-rGO photo-
catalytic surfaces were evaluated using a biofilm-forming Gram-
positive bacterium Staphylococcus aureus (CECT 240) by using
the aerosol spraying exposure methodology. The microorgan-
ism growth was conducted using nutrient broth (NB, 5 g L™"
beef extract, 10 ¢ L' peptone, 5 ¢ L™ NaCl, pH 7.0 + 0.2)
at 37 °C under agitation. 7 pL cm > of a suspension of
10° cell mL~" were sprayed with a nebulizer on functionalised
and non-functionalised glass substrates in a sealed poly-
propylene chamber.?* Specimens were incubated for 20 hours
in the dark at 37 °C and at a relative humidity above 96%, which
was achieved using a hygrostatic K,SO, solution following the
recommendation OIML R 121.%

The bacteria-colonized samples were irradiated with a
365 nm UV light source (LED BLS 13000-1, Mightex). The lamp
was adjusted to simulate Winter-Fall, L(+), and Summer-Spring,
L(++), daylight exposure conditions. The NASA Surface Meteorology
and Solar Energy Database (https://power.larc.nasa.gov/) indicated
that the average daily incident insolation was 6.1 and 2.7 kW h m >
in Summer-Spring and Winter-Fall, respectively, for the latitude
of Madrid. The irradiation time was regulated to irradiate with
one third of the reported values as a conservative assumption,
meaning 2.0 kW h m~? for Summer-Spring and 1.0 kW h m>
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for Winter-Fall, that is 6 and 3 minutes, respectively. The fact
that only 5.2% and 5.7% of Summer-Spring and Winter-Fall
irradiation correspond to UV irradiation was also considered.

The number of viable cells adhering to the surfaces was
determined by plate counting according to the standard ISO
22196. Briefly, the specimens were transferred to 24-well plates
first containing PBS (phosphate buffered saline) for 15 minutes
to remove non-adhered bacteria and subsequently SCDLP broth
(Soybean casein digest broth with lecithin and polyoxyethylene
sorbitan monooleate) for 30 minutes to recover those attached
to the surface. 10 pL spots of 10-fold serial dilutions of SCDLP
in PBS were placed on agar plates (2.5 g L' yeast extract,
5 g L' tryptone, 1 g L™" glucose, 15 g L™ agar powder) and
incubated at 37 °C for 24 hours. The number of colony forming
units (CFUs) provided considers at least three replicates of at
least two serial dilutions.

The cell viability as a function of the membrane integrity
was assessed using a live/dead Baclight Bacterial Viability Kit
(Fisher Scientific). 10 pL per sample of an appropriate mixture
of green-fluorescent SYTO 9 and red-fluorescent propidium
iodide (PI) stain in DMSO (according to the manufacturer’s
recommendations) were used followed by 15 minutes of incu-
bation in the dark at room temperature. SYTO 9 labels all
bacteria, whereas PI penetrates only cells with disrupted mem-
branes. The excitation/emission wavelengths were 488/500-575
and 561/570-620 nm for green and red fluorescence, respec-
tively. FilmTracer SYPRO Ruby (Fisher Scientific) was used to
visualize the biofilm matrix. Briefly, 200 pL of FilmTracer stain
were added to each specimen followed by 30 minutes of
incubation in the dark at room temperature. The biofilm was
observed using confocal microscopy (Leica TCS-SP5) excitation
at 450 and emission at 610 nm.

The generation of hydroxyl radicals (HO®) under UV light
irradiation at the photocatalytic coating surface was investigated
using terephthalic acid (TA) as a probe molecule.***” Non-
fluorescent TA reacts with HO® to produce a highly fluorescent
product, 2-hydroxyterephthalic acid (HTA), and therefore
the fluorescent intensity is proportional to the HO®* amount
produced during the photocatalytic process. The coatings were
immersed in 2.5 mL ecm 2 solution of 0.5 mM terephthalic acid
and 2 mM NaOH. After 30 minutes in the dark, to reach the
adsorption-desorption equilibrium, the coatings were illumi-
nated with UV light for in situ HO® generation. Then, the
fluorescence intensity generated by HTA was measured using
200 pL of solution in contact with the functionalised and non-
functionalised surfaces in black 96-well plates and excitation and
emission wavelengths of 360 and 460 nm were used, respectively.

