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Abstract

Photoactive coatings of sol-gel ZnO suspensions were electrosprayed on glass substrates to produce self-cleaning
antimicrobial functionalized surfaces. ZnO-functionalized materials exhibited a uniform external surface consisting of
a pattern of microspheres with diameters in the 100300 nm range. Electrospray allowed surface densities up to

0.30 mg cm 2 that displayed considerable hydrophilicity. Water contact angle decreased with UV irradiation to values
below 10°. Two different UV doses were tested by adjusting the irradiation time to simulate Summer-Spring and
Winter-Fall conditions. The functionalized coatings showed excellent photocatalytic properties towards the
photodegradation of Methylene blue. The electrosprayed surfaces also displayed antibacterial activity against
Staphylococcus aureus, with >99.5% reduction in the number of culturable cells. The biocidal activity is attributed to
the photogenerated reactive oxygen species on the surface of ZnO coatings and the bioavailable zinc ions produced
from ZnO dissolution. The photoactive coatings kept surfaces free from bacterial colonization and biofilm formation.
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1. Introduction

In the last decades, increased resistance to
conventional antibiotics has led to important research in
the development of alternative strategies for preventing
pathogen dissemination. Antimicrobial surfaces
containing a biocidal agent inhibit or reduce microbial
growth capacity on the surface of materials [1]. In
addition to this microbial proliferation inhibition,
antimicrobial coatings may also confer additional
properties, such as greater surface uniformity, higher
physical-chemical resistance, as well as self-cleaning
properties, with the great advantage of reducing
cleaning hours and costs [2]. Several semiconductor
oxides exhibit antimicrobial activity due to light-
catalyzed chemical reactions that don’t involve the
release of any harmful compounds. Photocatalytic
antimicrobial coatings containing metal

oxide nanoparticles have shown great potential for
inactivating a wide range of microorganisms and
organic pollutants for a variety of applications ranging
from building materials to textile applications [3-5].

Among photocatalytic materials, ZnO attracts
considerable technological interest due to its large
variety of forms including complex hierarchical
micro/nanoarchitectures with enhanced chemical and
photoelectronic properties [6,7]. ZnO is characterized
by a direct wide band-gap similar

to anatase TiO; (3.4 eV), appropriate location of
conduction and valence bands, high oxidation capacity,
low cost, abundance and a large exciton binding
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energy at room temperature (60 meV) [8]. The
remarkable antimicrobial activity of ZnO can be
attributed to: (i) formation of reactive oxygen

species (ROS) [9-13], (ii) release of zinc ions [14-17],
(iii) electrostatic interactions resulting in cell membrane
damage [18-20], and (iv) nanoparticle internalization
[13,18,21]. The relative importance of these
mechanisms depends on the medium and

the physicochemical properties of zinc oxide
nanoparticles [17].

Electrospray is a low-cost scalable technique to
transform fine and monodisperse droplets into solid
particles that can create thin uniform coatings [22].
Electrostatic deposition methods are advantageous over
conventional techniques, since they allow preparing
nanostructured coatings on multiple substrates with
precise control of the deposited material amount
[23,24]. By applying a high voltage, positively charged
drops are generated from the tip of a liquid jet and
driven towards a grounded collector. As solvent
evaporates, charge density approaches Rayleigh limit
and electrostatic repulsion overcomes surface tension so
that the primary droplets undergo Coulomb fission into
smaller droplets [25]. The solid particles become
deposited on the grounded collector eventually forming
tightly packed layers [26].

In this work, we studied the self-cleaning and
antimicrobial activity of photoactive coatings prepared
from ZnO suspensions electrosprayed on glass
substrates. The self-cleaning performance was assayed




using the Methylene blue-test and the antibacterial
efficiency by means of cultures of the gram-positive
bacterium Staphylococcus aureus. Different mass
densities and irradiation dosages were tested.

The bioactivity of coatings was studied by quantifying
the number of culturable bacteria and by visualizing the
formation of biofilms.

2. Materials and methods

2.1. Preparation and characterization of
photocatalytic materials

Zinc oxide nanoparticles were synthesized by sol-gel
method according to an improved procedure derived
from Spanhel and Anderson [27]. Zinc acetatedihydrate
(Zn(CH;3COO0), 2H,0), methanol (CH3;OH) and
tetramethylammonium hydroxide (TMAH,
(CH3)4NOH) were used as precursor, dispersing
medium and base, respectively. Briefly, 0.14 M zinc
acetate dihydrate was dissolved in 100 mL of methanol.
After 1 h of magnetic stirring at room temperature,
TMAH (25% w/w in methanol) was added dropwise
until zinc acetate and TMAH reached a molar ratio 1:2.
The resultant suspension was aged for 48 h to yield a
stable sol, which was used for coating process without
requiring any post-conditioning step. Sol-gel
processinvolves four main stages: (i) solvation,

(i1) hydrolysis, (iii) condensation and polymerization,
and (iv) growth and aging [28,29]. Zinc acetate ions are
solvated and stabilized in methanol. Upon addition of
TMAH, zinc hydroxide, tetramethylammonium acetate
and water molecules are formed (Eq. (1)). The, zinc
hydroxide separates into its respective ions Zn>* and
OH’, followed by polymerization of the hydroxyl
complex, which is finally converted to ZnO, as
summarized in Egs. (2) and (3).

