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Abstract

The aim of this work was to use electrospray to create photocatalytic TiO, coatings and to study their antibacterial and
antibiofilm capacity. The electrospray used a sol of TiO, anatase nanoparticles prepared by a sol-gel method, which
formed stable suspensions of positively charged particles ({-potential +22.3 &+ 3.7 mV). The electrospray deposited
TiO, on non-porous glass surfaces at two loading densities originating homogeneous coatings (3.2-4.3 um) of
particles the top layer of which displayed aggregates ranging from the micron scale to a few hundreds of nanometers,
with lower size as TiO; loading increased. TiO,-functionalized surfaces were tested for the inactivation of the Gram-
positive bacterium Staphylococcus aureus. The electrosprayed surface was moderately hydrophilic turning highly
hydrophilic upon irradiation (water contact angle 9.6° after 15 h under Xe-arc lamp). photocatalytic surfaces were put
in contact with exponentially growing bacterial cultures in a flow system in which solar simulated irradiation followed
two different 24 h dark-light arrangements with 9 or 18 h dark exposure followed by 15 or 6 h irradiation. The
electrosprayed surfaces experienced extensive colonization by viable bacteria and clear biofilm formation revealed by
exopolysaccharide matrix visualization. Using both dark-light cycles all cells became non-viable with extensive
membrane damage. Biofilm matrix measurements showed that the irradiated surfaces were essentially free of bacterial
exopolysaccharide matrix for specimens with the higher TiO; loading density. The biofilm removal reached 99% and
no regrowth of viable cells was observed in any case. The results showed that TiO»-electrospray can avoid biofilm

accumulation under stringent environmental conditions.
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1. Introduction

In the last 25 years, photocatalytic titanium dioxide
(TiOz) has been extensively studied for the removal of
pollutants from water and air among other
environmental applications [1,2]. When TiO; surfaces
are photoexcited by near-ultraviolet light (UV-A,
wavelengths 320—400 nm) electrons from the valence
band migrate to the conduction band, forming e /h*
pairs that generate, in the presence of water and
oxygen, oxidants species like hydroxyl radical,
hydrogen peroxide and superoxide anion, which apart

from removing pollutants convey biocidal activity [3,4].

TiO; itself is non-toxic for human beings, relatively
inexpensive, environmentally friendly, chemically
stable and effective under weak solar irradiation in
atmospheric environments [5-7]. The antimicrobial
properties of photoactivated TiO have been explored
for a number of cell types, either in suspended form or
supported on different substrates [8-11]. The biocidal
activity of TiO; is triggered by the well-known
oxidative damage of cell membranes [12]. The
photocatalytic oxidative activity induces rapid cell
inactivation at the regulatory and signaling levels,
impairs coenzyme dependent and independent enzyme
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activities, and alters the metabolisms of micronutrients
[13]. Yoon et al. [14] prepared titanium dioxide films
by electrostatic spray, which showed photocatalytic
activity through the degradation of methylene blue and
against the bacterium Escherichia coli under UV light.
The effect was attributed to the formation of anatase
polycrystalline phase upon annealing at 500 °C.
However, only a few publications addressed the
specific subject of biofilm formation on photocatalytic
TiOs,. Clearly an increase in the intensity of the
photocatalytic processes leads to a decrease in bacterial
adhesion to TiO, functionalized surfaces [15]. Gage et
al. [16] found that bacteria in biofilms were not
significantly impaired by the photocatalytic activity of
UV irradiated TiO,, the effect being similar to that of
UV alone. The reasons for the lack of photocatalytic
effect on attached cells is the protection offered by
extracellular substances that avoid the direct contact
between cells and the photocatalytic surface, the
specific responses from attached cells that impart
resistance to the reactive oxygen species generated
through photocatalytic oxidation or the scavenging of
reactive radicals. However, Ciston et al. [17] proved
that photocatalytic TiO: coatings reduced bacterial cell




attachment and allowed long-term control of biofilm
formation in water filtration ceramic membranes.