Intracellular oxidative stress was assessed using dichloro-
fluorescein (DCF) as an indicator. 2’,7’-Dichlorodihydro-
fluorescein diacetate (H,DCFDA) easily penetrates the bacterial
cell membrane. After entry into the cytoplasm, H,DCFDA is
intracellularly hydrolyzed to form the dichlorodihydrofluores-
cein carboxylate anion, which is oxidized by hydrogen peroxide
and other ROS to the fluorescent DCF.?***° To perform the test,
coated and uncoated surfaces were colonized with bacteria
following the same procedure as explained above. After incubation
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and UV irradiation, 50 pL of 10 mM H,DCFDA in DMSO were
added to the surfaces placed on a flat black plate. The plate was
incubated at 25 °C for 1 hour and the surface fluorescence was
measured with a fluorometer (Fluoroskan Ascent FL, Thermo
Scientific) with excitation and emission wavelengths of 485 and
538 nm, respectively.

To assess the stability and possible release of Zn>* ions from
the ZnO and ZnO-rGO functionalised surfaces, the coated
substrates were submerged in water (2.5 mL cm > ultrapure
water at 37 °C, pH 7.2) and the zinc concentration in the
medium was analysed over time by total reflection X-ray
fluorescence spectroscopy (TXRF S2 PicoFox, Bruker).

The reusability of the ZnO and ZnO-rGO functionalised
surfaces was investigated by performing four consecutive
cycles of bacterial exposure and UV irradiation on the same
specimens. The tested samples were washed with PBS for
15 minutes and dried at 50 °C overnight after each run. In
addition, both bacteria colonizing the surfaces and the film
integrity were visualized by scanning electron microscopy
(SEM, Zeiss DSM 950). The samples were prepared for observa-
tion by a fixation process with glutaraldehyde 5% (v/v) in 0.2 M
sodium cacodylate buffer at pH 7.2. After fixing for 1 hour, the
samples were washed in cacodylate buffer and dehydrated with
ethanol and acetone.

Statistical analysis

Statgraphics Centurion XVII software was used to perform a
one- or two-way analysis of variance (ANOVA). Mean compar-
ison was performed using Tukey’s test (p < 0.05), while
Grubbs’ test was used to find the outliers following ASTM
standard E178-00. In what follows, the results are presented
as the average plus/minus standard deviation.

Results and discussion

The X-ray diffraction patterns of the ZnO, rGO and ZnO-rGO
functionalised surfaces are presented in Fig. 1. All the ZnO-rGO
composite films exhibited similar diffraction patterns to the
mono-component ZnO coating and corresponded to the hexa-
gonal wiirtzite structure of zinc oxide (ICSD files 01-079-0206).
The diffraction peaks at 31.8°, 34.4°, 36.3°, 47.5°, 56.6°, 62.9°
and 68.0° can be indexed to the (100), (002), (101), (102), (110),
(103) and (112) planes, respectively. rGO typically displays two
diffraction peaks at 26° and 44.5° corresponding to the (002)
and (100) stacked planes, respectively.’® However, these peaks
were not detected in the rGO and ZnO-rGO films, which might
be due to the low rGO content and its relatively low diffraction
intensity compared to ZnO in these composites."*'** On the
other hand, the absence of these peaks could also indicate
disorder and a high exfoliation degree of the rGO sheets (the
absence of nanosheet stacking).**

Raman maps of the functionalised surfaces were acquired
in order to further characterise the structure of the different
phases in the composites. First, representative areas were selected
by optical microscopy. Fig. 2a-c presents optical images of the