Zn(CH3COO)2 - 2H20 + 2(CH3)4NOH

— Zn(OH), )
+ 2(CH;3),N(OCOCH;3)
+ 2H,0
Zn(OH), + 2H,0 - Zn(OH)3~ + 2H* (2)
Zn(OH)3~ - ZnO + H,0 + 20H™ (3)

Dynamic particle size and zeta potential ({-potential) of
the ZnO nanoparticle suspensions were obtained by
Dynamic Light Scattering (DLS) at 25 °C in a Zetasizer
Nano ZS (Malvern). The pH and the electrical
conductivity were recorded using a multimeter (MM
40+, Crison). Surface tension was measured through the
pendant drop technique by a Drop Shape Analyzer
(DSA25, Kriiss) using ImageJ software for image
processing [30]. Band-gap was determined as of the
UV-vis diffuse reflectance spectra obtained using an
Agilent Cary 5000 equipment. The crystal structure of
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the nanoparticle powders was characterized by X-ray
Diffraction (PANalytical X Pert Pro). Crystallite size
was estimated by means of Scherrer’s equation.

2.2. Fabrication and characterization of
electrosprayed surfaces

The electrospraying of ZnO nanoparticle suspension
was carried out in the device schematically shown

in Fig. 1. Briefly, the ZnO sol prepared as above
indicated, was pumped through a stainless-steel
capillary needle with 0.337 mm inner diameter. A high
voltage of 20 kV (Heinzinger LNC 30000) was applied
between the needle and a grounded collector separated
15 cm A syringe pump (PHD22/2000, Harvard)
provided a constant flow rate of 0.05mL h™!.

The electrospray operated in a stable cone-jet mode at
room temperature with 40-50% relative humidity,
generating an aerosol of monodisperse

charged droplets loaded with ZnO nanoparticles.
Finally, the dry particles were deposited onto
prewashed 13 mm diameter round glass coverslips,
which were attached to the collector. Two different
loadings of ZnO, denoted as C(+) and C(++), were
obtained by using deposition times of 150 and 300 min,
respectively. Before and after electrospraying, the
substrates were dried and accurately weighed.

Figure 1. Scheme of the electrospray setup used for ZnO
nanoparticle coating preparation. (1) Syringe pump, (2) ZnO
nanoparticle suspension, (3) capillary needle, (4) aerosol
formation and solvent evaporation, (5) high voltage power
supply, (6) glass substrate, (7) grounded collector.

The morphology and thickness of the fabricated ZnO
films were characterized by Scanning Electron
Microscopy using gold-coated samples (SEM, Zeiss
DSM 950). The adhesion performance of the ZnO
coatings was determined by the tape test method
following the ASTM D3359 standard. The wettability
and hydrophobicity of the electrosprayed surfaces were
determined by measuring water contact angle (WCA)
by the sessile drop method using a DSA25 Kriiss
Analyzer and three independent measurements
minimum.




2.3. Self-cleaning photocatalytic behavior

The photocatalytic activity of the ZnO functionalized
surfaces was evaluated by tracking the degradation

of Methylene blue (MB) stain upon UV irradiation.

The photodegradation tests were carried out in a closed
chamber, consisting of six 15 W BBL fluorescent lamps
placed 20 cm above the samples. The lamps emitted
UVA light in the 306-383 nm range and the

measured irradiance was 27 +3 W m 2 (broadband UV
CUV-4 Kipp & Zonen radiometer). A nozzle regulated
airbrush (Defynik 140, Sagola) was used to deposite 0.5
or 3.5mL of a MB 5-10** M solution in acetone on ZnO
coated glass coverslips. The degradation of MB stains
was monitored by measuring the UV—vis Diffuse
Reflectance spectra (Cary 5000, Agilent) along 10 h in
the 200—-800 nm interval, as the major absorption

band of MB was centered at 665 nm [31,32].