Electrospray is a method that produces micron sized
droplets from a nozzle tip by applying an electric field
[18]. Together with electrospinning constitutes a field
known as electrohydrodynamic techniques, which
transform liquid droplets into nanomaterials using
strong electric fields. While electrospraying refers to
the formation of nanoparticles, electrospinning
describes the fabrication of fibrous structures [19]. In
electrospray, the suspension flowing out from a nozzle
is forced to disperse into fine droplets by the electric
field created by a high voltage source. The size of
electrosprayed droplets ranges from hundreds of
micrometers down to several tens of nanometers
depending on the physical properties of the suspension,
the liquid flow rate and the voltage applied between
nozzle and collector [18,20,21]. Electrospray has been
studied as a novel powder-processing method that,
combined not with pyrolysis, attracted considerable
attention as a method of preparation of functional
submicrometer particles [22,23]. Electrospray is also a
technique for thin film deposition suitable to prepare
solid coatings of nanodispersed particles from the
acrosol phase on a wide variety of surfaces, with the
advantage of being easily scaled-up to industrial
processes from laboratory data [24]. Surfaces
functionalized with electrosprayed TiO; find
application, among other uses, as photoelectrodes in
dye-sensitized solar cells [25,26], the removal or
organic pollutants by exploiting the possibility of
creating highly dispersed hierarchical structures with
photocatalytic activity [27] and the creation of ceramic
films to protect metallic surfaces against high
temperature and erosion stresses [28]. The films formed
by electrospray have the advantage of displaying a high
degree of uniformity that, dependent of the parameters
governing the droplet evaporation rate, can produce
films with high degree of interconnectivity and good
mechanical properties [29].

Staphylococcus aureus is a prominent nosocomial
pathogen and a major cause of infections associated to
bacterial colonization and biofilm formation on
different kinds of surfaces including those related to
healthcare-associated infections. The success of S.
aureus as a pathogen is due in part to its ability to adapt
to stressful environments [30]. One adaptation strategy
is biofilm formation. Biofilms are communities of cells
embedded in an extracellular polymeric matrix formed
by polysaccharides, proteins, and nucleic acids, which
protect cells from adverse conditions [31]. Biofilms are
highly structured multispecies communities with
integrated metabolic activities and structural
adaptations that include altered phenotypes, which
evolved to create their own environment. Biofilms are
of particular concern due to their resistance to
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conventional disinfecting agents and because they are
very difficult to remove once initial adhesion occurs
[32]. It has been shown that the control of biofouling
requires the prevention of initial bacterial attachment.
Once formed, the polymeric extracellular matrix of
biofilms acts as protective barrier against oxidative
radicals and cannot be removed even under conditions
that lead to extensive cell damage. This highlights the
importance of avoiding bacterial colonization during
dark periods or non-irradiated areas in view of the
difficulty of removing the structure of mature biofilms.
[33].

In this work the electrospray technique has been used to
produce TiO»-coated surfaces from suspensions of
nanoparticles prepared by means of a non-thermal sol-
gel process. The use of electrospray to create
antimicrobial TiO,-functionalized surfaces has been
seldom reported in the literature, with some references
exploring the combination of electrospray and
electrospinning to create hierarchically structured
functional nanofibers [34]. The main goal was to
investigate its photocatalytic antimicrobial and
antibiofilm activity against S. aureus. The
photocatalytic materials were allowed to develop
biofilms in the dark prior to irradiation with a visible
light source. TiO,-functionalized surfaces with different
surface densities were used, which were irradiated for
two different light-dark cycles to emulate different solar
irradiation conditions. Contrary to the usual testing of
antimicrobial surfaces, the assays were carried out
under continuous flow and the attention was focused on
the removal of biofilm polymeric matrices grown
during the dark part of the cycle.

2. Materials and methods
2.1. Photocatalytic materials

Crystalline anatase nanoparticles were prepared by a
sol-gel synthesis. The procedure used to prepare both
TiO; suspensions was described in detail previously
[35]. Briefly, 1.43 mL of concentrated nitric acid
(Panreac 65%) were mixed with 100 mL of deionized
water by vigorous stirring. Then, 16.5 mL of titanium
isopropoxide (Sigma-Aldrich 97%) were added
dropwise. The proportion of nitric acid and titanium
isopropoxide was increased to 2.86 mL and 32 mL,
respectively, in the case of the TiO, suspension with
higher anatase content. The mixture was kept closed
and moderately stirred for at least three days or until
complete peptization, which was assessed by the
change in the initially white precipitate into a
translucent suspension. The translucent sol was
transferred to a glass bottle and stored in the dark
before electrospray. No other conditioning was
performed as the presence of organic volatile solvents
do not interfere with electrospray and high conductivity
is an advantage for the electrohydrodynamic process.




For other applications a dialysis (3500 MWCO)
cleaning procedure is commonly carried out using
deionized water until TOC < 1 mg L. The fact that this
post-conditioning step is not required is an important
advantage for electrospray.