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 X-ray diffraction patterns of ZnO @, ZnO-0.5rGO
M. ZnO-1.5rGO M. and rGO M. functionalised surfaces.
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ZnO, rGO and ZnO-1.0rGO coatings (the remaining films are
shown in the ESL T Fig. S1). It is clear that the increase in the
rGO content led to an increase in the surface roughness of the
nanocomposite films. Raman spectra of the ZnO-1.0rGO film
were recorded by scanning the marked area. Fig. 2e and g show
two of those Raman spectra from the selected zones, where ZnO
and rGO were predominant, respectively. In Fig. 2e, the band at
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473 em ! corresponded to the E2 high frequency mode of the
ZnO wiirtzite structure from the Cg, (P63mc) space group.*”™’
The contribution at 578 cm ' is characteristic of structural
defects in ZnO and was assigned to the E; (LO) mode. The
small shoulder around 380 cm™ ' and a small contribution at
410 cm™! were attributed to the A; (TO) and E; (TO) mode
frequencies, respectively.*> The bands observed around 380
and 1145 cm ™' were due to multiple scattering processes.
Fig. 2g shows the characteristic D and G bands of the rGO
phase in the nanocomposite at 1375 and 1604 cm ™', respec-
tively. The relative intensity of these graphene-associated
bands, the Ip/lg ratio, varies from the initial precursor (GO,
Fig. S2, ESIt) to the final composite, proving the achievement of
GO reduction (rGO) during coating.*®™>°

Subsequent analysis by selecting the characteristic bands of
each of the components (473 and 1375 cm™* for ZnO and rGO,
respectively) allowed us to obtain the distribution maps on
the surface (Fig. 2d and f for ZnO and rGO, respectively. The
remaining films are shown in Fig. S3, ESIt). Both components
were uniformly dispersed over the entire surface, although
areas richer in one or the other component were appreciable.
The rGO sheets seemed to be stacked onto the ZnO aggregates,
displaying a greater proportion on the surface as the content in
this component increased (Fig. S3, ESIt).

SEM and TEM experiments were conducted to investigate
the morphology of the different phases in the ZnO and ZnO-
rGO functionalised surfaces. Fig. 3a shows that in the absence

1604 cm1 2000

g

1375cm?

500 1000 1500 2000
Raman shift /cm?

Fig. 2 Optical microscopy images (100x magnification) of the ZnO (a), rGO (b) and ZnO-1.0rGO (c) functionalised surfaces. Intensity colour maps of
the Raman bands at 473 cm™ (d) and 1375 cm™ (f). Raman spectra corresponding to the points 1 () and 2 (g) of the c image. The black square in the ¢

image indicates the Raman mapping area.
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Fig. 3 SEM (a and f), TEM (b, ¢, g and h), 3D roughness reconstruction
(d and i) and roughness profiles (e and j) of the ZnO and ZnO-1.0rGO
photocatalytic surfaces.

of rGO, uniform ZnO films with 100-300 nm diameter aggre-
gates were obtained. As shown in the SEM images of the
composites (Fig. 3f and Fig. S4, ESIf), apart from the ZnO
aggregates, larger islands scattered on the surface were observed
and their proportion increased with the rGO content, conferring
a greater surface roughness as it was already observed in the
Raman images described above. These entities would corre-
spond to the rGO sheets on the surface. The intimate interfacial
contact between ZnO and rGO was further evidenced by TEM
analysis, as presented in Fig. 3g and h. The TEM images of
ZnO-rGO confirmed the formation of bi-dimensional rGO sheets
without agglomeration. The preparation of composites is a way
to avoid restacking of the GO sheets. These rGO sheets were
decorated with ZnO nanoparticles with an average size of
~10 nm (see the particle size distribution in Fig. S5, ESIT). No
differences in size were observed between ZnO nanoparticles
prepared in the absence or the presence of rGO.