2.4. Antimicrobial activity assays and bioanalytical
procedures

The antibacterial activity of ZnO electrosprayed
surfaces was investigated using the biofilm-forming
gram-positive bacteria Staphylococcus aureus (CECT
240). The microorganism was grown in Nutrient Broth
(NB, 5 g L ! beef extract, 10 g L™! peptone, 5 g

L' NaCl, pH 7.0 £0.2) at 37 °C under agitation. The
bioassays were conducted using two different exposure
methodologies using either aerosol spraying, or liquid
phase contact. As for the first, the bacteria-containing
aerosol was sprayed in a sealed polypropylene chamber
schematically shown in Fig. S1 (Supplementary
Material, SM). A suspension of 10% cells mL™! in NB
was loaded into a nebulizer, which generated an aerosol
of 7 uL cm, which was applied on ZnO coated and
uncoated (blank) glass coverslips. The temperature was
kept at 37 °C and the relative humidity was controlled
above 96% using a hygrostatic K»SOj solution,
according to the OIML R 121 recommendation [33].
On the second case, liquid exposure mode,
functionalized and non-functionalized glass substrates
were placed into sterile 24-well polystyrene plates
covered with 1.8 mL cm bacterial suspension

(108 cells mL™" in 1/500 NB). In both exposure modes,
bacteria were allowed colonizing surfaces and to

form biofilms for 20 h at 37 °C in dark.

Immediately after incubation, the specimens were
irradiated using a UV lamp (LED BLS 13000-1,
Mightex) emitting at 365 nm with an irradiance of
110.5 mW cm? (for 48 mm diameter spot). Winter-Fall,
L(+), and Summer-Spring, L(++), daylight exposure
conditions were simulated adjusting exposure times and
spot diameter. The calculations were based on NASA
Surface Meteorology and Solar EnergyDatabase
(https://power.larc.nasa.gov/). The average daily
incident insolationreported for a horizontal surface at
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the latitude of Madrid was 6.1 kW-h m™2 in Spring-
Summer and 2.7 kW-h m 2 in Winter-Fall, from which
5.2% and 5.7% respectively correspond to UV
irradiation. As a conservative assumption, the
irradiation time of the LED lamp was adjusted to
irradiate with one third of the value indicated by the
solar irradiation database for Summer-Spring (2.0 kW-h
m?) or Winter-Fall (1.0 kW-h m™?).

Upon irradiation, the number of viable bacteria both in
the liquid supernatant and adhered onto the surface was
determined by plate counting following the ISO 22,196
standard. To remove non-adhered cells and recover
bacteria attached to the surface SCDLP broth (Soybean
casein digest broth with lecithin and polyoxyethylene
sorbitan monooleate) was used. 10-fold serial dilutions
were performed in sterile 96-well plates and 10 pL.
spots were placed on Petri dishes containing plate count
agar (2.5 g L™! yeast extract, 5 g L™! tryptone, 1 g

L' glucose, 15 g L ™! agar powder). Petri dishes were
incubated at 37 °C for 24 h and the number of colony
forming units (CFU) was determined using at least
three replicates with two serial dilutions minimum.

Intracellular oxidative stress was assessed using the
method of dichlorofluorescein (DCF). Briefly, 50 uL of
10 mM 2',7'-dichlorodihydrofluorescein diacetate
(H.DCFDA) stock solution were added to 150 pL. of
culture medium in contact with functionalized and non-
functionalized surfaces in black 96-well plates.
H,DCFDA is hydrolyzed by intracellular esterases to
dichlorodihydrofluorescein carboxylateanion, which is
further oxidized to DCF. DCF yields a fluorescent
compound in the presence of ROS [34,35]. The plates
were incubated at 25 °C for 5 min and fluorescence
recorded by a fluorometer (Fluoroskan Ascent FL,
Thermo Scientific) every 5 min for 30 min with
excitation/emission wavelengths of 485 and 528 nm,
respectively.

Cell viability and membrane damage were assessed
using Live/Dead BacLight Bacterial Viability Kit
(Fisher Scientific). The procedure was: 10 pL. of a
mixture containing green-fluorescent SYTO 9 and red-
fluorescent Propidium iodide (PI) stains in DMSO were
added to the samples followed by 15 min incubation in
darkness at room temperature. SYTO 9 stains all
bacteria, whereas PI penetrates only bacteria with
damaged membranes. The excitation/emission
wavelengths were 488/500—-575 nm for green
fluorescence (SYTO 9, live cells) and 561/570—620 nm
for red fluorescence (PI, dead cells).

Biofilm matrix was revealed using FilmTracer

SYPRO Ruby (Fisher Scientific), a fluorochrome that
labels proteins in the biofilm matrix. 200 pL of
FilmTracer stain was used for every specimen followed
by 30 min incubation in darkness. The biofilm was




visualized by confocal microscopy (Leica TCS-SP5)
with excitation/emission at 450/610 nm. The bacteria
colonizing the surfaces were visualized by Scanning
Electron Microscopy (SEM, Zeiss DSM 950) after a
fixation process with glutaraldehyde 5% in sodium
cacodylate buffer. After 1 h of fixation at room
temperature, samples were washed twice in cacodylate
buffer and dehydrated with ethanol and acetone.