2.2. Characterization of nanoparticle suspensions

Two different TiO, nanoparticle suspensions (TiO2 A
and TiO; B) were prepared and characterized using
Dynamic Light Scattering (DLS) for particle size
analysis and zeta potential ({-potential) measured via
electrophoretic light scattering in a Zetasizer Nano ZS
(Malvern Instruments, Malvern, UK) equipment.
Surface (-potential was measured using the Capillary
Zeta Cell DTS 1070 from Malvern. The pH and
electrical conductivity of the suspensions were
measured using a multimeter (Crison MM 40+).
Surface tension was determined using the pendant drop
method by means of an optical contact angle meter
(Kriiss DSA25 Drop Shape Analysis System) and the
Java open source ImagelJ software [36]. Band-gap was
calculated from Tauc plots by means of UV-vis Diffuse
Reflectance Spectroscopy using an Agilent Cary 5000
apparatus. Powder X-ray Diffraction was carried out in
an PANalytical X’Pert Pro equipment, which allowed
the characterization of crystalline phases and the
estimation of crystallite size.

2.3. Electrospray of TiO: nanoparticles

Fig. 1 presents a schematic illustration of the
experimental setup used for the electrospray (ES) TiO;
coating. Before the ES process, the TiO, nanoparticle
suspensions were sonicated using an ultrasonic probe
VC505 (500W, Sonics and Materials Inc.) for 10 min in
30 s intervals at 20% amplitude followed by 10 min of
magnetic stirring. The ES equipment consisted of a
Heinzinger LNC 30000 high voltage power supply and
a Harvard PHD PHD22/2000 syringe pump. The
suspensions were deposited into a S mL syringe with a
23-gauge (nominal inner and outer diameters 0.337 and
0.641 mm) stainless steel blunt-tip needle at its end,
which was connected to the high voltage power supply
to create the required electric field. The voltage used
was 19 kV and the flow rate was 0.1 mL h!.
Electrosprayed drops were deposited on 13 mm
diameter round glass coverslips (VWR, Germany),
attached to a flat collector (16 cm x 16 cm aluminum
grid) separated 10 cm from the needle tip. The flat
collector and the needle were horizontally arranged to
avoid gravity deposition. The parameters, voltage, flow
rate and distance from needle tip to collector were
determined based on the physicochemical
characterization of the TiO, suspensions as described in
the literature and by considering the scaling laws [37-
40]. In particular, a low flow rate was used to avoid the
corona effect, which would difficult Taylor cone
formation and voltage and the distance to the collector
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plate were determined based on the previously
mentioned parameters. TiO, nanoparticle suspensions
were sprayed for 2 and 4 h in order to obtain two
different surface coating densities. No polymer or other
additives were added to the ES solution. Before and
after ES coating, the cover supports were dried at 50° C
for 1 h and accurately weighted to assess the amount of
deposited photocatalytic material.

Figure 1. Schematic illustration of the electrospray setup for
TiO; coating. (1) Syringe pump, (2) TiO, nanoparticle
suspensions in a 5 mL syringe, (3) TiO; electrospray, (4)
High voltage power supply, (5) Glass coverslips coated with
electrosprayed TiO; electrospray, (6) Grounded collector.

2.4. Characterization of electrosprayed surfaces

Uncoated and electrosprayed TiO, coated surfaces were
observed with scanning electron microscopy (SEM,
Philips XL 30 S-FEG). Each sample was sputter-coated
with gold prior to analysis. Cross-sectional micrographs
were taken on specimens carefully cut using a diamond
knife. The wettability of the surfaces was characterized
using the optical contact angle meter Kriiss DSA25
Drop Shape Analysis System described in a previous
section by means of the sessile drop technique. Samples
of functionalized and non-functionalized glass
coverslips were placed on the test cell and Mili-Q water
drops were deposited on them by the delivering syringe.
Water contact angle (WCA) values were an average of
at least three measurements on different positions of
each surface. WCA measurements were taken at room
temperature.

2.5. Photocatalytic bioassays

The bacterial strain used in this study to test the
antibacterial activity of TiO, photoactivated materials
was Staphylococcus aureus (CECT 240, strain
designation ATCC 6538P). S. aureus was grown
overnight in Nutrient Bacterial medium (NB, for 1 L
solution in distilled water, beef extract 5 g, peptone 10
g, NaCl 5 g, pH adjusted to 7.2) while shaking at 37 °C.
The temperature for bacterial pre-incubation was set
following the usual microbiological procedures
considering the well-known fact that S. aureus grows
rapidly in aerated broth culture at 37° C [41]. The
bioassays were performed using a flow-cell system as
described elsewhere with some modifications [42,43].