The surface topography of the ZnO and ZnO-1.0rGO photo-
catalytic films was characterised with 3D roughness reconstruc-
tion (Fig. 3d and i). Fig. 3e and j display a roughness profile of
each of the investigated surfaces. The S, (arithmetical mean
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height of the surface, ISO 25178) values were 93 and 159 nm for
the ZnO and ZnO-1.0rGO functionalised surfaces, respectively.
Interestingly, the ZnO film presented a comparatively flat
surface with slightly high deviations, which corresponded to
an R, arithmetic mean deviation of the roughness profile, ISO
4287, of 93 nm. In contrast, the surface of the ZnO-1.0rGO
nanocomposite film exhibited an R, of 180 nm due to large
agglomerations and cavities. The R, (the maximum height of
the roughness profile, ISO 4287) values were 342 and 521 nm
for the ZnO and ZnO-1.0rGO photocatalytic coatings, respec-
tively, which might correspond to the film thickness since gaps
between aggregates were occasionally exhibited.

The optical properties of the ZnO and ZnO-rGO coatings
were characterised by using UV-vis diffuse reflectance spectro-
scopy, as shown in Fig. 4a. All the photocatalysts exhibited ZnO
characteristic absorption in the UV region of the spectra, which
is due to the promotion of electrons from the valence band to
the conduction band. The Kubelka-Munk function was used to
determine the band-gap, considering ZnO as a direct band-gap
semiconductor.>*? The direct band-gap energies were estimated to
be 3.33, 3.31, 3.31 and 3.30 eV for ZnO, ZnO-0.5rGO, ZnO-1.0rGO
and ZnO-1.5rGO, respectively. The presence of rGO does not
modify the band-gap energies of the semiconductor as all the
materials presented similar values to those of the bare ZnO.

Photoluminescence (PL) spectra (Fig. 4b) were analysed
to investigate the recombination rate of the photo-generated
electrons and holes in the photocatalytic coatings.”® Both the
ZnO and the ZnO-rGO photocatalytic surfaces showed a broad
band of blue-green emission in the range of 400-580 nm. This
emission originated from the recombination of the photo-
generated holes with electrons trapped at oxygen vacancies in
Zn0.>**> The PL intensity of the ZnO-rGO coatings signifi-
cantly decreased with the increasing rGO content compared to
that of the pristine ZnO, suggesting that the presence of rGO in
the composites diminished the recombination of electron-hole
pairs, prolonging their lifetimes.>*">® The conduction band and
the valence band of ZnO are —4.05 and —7.25 eV (vs. vacuum),
respectively,®>®® and the work function of rGO is —4.42 eV.%"%?
On the basis of this band diagram, the photogenerated electrons
at ZnO can be transferred from the conduction band to the rGO
sheets, hindering the recombination of electron-hole pairs and
thus enhancing the photocatalytic activity.®*®* This process
seemed to be optimum for ZnO-1.0rGO. Higher content did
not lead to a significant difference. It might be possible that
excess rGO could also provide other recombination centres.®**

The wettability of the ZnO, ZnO-rGO and rGO functionalised
surfaces before and after UV exposure simulating Winter-Fall,
L(+), and Summer-Spring, L(++), irradiation was characterised
by WCA measurements (Table 1). The WCA on bare glass
substrates was 65.0 £+ 0.4°, which did not change upon UV
irradiation. The ZnO photocatalytic films were hydrophilic,
showing a WCA value of 49.4 + 2.8°. The ZnO-rGO film
wettability decreased along with the rGO concentration due to
the rGO hydrophobic nature, showing WCA values of 59.9 +
2.1°, 69.8 £ 1.8° and 95.5 + 1.7° for Zn0O-0.5rGO, ZnO-1.0rGO
and ZnO-1.5rGO, respectively. However, the rGO functionalised

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 UV-vis diffuse reflectance (a) and photoluminescence (PL) spectra at an excitation wavelength of 350 nm (b) for ZnO [, ZnO-0.5rGO

1.0rGO M and ZnO-1.5rGO M photocatalytic surfaces.