The soluble zinc ions released from ZnO electrosprayed
surfaces were quantified using Inductively Coupled
Plasma Mass Spectrometry (ICP-MS, XSERIES 2,
Thermo Scientific) after contact with ultrapure water at
37 °C, pH 7.2. The biological effect of soluble Zn** was
assessed by measuring dose-effect responses to CFU

of S. aureus using zinc acetate dihydrate in the 0—

1000 mg Zn** L ™! and bacterial cultures starting with
108 cells mL ! incubated at 37 °C for 20 h. The
calculation of half-maximal inhibitory concentrations
(ICs0) was performed by fitting the experimental data to
a sigmoidal curve using the Hill equation [36].

2.5. Statistical analysis

Statgraphics Centurion XVII software was used to
conduct a two-way analysis of variance (ANOVA).
Mean values were compared by employing Tukey’s test
(p <0.05). Grubbs’ test was performed to identify
outliers, according to the ASTM E178-00 standard.
Results were provided as average and standard
deviation.

3. Results and discussion

3.1. Nanoparticle properties and electrospray
parameters

The main properties of ZnO nanoparticle sol-gel are
shown in Table 1. DLS particle size measurements
showed a well-defined single peak at 171.5+ 3.1 nm,
which corresponded to the dominant size of
aggregates/agglomerates in the suspension. ZnO
nanoparticles in the sol-gel were negatively-charged,
displaying a (-potential of -21.9 = 1.6 mV at pH
7.85+0.03. The electrical conductivity (6.64 +0.13 mS
cm ') and surface tension (33.4+0.6 mN m ') of the
nanoparticle suspension as produced were adequate
for electrospray deposition and required no further
changes. The optical properties of ZnO nanoparticles
were investigated by UV—vis Diffuse

Reflectance Spectroscopy and the direct band-gap was
determined using Planck-Einstein relation. The
calculated band-gap was 3.29 eV, in good agreement
with previously reported values [29,37,38].

Droplet size in electrospray processes is known to
depend on the physical properties of the suspension,
mainly its electrical conductivity and surface tension,
and the liquid flow rate, which also determine the
emitted current [26,39]. Electrical atomization produces

monodisperse aerosols with diameters ranging from
100 um down to 5 nm depending on liquid properties,
droplet size and suspension particle load determining
the size of the dry final particles [40]. The so-

called scaling lawsallow estimating droplet size and
emitted current of electrospray systems operating in
cone-jet mode [41,42]. Scaling laws and the calculated
parameters from the suspension properties are reported
in Table S1, (SM). The best fits of Chen and Pui
empirical data were used to determine G(x) and (k)
parameters [43]. The calculated droplet sizes were 263
and 540 nm following Fernandez de la Mora and
Loscertales [41], and Gafian-Calvo [42] scaling laws,
respectively. According to the equations, droplet
diameter and current fluctuation can be reduced by
approaching feed flow rate to the minimum. The
minimum values compatible with cone-jet stability
were used here.

Table 1. Properties of ZnO nanoparticle suspension.
Particle size (DLS) 171.5+ 3.1 nm

{-potential (pH 7.85) -21.9 £ 1.6 mV

pH 7.85+0.03

6.64 +0.13 mS cm™!
334+ 0.6 mN m!

Electrical conductivity

Surface tension

Band-gap 3.29 eV
Crystallite size (XRD, 33 nm
Scherrer)
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X-ray diffraction patterns of the ZnO xerogel and the
electrosprayed functionalized surface are presented

in Fig. 2. The peaks are indexed as 31.61° (100), 34.25°
(002), 36.09° (101), 47.38° (102), 56.45° (110), 62.72°
(103), 66.19° (200), 67.77° (112), and 68.96° (201)
respectively. All diffraction peaks corresponded to the
characteristic hexagonal wurtzite structure of zinc oxide
structure according to the ICSD files (01-079-0206).
However, in the xerogel sample small additional
contributions were also observed which corresponds to
a residual minor phase assignable to the formation of
zinc hydroxide. The relative intensity of the wurtzite
diffraction peaks was similar in both samples indicating
that the sol-gel electrospraying does not modify the
morphology of the ZnO nanoparticles. The diffraction
pattern of the ZnO electrosprayed surface presented
broader and lower intensity peaks caused by the low
coating thickness. The crystal size of the ZnO xerogel,
33 nm, was calculated using Scherrer’s equation. The
significantly higher value of the DLS measurements
could be attributed to the agglomeration/aggregation of
primary particles, which is a dynamic process usually
found in colloids that depends on the surface charge
density of the particles. At pH 7.85, the surface charge
of -21.9 mV corresponds to a stable suspension with
moderate tendency to agglomerate.
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Figure 2. X-ray diffraction patterns of ZnO xerogel and
ZnO electrosprayed film.