Briefly, biofilm growth was allowed for 9 h or 18 h in
darkness on the surface of coated and uncoated
coverslips kept in flow chambers 5 mm depth, 25 mm
width and 50 mm length provided by Sigma-Aldrich.
Three coated or uncoated circular coverslips were
placed in each flow-cell and a total amount of six flow-
cells were used at the same time (Fig. 2). The entire
flow system was connected by standard PVC tubing
(1/16* ID x 1/8” OD, Sigma-Aldrich), except for the
tubing going through the peristaltic pump, which was
silicone 1/8“ ID x 1/4” OD from Cole-Parmer. The
circulating liquid was inoculated with exponentially
growing cultures of S. aureus diluted in NB medium to
an ODsgo 0of 0.0138 (108 cells mL™"). The feed bottle
was maintained in a water bath incubator at 30 °C and
the liquid culture was pumped using a peristaltic pump
(Watson-Marlow, 101 U/R) at a constant rate. The
incubation temperature was chosen to avoid nutrient
depletion during the assay because S. aureus is a fast-
growing microorganism. The temperature (30 °C) was
set to allow performing antimicrobial tests under flow
conditions without nutrient depletion inside for the 24 h
periods indicated below at the same time keeping a high
microbial growth rate. The linear velocity of the liquid
through the flow-cells was 0.5 mm s 'kept constant
along the experiments. Immediately after the dark
period of biofilm formation, the samples were
continuously irradiated for 15 h or 6 h (to complete 24
h in all cases) using a simulated solar irradiation
provided by a Heraeus TQ Xe 150 Xe-arc lamp at a
distance of 15 cm from the flow-cells. This lamp has a
light spectral distribution comprising wavelengths
shorter than 300 nm (UV-C range) and between 300
and 400 nm (UV-B/-A range). The 290-400 nm range
was 5.8% of the total output, while the visible part of
the spectrum (400-700 nm) supposed 94.2% > 400 nm
of the total radiant power emitted by the lamp. Fluence
rate, measured in the 290-400 range, was 11.2 W m™ as
determined using 2-nitrobenzaldehyde as chemical
actinometer [44].

Figure 2. Schematic illustration of the flow-cell systems for
photocatalytic bioassays. (1) Thermostatic water bath. (2)
Feed tank with S. aureus culture. (3) TiO, coated/uncoated
coverslips inside of the flow-cell chambers. (4) Effluent
culture. P: Peristaltic pump. (Xe-Arc irradiation lamp not
shown for clarity.)
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2.6. Bioanalytical procedures

After completing the photocatalytic assays consisting of
biofilm formation and irradiation treatment as described
before, the coverslips were transferred to 24-well
polystyrene plates. The biofilm was quantified based on
optical density measurements following a modification
of the method of Fletcher as described elsewhere
[45,46]. For it, approximately 200 uL of a crystal violet
0.1% solution were extended over the washed surface
of each coverslip and incubated for 15 min in order to
allow the staining of adhered cells. Excess stain was
eliminated by rinsing with distilled water. Plates were
air dried and 1 mL of 95% ethanol was added to each
well in order to extract crystal violet from cells.
Distaining was performed overnight while gently
shaking. Finally, the dye was measured at ODso. Every
measurement was performed at least three times for
each experimental condition.

Bacterial viability assays were performed using
Live/Dead BacLight Bacterial Viability Kit
(ThermoFisher, Waltham, MA, USA). Under
Live/Dead staining, all cells exhibit green fluorescence
(SYTO 9), whereas nonviable bacterial cells display red
fluorescence (Propidium iodide, PI) with dye uptake
depending upon cell membrane integrity. For the
staining of films 10puL of BacLight stain (a mixture of
SYTO 9 and PI in DMSO, according to the
manufacturer’s recommendations) were used. The
incubation was performed in the dark for 15-30 min at
room temperature. For green fluorescence (SYTO 9)
excitation was performed at 488 nm and emission at
500-575 nm. For red fluorescence (PI, dead cells), the
excitation/emission wavelengths were 561 nm and 570-
620 nm respectively.

In order to visualize the extracellular polymeric matrix,
the biofilms were stained with 200 pL FilmTracer
SYPRO Ruby (Molecular Probes, Invitrogen) per
sample, incubated in the dark for 30 min at room
temperature, and rinsed with distilled water. Then, the
coverslips were observed using confocal microscopy
(Confocal SP5, Leica Microsystems, Germany) with
excitation/emission wavelengths of 450 nm and 610 nm
respectively. For all bioassays, independent runs were
performed together with their respective controls.