Table 1 WCA (°) measurements for non-functionalised (bare glass) and
ZnO, ZnO-rGO and rGO functionalised surfaces

Winter Summer
No irradiation L(—) irradiation L(+) irradiation L(++)
Bare glass 65.0 = 0.4 65.5 = 2.8 64.2 £ 1.2
ZnO 49.4 + 2.8 21.4 £ 3.3 12.6 £ 2.9
Zn0-0.5rGO 59.9 + 2.1 45.0 = 3.1 23.7 £1.5
Zn0O-1.0rGO 69.8 + 1.8 51.4 £ 3.2 33.5 £ 3.0
ZnO-1.5rGO 95.5 £ 1.7 64.7 £ 2.5 42.7 £ 3.8
rGO 32.8 £2.7 29.7 £ 1.9 28.8 £ 3.0

surfaces were hydrophilic with a WCA value of 32.8 £+ 2.7° and
they barely changed after UV irradiation. The hydrophilicity of
the GO sheets can be modified using different strategies such
as targeted surface functionalization, structural doping, etc.
The interaction between both components in the composite
during the synthesis can lead to certain modifications, in such
a way that the properties of the final products differ from those
of the isolated compounds. Both the ZnO and ZnO-rGO nano-
composite films exhibited photoinduced hydrophilicity under
UV irradiation, increasing their wettability significantly upon
L(+) daylight (p < 0.05) and becoming even more hydrophilic
after L(++) irradiation (p < 0.05). Under UV irradiation, the
photogenerated electron-hole pairs react with Zn-O lattice
bonds, forming Zn" defective sites and oxygen vacancies, which
cause water dissociative adsorption.®® %8

The antimicrobial activity of the ZnO, rGO and ZnO-rGO
functionalised surfaces was assayed by means of S. aureus
aerosol exposure and quantifying CFU reduction (Fig. 5 and
Table S1, ESIt). Both the ZnO and ZnO-rGO photocatalytic
films exhibited >99% (> 2-log) reduction in CFUs compared to
the bare glass controls even in the absence of irradiation. Upon
Winter-Fall irradiation, a significantly higher inhibition of
bacterial growth was observed for all the photocatalytic surfaces
tested (p < 0.05). When Summer-Spring irradiation was
used, notable differences were observed between the ZnO and

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 Colony-forming units of S. aureus measured from the surface after
bacteria-containing aerosol spraying on non-functionalised control, and
ZnO, ZnO-rGO and rGO functionalised surfaces in the absence of
irradiation [L(—), @] and upon Winter—Fall [L(+), I] and Summer-Spring
[L(++), M irradiation.

ZnO-rGO photocatalytic coatings. In this case, the optimal
loading amount of rGO on the ZnO-rGO nanocomposite film
was 1 wt%, which was essentially free of viable bacteria,
achieving up to ~ 5-log reduction. It is worth noting that such
a high degree of disinfection was achieved within just a few
minutes of illumination. On the other hand, rGO exhibited
practically no bactericidal effect (Fig. 5 and Table S1, ESIt).

The live/dead and FilmTracer SYPRO Ruby biofilm matrix
stain images of S. aureus on the ZnO-rGO photocatalytic
surfaces were obtained in order to further investigate the
influence of the rGO amount in the nanocomposite (Fig. 6
and Fig. S6, S7 in ESIY).

Live/dead staining revealed that the presence of the photo-
catalytic material remarkably decreased the number of viable
green-stained cells compared to the non-functionalised or
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rGO-functionalised surfaces. As the ZnO-rGO surfaces were
irradiated and the UV exposure time was increased, more
bacteria became yellowish or red-marked. Red fluorescence
indicates membrane-damaged and non-viable bacteria, high-
lighting the biocide action of the photocatalysts. The increment
of the rGO content from 0.5 to 1 wt% in the ZnO-rGO film
caused a decrease in the cell viability, which then increased in
the nanocomposite with 1.5 wt% rGO. FilmTracer SYPRO Ruby
stain red-marks the protein matrix of extracellular polymeric
substances (EPS) that embed the aggregates of bacterial cells
forming a biofilm. Therefore, this test allows biofilm visualiza-
tion. EPS enable bacteria to colonize the surfaces, providing
them with a physical barrier and protection against environ-
mental stress factors.®®’® For bare surfaces, without coating
(control), all the polymeric matrixes clearly appear marked in
red by the stain both in the dark and under illuminated
conditions (Fig. 6). Therefore, in the absence of the photo-
catalytic material, clear biofilm formation was detected. However,
it was dramatically reduced on the ZnO-rGO coated surfaces,
which resulted in the irradiated specimens being essentially
free of the polymeric matrix, proving that the coatings present
antibiofouling activity disrupting biofilm formation.