3.2. Characteristics of electrosprayed coatings

Fig. 3 shows SEM images including cross-sectional
views and surface morphology of the ZnO-
functionalized materials obtained using two different
electrospray times. Top views exhibited a pattern of
microspheres with diameters ranging from 100 to

300 nm. These dimensions are in good agreement with
the values expected from the scaling laws for droplets
that eventually form the coatings of solid particles as
discussed before. The surface electrosprayed for

150 min, indicated as C(+), displayed occasional gaps

between aggregates. Its thickness could be estimated
from cross-sectional SEM images around 0.6 um, and
the mass surface density was 0.13 +0.04 mg cm 2. The
surface electrosprayed for 300 min, denoted as C(++),
displayed a more uniform coverage. The average
thickness was 1.1 pm and the mean surface loading was
0.30+0.05 mg cm 2. In both cases, tape test method
was conducted to determine the adhesion between the
film and the glass substrate, showing the highest
adhesion level of SB (ASTM D3359 standard).

The wetting properties of the ZnO electrosprayed films
were investigated following UV exposure simulating
Winter-Fall, L(+), and Summer-Spring daylight, L(++)
as indicated before. Table 2 shows WCA measurements
on the surface of coated, C(+) and C(++), and uncoated,
C(-), glass coverslips. The WCA on bare glass
substrates was 73.1 +2.0°, which did not change after
UV irradiation. ZnO-functionalized non-irradiated
surfaces were hydrophilic, yielding WCA of 21.1 +0.9°
and 19.8 £ 0.4° for C(+) and C(++) coatings,
respectively. Upon L(+) irradiation, the wettability
increased significantly (p <0.5) and surfaces turned
more hydrophilic, showing WCA values around 9°.

ZnO-coated surfaces became even more hydrophilic
after L(++) more intense irradiation, with WCA as low
as 4.2+ 0.9° and 2.8 £ 0.4° for low and high surface
density coatings, respectively. However, the differences
in WCA measurements for C(+) and C(++) coated
surfaces were not significant (p >0.5).

Figure 3. Top and cross-sectional SEM images of ZnO electrosprayed surfaces obtained after 150 min, C(+), and
300 min, C(++): (a) and (b) top views of C(+) coating; (d) and (e) top views of C(++) coating; (c¢) and (f) cross-

sectional views of C(+) and C(++), respectively.
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Table 2. WCA (°) measurements for ZnO electrosprayed

surfaces.
Low High
Bare glass surface surface
Substrate density density
CH) CH) C(+H)
CNo ) 1 730420 | 211409 | 198+04
irradiation
Winter |yl 740516 | 101210 | 8626
irradiation
Summer |y o1 933500 | 42+09 | 2.8+04
irradiation

ZnO surface exhibited photo-induced hydrophilicity

under UV irradiation, increasing its wettability from the

initial hydrophilic character even leading to super-

hydrophilicity [[44], [45], [46], [47]]. The reason is that

the photogenerated electron-hole pairs on the surface

react with Zn-O lattice bonds to form Zn"defective sites

and oxygen vacancies, which interact with water
molecules causing their dissociative adsorption with
subsequent hydrophilicity increase [44,48,49]. This
hydrophilicity increase is unstable so that the surface
slowly returns to its initial state because oxygen
adsorption is thermodynamically favorable over
hydroxyl groups from water dissociation [44,46].

3.3. Self-cleaning photocatalytic properties

The results for the photodegradation efficiency of MB
during BBL UVA irradiation are shown in Fig. 4a as a
function of MB concentration and surface coating

density. Blank experiments were carried out to
determine the percentage of dye degradation in the
absence of photocatalyst, which was 4.9% after 120 min
irradiation. Another set of runs was performed without
UV irradiation on ZnO-coated specimens that showed
MB removal percentages of 11.5 and 17.8% for C(+)
and C(++), respectively. MB removal in dark
conditions was attributed to adsorption on photocatalyst
surface. Under UV irradiation, the surface of the
functionalized specimens turned colorless gradually,
reaching 88.2% and 96.0% degradation efficiency after
120 min using the lower MB initial concentration and
for C(+) and C(++) coatings, respectively. Despite the
increase in the amount of catalyst the differences
between C(+) and C(++) coatings were not significant.
A higher thickness led to more homogeneous coatings,
which could justify the slight increase observed in the
degradation efficiency. However, that improvement is
not proportional to the increase of the coating density
indicating that part of the deposited material is not
being activated. The light penetration limits MB
degradation that takes place preferably on the
photocatalyst surface rather than on deeper layers of
ZnO. Applying higher initial colorant concentration, the
final degradation efficiency decreased to 82.2% and
86.5% for C(+) and C(++), respectively, which could be
due to radiation absorption by MB [50]. Fig. 4b shows
the calculated pseudo first-order kinetic constants for
the photocatalytic degradation of MB on the different
assayed substrates.