3. Results and Discussion
3.1. Electrospray parameters

During electrospray, a conductive liquid is pumped at
certain flow rate through a tube, forming a meniscus at
its end. Due to the electrical field, the free charge in the
conductive liquid meniscus generates an electric stress
that opposes surface tension and forces the meniscus to
a conical shape [37]. The liquid jet eventually breaks
into drops due to capillary instabilities, giving rise to an
aerosol of charged droplets [38]. The droplet diameter




is mainly depending on liquid conductivity and range
from hundreds of micrometers to a few nanometers,
with lower sizes for the more conducting liquids and a
minor influence of the injected flow rate or voltage
[39,40]. Surface tension is the other important
parameter as electrospray takes place only when the
coulomb repulsion is strong enough to overcome the
liquid surface tension [21]. Table 1 shows the
properties of the electrospray suspensions used in this
work including electrical conductivity, surface tension.
surface charge at the pH of bioassays, particle (-
potential at the electrospray conditions and XRD
parameters. XRD results (Fig. 3) demonstrated the only
presence of anatase phase in both suspensions, even
when the sol was not heat-treated. The formation of
crystalline nanoparticles of anatase in acidic media has
been previously described, the continuous and
prolonged moderate stirring during several days
allowing the initial precipitate to peptize and crystalize
[35]. The crystallite size was calculated by Scherrer
equation, and a comparable size was obtained: 4.3 nm
for TiO> A (20 wt%) and 4.4 nm for TiO; (B) 40 wt%,
clearly unaffected by the different loading of titanium
dioxide. UV-Vis-NIR spectra (Fig. S1, Supplementary
Material) showed similar shape with different
intensities. Higher TiO; loading in the original
suspension led to lower reflectivity along the observed
region. The UV-Vis Diffuse Reflectance spectrum of
photocatalyst xerogel (Fig. S2, Supplementary
Material) showed that the photocatalyst absorption was
mostly in the UV region of the spectrum.

Table 1. Properties of TiO» suspensions

TiO2 A

TiO, content 20 £ 4 wt%

Electrical conductivity 2.39-10* £ 0.03 uS cm’!

Surface tension 45.0+ 0.7 mN m!

Surface {-potential

(pH 7.0, mV) +1.2+0.7mV

{-potential electrospray

(pH 1.0, mV) +26.2+42mV

Particle diameter

(DLS, pH 1.0) 13.5+0.9 and 88.7 £ 1.6 nm
Crystallite diameter

(XRD, Scherrer) 43£0.5nm

TiO2 B

Ti0; content 40+ 7

Electrical conductivity 3.47-10* £ 0.03 pS cm’!

Surface tension 37.7+ 0.4 mN m’!
(S;éf?fg,cr_rll)\(;;enﬁal +0.7 £ 0.8 mV
Ic)-golt'e&tiilv()electrospray, $223+37mV

Z;gg:}; Ic;ieiril)t;ter 15.8 £ 1.4 and 842 + 85 nm

Crystallite diameter

(XRD, Scherrer) 4.4+0.5nm

Chem. Eng.].,, 334,1108-1118, 2018

The pH of the electrosprayed suspension was 1.0 + 0.2
at which, the {-potential of TiOparticles was positive,
+26.2 £ 4.2 and +22.3 + 3.7 mV for 20 and 40 wt%
suspensions respectively (TiO2 A and B in Table 1).
The stability of the colloidal system was assessed by
measuring particle size (DLS) during a 4 h period that
corresponded to the maximum electrospray time.
Specifically, DLS results displayed peaks at 13.5+ 0.9
(TiO2 A) and d 15.8 = 1.4 (TiO, B) that could be
attributed to the primary particles of the TiO,
suspension. Both TiO; suspensions revealed the
formation of agglomerates, larger for the more
concentrated one, which are probably in in dynamic
equilibrium with the more numerous primary particles,
which largely dominated the particle number
distributions. Fig. S3 (Supplementary Material) shows
detailed DLS measurements of TiO» A and TiO, B
suspensions performed 10 min after the initial stirring
and then every hour during a 4 h period. The deviation
between XRD and DLS sizes is inside the usual
discrepancies found in non-strictly unimodal samples.
The reason is that the diameter obtained by DLS
represents that of the hydration sphere, which is larger
than that of naked particles, particularly in cases of high
charge density.

o ——TiO,A

; crystallile .
: ~— TiO,B

Intensity (counts)

20 (°)
Figure 3. X-ray diffractograms of TiO, A and B xerogels.