The formation of reactive oxygen species such as 0**~, HO®
and H,0, is usually considered one of the main antibacterial
mechanisms for ZnO and graphene-related materials.”"”> There-
fore, HTA (2-hydroxyterephthalic acid) fluorescence measure-
ments were carried out to estimate the amount of HO® radicals
produced during the photocatalytic process on the functiona-
lised surfaces and correlate this with their biocide response.”®™®

Live/Dead |
L(-) L(++) | L(-)

Control

Zn0-0.5rGO

Zn0-1.0rGO

Zn0-1.5rGO

25 pm 25 pm

Fig. 6 Live/dead and FilmTracer SYPRO Ruby Biofilm Matrix Stain of
S. aureus on non-functionalised (control) and ZnO-rGO functionalised
surfaces in the absence of irradiation, L(—), and upon Summer—Spring

irradiation, L(++).

25 pm

25yl
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Fig. 7 shows the HTA fluorescence intensity in the aqueous
basic solution of TA. A significant increase in the relative
fluorescence units (RFU) was observed with the increase of
the UV irradiation time (p < 0.05), supporting HO® radical
generation at the photocatalyst-water interface. The addition of
rGO favoured greater production of radicals up to a certain
concentration; rGO content higher than 1 wt% no longer led to
an improvement in the formation of these species. Therefore,
HO* formation on the ZnO-rGO photocatalytic films showed
the same trend as that of the antimicrobial activity tests,
resulting in the nanocomposite with 1 wt% rGO exhibiting
both the highest HTA fluorescence intensity upon L(++) irradia-
tion (p < 0.05) and the highest bactericidal effect.

The results suggest that the addition of an appropriate
amount of rGO considerably enhanced the antimicrobial activity
of ZnO. Among the ZnO-rGO coatings, 1 wt% rGO nanocompo-
sites achieved the optimal synergistic interaction between ZnO
and rGO. The improvement of the photocatalytic performance
could be ascribed to the intimate interfacial contact and
enhanced electronic interaction between ZnO nanoparticles
and rGO sheets in the composite.®® The photogenerated elec-
trons in ZnO under UV irradiation can be accepted and trans-
ported by rGO due to its two-dimensional m-conjugation
structure and superior electrical conductivity.'**”**”” Therefore,
rGO draws electrons from ZnO and the charge carrier separation
decreases the recombination of the photogenerated electron-
hole pairs, which was confirmed from the PL measurements.
This allows the holes in ZnO and the electrons captured by rGO
to be involved in the reaction with adsorbed water (or surface
hydroxyl) and oxygen to form hydroxyl and superoxide radicals,
respectively.'! In this way, the photocatalytic activity and thus
the antimicrobial performance of the ZnO-rGO nanocomposite
film were improved compared to those of the pristine ZnO. The
decreased activity at 1.5 wt% rGO loaded ZnO may be due to the
fact that excess rGO increases the absorbance and scattering of

12
1 F
10 |
9 -
8 |
7t s
26l I
o
| I
4
3 [ =
9 |
1 . - -
0
Control ZnO ZnO- ZnO- ZnO- GO
0.5rGO 1.0rGO 1.5rGO