() (b)
100 Zn0O Rate constant
X coating (h'"
g 80T No | High | C(*) | 0.12%0.01
é 60 | light | [MBlo | c(++) | 0.18+0.07
()]

: C(+) 1.34 + 0.27
S 40 | Light | N
5 [MBlo | c(++) | 1.60+0.14
© 20 }
o C{+) 1.87+0.74
& B I Light | L9
O 9 - [MBlo | c(++) | 2.83%1.30

C(+) C (++)

Figure 4. MB photodegradation conversions at 120 minutes (a) and pseudo-first order kinetic constants (b) in absence of
irradiation (m) and under irradiation with high MB initial concentration (m) and with low MB initial concentration (m) for

C(+) and C(++) ZnO coatings.

3.4. Antimicrobial activity

The antimicrobial properties of the ZnO-functionalized

surfaces were assayed against S. aureus cells by
quantifying the reduction of CFU in specimens
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previously incubated for 20 h at 37 °C both in aerosol
and liquid exposure modes (Fig. 5). The application of
bacteria-containing aerosol either using low and high
loading specimens, C(+) and C(++), respectively, or
low and high irradiation, L(+) and L(++) respectively,




led to > 99.5% (> 2-log) reduction in CFU compared to
C(-)L(-) controls (Fig. 5a). In specimens exposed to the
liquid culture medium, a higher inhibition of bacterial
growth was found (Fig. 5b—). For cells attached to the
surface of coatings C(+) and C(++) in contact with
liquid culture medium, > 99.9% inhibition (3-log
reduction) was reached, whereas the liquid supernatant
was essentially free of viable bacteria (> 7-log

reduction).

C() C(++)
(b) [liquid contact - microorganisms detached from surface]

Illl[

C() C) C(++)
(c) [liquid contact - supernatant medium]
12

(a) [aerosol]

c -
& F

logo(CFUcm™2)
w L o

N
T

10 +

log,o(CFUmML™)
[+2)

4 L

2 L

0
Culture C() C(+) C(++)
medium

Figure 5. Colony-forming units (CFU) of S. aureus
measured from the surface after aerosol (a) and liquid
contact (b) modes, and CFU in the supernatant for the
liquid exposure mode (c¢). Uncoated, C(-), and coated
specimens with low loading, C(+), and high loading,
C(++), in the absence of irradiation [L(-), m], and upon
L(+) (Winter, m) and L(++) (Summer, m) irradiation.
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Light exposure triggers the photocatalytic activity
of ZnO giving rise to ROS photogeneration on the
catalyst surface [18,37, 51-53]. Photogenerated
electron-hole pairs initiate a series of oxidation-
reduction reactions leading to oxidizing species
such as Oz, ‘OH and H,0; [38, 54-56]. ROS have
been shown to penetrate cells, damaging cellular
components including lipids, proteins and DNA
through oxidative stress [38,57,58].

The existence of a certain antimicrobial action in the
absence of irradiation suggests that the release of zinc
ions from ZnO nanoparticles may take place. Zinc ions,
rather than zinc oxide, were associated to cell lysis due
to cell wall disruption, and damage to different cellular
components upon uptake and internalization [17,52,59-
61]. For that reason, the solubility of the ZnO films
were studied. Fig. S2 (SM) shows the amount of

zinc metal ions released into Milli-Q water per unit
mass of ZnO film at 37 °C. Zinc ion

concentration increased throughout the first 5 h, and
reached a plateau after about 10 h with a value of

~40 mg Zn>'/g ZnO, which represented 6.7 mg

Zn** L' or 1.0-10"* M for the solubilization experiment
conditions. The main factors behind Zn?* release from
ZnO nanomaterials are morphology, particle

size, surface defects, UV irradiation and the chemistry
of the medium [62,63]. However, previous studies
showed that ZnO nanomaterials act as zinc ions
carriers, keeping Zn>* concentration approximately
constant in aquatic media [64]. This is due to the ZnO
solubility limit, which approximately corresponds to the
same 10* M value obtained in this work [65].

The antimicrobial effect of Zn** is shown in Fig. S3
(SM), which represents the dose-response curve for
CFU inhibition in cultures containing different
concentrations of Zn** cations from zinc acetate. Half-
maximal inhibitory concentration (ICso) of

Zn** calculated through Hill equation was 0.9 ppm,
somewhat lower than the previously reported value of
2.7 ppm [66]. The difference can be attributed to the
different endpoints used. While Chudobova et al.
measured biomass using absorbance at 600 nm, here
culturable bacteria were determined by measuring CFU.
It is normally observed that under stress conditions
viable and culturable microorganisms differ due to the
appearance of viable but not culturable bacteria [67].
Our calculations indicated that 1.0-10™* M Zn*", the
same concentration obtained after 20 h for C(++)
coatings, yielded a 92.2% S. aureus CFU inhibition.
These results explained the antibacterial properties of
ZnO coatings in the dark experiments. The additional
inhibition observed under irradiation was the
consequence of photogenerated ROS.




To check the ROS hypothesis, the presence of ROS in
the liquid supernatant culture was measured by DCF
fluorescence intensity. The results are presented in Fig.
S4 (SM) and showed that ZnO-functionalized and
irradiated surfaces were associated to an overproduction
of intracellular ROS with a 7-15 % increase in the
intensity of the DCF signal. The fact that specimens
kept in the dark also overexpressed ROS with respect to
non-functionalized surfaces can be explained by two
mechanisms: (i) bioavailable dissolved zinc entering
cells increases intracellular ROS and produces toxic
damage [60], and (ii) electrons provided by ZnO
surface defects reduce oxygen to form superoxide
radicals [62,68].

Live/Dead, FilmTracer SYPRO Ruby Biofilm Matrix
Stain and SEM images of S. aureus on uncoated and
coated surfaces are shown in Figs. 6 and S5 (SM). In
both aerosol and liquid contact modes the presence of
photocatalytic material on the surface drastically
decreases the number of viable bacteria as revealed by
the Live/Dead staining. In the deposition of
microorganisms-containing aerosol, upon Winter
irradiation, L(+), most cells became red-marked and
therefore it indicates membrane-damaged and non-
viable bacteria. The explanation is that irradiation
induced ROS production that caused membrane cell
damage. Bacteria on non-functionalized surfaces
appeared yellowish, which are considered viable, but
probably endangered by the stress produced by a
reduced nutrient availability in the droplets deposited
on the surface of the tested specimens. In the liquid
exposure mode, the surface images of the specimens
revealed a high amount of viable, green-stained cells in
controls, which decreased in the ZnO-functionalized
surfaces. Biofilm formation was visualized by means of
FilmTracer SYPRO Ruby Stain, which labels the
constituent proteins of the extracellular polymeric
substances (EPS) excreted by many microorganisms.
EPS are normally attached to the cell and provide them
with a protective structure, promoting the initial
colonization of surfaces by planktonic microorganisms
[69,70]. The results showed that biofilm formation was
clearly inhibited in ZnO coated surfaces and this effect
was amplified under irradiation. C(+)L(+) specimens
presented a clear reduction of the biofilm adhered to the
surface (Fig. 6) and C(+)L(++) coatings appeared
essentially free of biofilm matrix in both aerosol and
liquid contact modes (Fig. S5). SEM micrographs
showed extensive bacterial colonization of non-
functionalized specimens and a relatively small number
of cells attached to the ZnO coated surfaces. SEM
images also show size decrease and bacterial shape
alteration in S. aureus cells in contact with ZnO,
compatible with a loss of membrane integrity.
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The results of this study showed that the differences in
the antimicrobial performance between lower, C(+),
and higher, C(++), ZnO mass surface density were not
significant (p > 0.5 for growth inhibition). This
observation is consistent with the fact that ZnO
solubility limited the amount of zinc ions released up to
a similar level for both coatings. Furthermore, the
photogeneration of ROS occurs on the photocatalyst
surface, which was almost equivalent (Fig. S4) as in

Aerosol ‘ Liquid
C(+) < C(+)

FilmTracer SYPRO Ruby Live/Dead

SEM

Figure 6. Live/Dead, FilmTracer SYPRO Ruby Biofilm
Matrix Stain and SEM images of S. aureus on uncoated,
C(-), and low loading, C(+), ZnO-functionalized surfaces
in absence of irradiation, L(-), and upon L(+) irradiation,
both in aerosol and liquid contact modes.