Fig. 7 Relative fluorescence units (RFUs) of HTA due to HO® production
in the liquid in contact with non-functionalised (control) and ZnO,
ZnO-rGO and rGO functionalised surfaces in the absence of irradiation
[L(-), M, and upon Winter—Fall [L(+), ] and Summer—Spring [L(++), ]
irradiation.
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photons and can form recombination centres.'”***”% GO and
rGO can exert a bactericidal effect upon physical damage of the
cell membrane by sharp graphene nanosheets.”**® In this work,
the functionalised surfaces with only an rGO component did not
exhibit antimicrobial activity probably because the rGO sheets
could be more agglomerated in the absence of ZnO or present
rounded edges (Fig. S4, ESIt). The ZnO and ZnO-rGO films
exhibited some antimicrobial activity compared with the bare
glass substrates or the rGO-functionalised surfaces even in the
dark. The main antibacterial mechanism of ZnO in the dark has
been ascribed to the leaching of Zn>" ions, which are interna-
lized by the cell damaging different cellular components.”8* %
In order to evaluate the possible existence of this mechanism in
our systems, the concentration of Zn** released from the ZnO
and ZnO-1.0rGO photocatalytic coatings into Milli-Q water at
37 °C was measured (Fig. S8, ESIt). The Zn>" concentration
remained approximately constant after 10 hours, reaching a
value of 6 ug cm 2 or 2.5 mg L™". This value was well below
its solubility limit,** confirming the high stability achieved by
our films in an aqueous medium. The presence of Zn>" ions,
although low, could contribute to the activity observed in the
dark compared to the control. On the other hand, the higher
hydrophobicity conferred by rGO could also inhibit bacterial
adhesion to these photocatalytic surfaces, thus hindering their
colonization.

Both photogenerated ROS and bioavailable dissolved zinc
have been shown to penetrate cells and damage cellular com-
ponents through oxidative stress.?*®*® Here, intracellular oxida-
tive stress was assessed using DCF as an indicator (see the
experimental part). Fig. 8 shows the DCF fluorescence intensity
on 1.065 x 1.065 cm® non-functionalised surfaces and ZnO and
ZnO-1.0rGO functionalised surfaces. The higher fluorescence
intensity of the ZnO-1.0rGO photocatalytic films compared to
that of the ZnO ones indicates that the presence of rGO sheets
in the composite increases the intracellular oxidative stress
markedly. In addition, the difference increased considerably

RFU
<0.060
0.060-0.070
0.070-0.080
0.080-0.090
0.090-0.100
0.100-0.125
0.125-0.150
0.150-0.175
0.175-0.200
0.200-0.250
0.250-0.300
0.300-0.400
0.400-0.500
0.500-0.750
0.750-1.000
>1

Zn0O-1.0rGO

Fig. 8 Relative fluorescence units (RFUs) of intracellular DCF due to ROS
production on non-functionalised surfaces (control), ZnO and ZnO-
1.0rGO functionalised surfaces (1.065 x 1.065 cm?, with 1.775 mm step
size) in the absence of irradiation, L(—), and upon Winter—Fall, L(+), and
Summer-Spring, L(++), irradiation.
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when the UV exposure time increased (from 3 to 6 minutes).
This result is consistent with those observed during the experi-
ments of CFU and HO® quantification. Therefore, taking into
account the stability against Zn leaching, the results indicate
that the ZnO-rGO functionalised coating impaired the bacterial
cells due to cell membrane damage and a high degree
of intracellular oxidative stress was produced by the photo-
generated reactive oxygen species that were promoted by the
presence of rGO.

The reusability and stability of the photocatalytic films were
investigated by performing cyclic experiments of the ZnO and
ZnO-1.0rGO functionalised surfaces (Fig. 9). With the increase
of the recycle number, ZnO exhibited a clear decrease in the
antimicrobial activity even under UV irradiation (Fig. 9b). After
three cycles, the differences between the ZnO-functionalised
surfaces and the controls were not significant (p > 0.05 for
growth inhibition). In contrast, the antimicrobial performance
of the ZnO-1.0rGO nanocomposite film almost remained

(a) [Control]

log:o(CFU cm-2)
O =2 N W Hh OO O N ©

1 pm

(b) [Zn0]

logso(CFU cm-2)
O = N W » OO N

1 pm

(c) [Zn0O-1.0rGO]

logo(CFU cm™2)
O = N W »h OO O N ©

1 pm

Fig. 9 Colony-forming units (CFUs) and SEM images [L(++),] of S. aureus
on non-functionalised surfaces (a) and ZnO (b) and ZnO-1.0rGO
(c) functionalised surfaces in the absence of irradiation [L(—), I and
upon Winter—Fall [L(+), 1] and Summer—Spring [L(++), W] irradiation for
four consecutive cycles.
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constant along the four cycles under both irradiation conditions,
winter—fall and summer-spring (Fig. 9c). The activity decrease
observed in the dark after the fourth cycle could be due to the
increased surface roughness visualized in the SEM images
(Fig. 9c, 1-4); the modification of the textural properties could
favour a higher colonization of the surface but the high photo-
activity of the material retained the bactericidal action on lighting.

As displayed in the SEM images of the non-functionalised
surfaces, numerous unaltered bacterial cells with a round shaped
morphology and a smooth surface were observed, reflecting easy
bacterial colonization in the absence of coating. However, on the
ZnO and ZnO-1.0rGO photocatalytic coatings the number of
S. aureus cells noticeably decreased and clear bacterial shape
alterations were visible. But along the cycles, differences were
observed between the two types of coatings. ZnO-functionalised
surfaces underwent extreme mass loss with the increase in cycles.
In contrast, the morphology of the ZnO-1.0rGO film remained
nearly the same even after reusing four times. Only some cracks
were observed (Fig. S9, ESIT). All these data point to a protective
role played by rGO, which would act as a shield preventing ZnO
dissolution and then mass loss which consequently leads to a
decrease in the bacterial efficiency.

These results demonstrate that the combination of ZnO
nanoparticles with rGO sheets not only decreased the electron-
hole pair recombination and enhanced the antimicrobial
performance, but also significantly improved the lifetime of
photocatalytic coatings. These data also reveal the importance
of carrying out durability tests, since good performance must
also include resistance and reuse after coating washing. There-
fore, these ZnO-rGO nanocomposite films may represent a
promising approach to reduce microbial growth on surfaces
with different application fields.

Conclusions

ZnO-rGO nanocomposite films with different weight ratios
of rGO were synthesized by a sol-gel spin-coating technique.
ZnO-functionalised surfaces were formed by aggregates of
100 to 300 nm consisting of 10-15 nm nanoparticles of ZnO
with a wiirtzite structure, with ~0.11 £ 0.05 mg cm > of mass
loading. The formation of thin rGO sheets decorated with ZnO
nanoparticles (~15 nm) was confirmed by TEM analysis. The
fabricated coatings exhibited less wettability along with the
rGO concentration.

ZnO-rGO exhibited a strong antibacterial effect against the
growth of a Gram-positive bacterium S. aureus. 1 wt% rGO
nanocomposite coatings showed the highest antimicrobial
activity, with up to ~5-log reduction in the bacterial colony
forming units just by exposing to daylight for 6 minutes (under
365 nm irradiation simulating Summer-Spring conditions).
The enhancement of the bactericidal performance upon rGO
addition was due to the effective reduction of photogenerated
electron-hole pair recombination and is correlated with
higher generation of HO® radicals. Cell membrane damage
and intracellular oxidative stress were attributed mainly to
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the photogenerated ROS. The ZnO-rGO composites displayed
lower Zn*" leaching and considerably increased ROS generation
compared to ZnO films alone. Moreover, the ZnO-rGO coated
surfaces inhibited biofilm formation, as revealed by FilmTracer
SYPRO Ruby staining.

Reusability tests showed that the lifetime of the ZnO-
functionalised surfaces was significantly enhanced with the
incorporation of rGO, which was attributed to the intimate
interfacial interaction between ZnO nanoparticles and rGO
sheets in the composite which stabilizes ZnO, preventing ZnO
mass loss.

The great antibacterial activity and the recyclability demon-
strated the potential use of ZnO-rGO photocatalytic coatings
for surface antimicrobial functionalisation in a wide range of
applications.
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