both cases ZnO particles completely covered the
surface of the glass coverslips. The slight increase
observed in ROS photogeneration at higher thickness
could be explained by a more homogeneous coating
with C(++) specimens. Contrarily, a significant increase
in the bactericidal effect was found between Winter-
Fall and Summer-Spring irradiation conditions. The
fact that Zn>" release and ROS intracellular
overproduction take place even in the dark, indicates
that UV irradiation is not the sole factor behind

the antimicrobial activity of these ZnO coatings. This
fact is more evident in those experiments carried out




with liquid contact. However, using the acrosol contact
mode where dissolution of zinc ions is minimized, the
antimicrobial action triggered by light is clear.
Photogenerated ROS contribute to ZnO toxicity but the
difference between dark and irradiated conditions is not
as high as generally observed for other photocatalysts
like TiO,. Accordingly, Adams et al. reported that UV
irradiation had lower influence on ZnO antibacterial
properties compared with TiO> [51]. ZnO coatings, on
the other hand, keep excellent performance during dark
periods, including night or low irradiation scenarios.

4. Conclusions

The explored sol-gel approach was suitable to produce
adequate ZnO suspensions for creating electrosprayed
coatings. The size of particle aggregates deposited on
functionalized surfaces were in the 100-300 nm range
for surface densities not higher than 0.30 mgcm 2. A
good correlation was observed between aggregates
dimension and droplet size calculated from scaling
laws.

The ZnO electrosprayed surface corresponded

to wurtzite structure with 33 nm crystal size.
Functionalized surfaces exhibited photo-induced
hydrophilicity under UV irradiation, increasing its
wettability to water contact angles < 10° upon
simulated either Winter or Summer irradiation.

The fabricated coatings showed excellent photocatalytic
self-cleaning properties with > 95% MB degradation
after 120 min irradiation. The combined antibacterial
activity of electrosprayed surfaces led to > 99.5% (2-
log) reduction in the number of culturable cells when
exposed to sprayed bacterial cultures. In contact with
liquid cultures and for cells detached from coating
surface, > 99.9% inhibition (3-log reduction) was
reached.

In both aerosol and liquid contact modes the presence
of photocatalytic material on the surface greatly inhibits
the formation of biofilm matrix on functionalized
materials. The extracellular network of polymeric
substances forming biofilm structure was absent from
ZnO-clectrosprayed surfaces as revealed by FilmTracer
SYPRO Ruby staining.

The antimicrobial effect was attributed to a
combination photogenerated ROS and bioavailable
Zn*" ions produced from ZnO dissolution to its
solubility limit, which was approximately 10™* M.
Bacterial impairment took place through membrane
damage and oxidative stress upon contact with the
external coating surface. ZnO coatings kept
antimicrobial performance during dark periods, which
explains the relatively low difference found between los
and high irradiation scenarios.
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Table S1. Properties of ZnO nanoparticle susp
operated electrospray system.

ension and scaling laws for the

Properties of ZnO nano

article suspension

Surface tension (y)
Solvent density (p)
Electrical conductivity (K)
Solvent dielectric constant (k)
Feed flow rate (Q)
Vacuum permittivity (o)
Charge relaxation time (1, k€0/K)

0.03341 Nm’!
792 kg m
0.664 S m’!

32.6
1.39-10" m? 57!
8.85:10"° C>*N'm=
43510

Scaling
Fernandez de 1a Mora (1994)

laws
| Gaiian-Calvo (1994)

Droplet size (

Dq)

G(k) = 10.87k /5 + 4.08x /3 ka=1.66
G (x) = 1.44
= -1 1
Da = 6()(QD)"2 Pa = kaxc o@D 2
Dgq =263 nm Dy = 540 nm
Current emitted (I)
F(K) = —449 — 0.21k + 157k /6 + 336x /6 ki = 6.46
£ () = 12.75
KorY 1y, (YKQ\72
2 _
1=re0 (59) = ko (57)
K
1=0.001 mA 1=0.002 mA
Minimum feeding flow rate (Qmin)
KoY 1/,
p[{ min pK
Qmin = 1.83-10"* m? 5! Qmin=3.21-10" m? 5!
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Figure S2. Solubility of zinc ion (Zn*") from electrosprayed ZnO coatings in Milli-Q water at 37°C
over time.
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Figure S3. Dose-response curve of zinc ion (Zn**) to S. aureus and sigmoidal Hill equation fitting.
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Figure S4. Relative fluorescence units (RFU) of intracellular DCF due to ROS production in the
supernatant for the liquid in contact with uncoated, C(-), low loading, C(++), and high loading, C(++),
ZnO coatings. Experiments in the absence of irradiation (m), and upon L(+) (m) and L(++) (m) irradiation.
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Figure SS. Live/Dead, FilmTracer SYPRO Ruby Biofilm Matrix Stain and SEM images of S.
aureus on uncoated, C(-), low loading, C(+), and high loading, C(++), ZnO coatings in the absence
of irradiation, L(-), and upon L(+) and L(++) irradiation both in aerosol and liquid contact modes.