The increase in TiO, concentration from 20 to 40 wt%
(A to B) in the electrospray suspension decreased
surface tension (-16%) and increased electrical
conductivity (+60%) that can be explained by the
presence of 2-propanol from the alkoxide precursor
hydrolysis and nitrate ions from the reaction media. The
simultaneous increase of ionic strength, which tends to
compress the double layer of charged particles and
reduces its mobility also explain the slightly lower
values of (-potential of the TiO, B suspension. It is a
well-known fact that water solutions are not directly
suitable for electrospraying due to their high surface
tension [18,37,47]. In the case of the TiO, A (20 wt%)




suspension the surface tension was 45.0 mN m™!, which
decreased to 37.7 mN m! for the TiO, B (40 wt%),
which was enough to allow electrospraying without the
use of surfactants. The TiO, B suspension was the
material of choice in this work and all results explained
below were obtained with it.

3.2. TiO: nanoparticle electrospray coatings

The ES process was performed using two different
spray times (of TiO B) that led to two different TiO;
loadings on the surface of glass coverslips. The
nomenclature used for the electrosprayed samples and
the values obtained for the surface density of TiO; and
water contact angle (WCA) on the surface of bare and
coated coverslips are shown in Table 2. The mean
loading density of samples with higher electrospray
time, denoted as C(++), was 1/3 over those with lower
TiO; amount, C(+). The WCA on the surface of neat
glass coverslips, without TiO; coating, C(-), was 75.2°+
2.8°, less hydrophilic that that of TiO; coated surfaces,
for which WCA measured on non-irradiated samples
decreased to values in the 55-60° range. The wettability
increased considerably and led to clearly hydrophilic
surfaces upon irradiation. WCA dropped to values
around 20-30°, after 6 h of irradiation treatment, and
less than 10° after 15 h under Xe-arc lamp. The WCA
were lower for C(++) samples, but the difference was
not significant.

Table 2. Loading density of TiO; on electrosprayed
samples and WCA measurements.

Bare Low High
coverslips loading loading
Identifier C() C(+) C(+H

TiO; surface

density (mg cm?) - 2.09+0.12 | 2.78£0.23

WCA (°), non- 752428 | 593427 | 564+2.1
irradiated
WCA (),
Wes O 737421 | 285415 | 212433
WCA (%), 754426 | 116422 | 9.6+13

irradiated 15 h

The decrease in WCA of TiO; exposed to UV light has
been extensively documented from the early discovery
of Wang et al. [48] who found that polycrystalline
anatase decreased WCA from to zero after exposure to
ultraviolet irradiation, particularly in the presence of
water vapor. From then, the hydrophilic-hydrophobic
transition induced by light of different wavelengths has
been documented for many titanium dioxide surfaces
[49,50]. The contact angle of water on a clean TiO,
surface can be repeatedly cycled between practically
zero, after UV irradiation or 50-60° after exposure to
visible light to their initial values, which recovered after
dark storage [51]. This photo-induced wettability
transition has been attributed to the breaking of Ti—O
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lattice bonds by photogenerated holes. Water molecules
would then coordinate the titanium site leading to an
increase in the number of surface hydroxyl groups. As
the newly formed hydroxyl groups are less stable than
the initial doubly coordinated hydroxyl groups, the
material restores its initial hydrophobicity in the space
of a few hours after irradiation [52].

Different modes of electrospraying can be distinguished
depending on the form of the meniscus, the pattern of
motion of the jet, and the way it disintegrates into
droplets [18]. In our particular case, the liquid was
ejected directly from the capillary nozzle as a
combination of regular large drops (dripping mode) and
fine droplets (microdripping mode), although cone-jet
modes were obtained when PEO was added to the
solution. Fig. 4 shows SEM images of the
electrosprayed coatings. The electrosprayed surface
consisted of a well dispersed pattern of TiO, aggregates
with grain size in the micron scale for the case of C(+)
as shown in Fig. 4a. In the case of higher TiO; loadings,
the surface details were mostly in the 100-200 nm range
as shown in Fig. 4b and the detailed view of Fig. 4c.
The reason for a different grain size and surface
roughness is most probably the insulation due to the
deposited layer of TiO,, which would reduce the
electrostatic force acting on the particles deposited on
the outer layers of C(++) with respect to C(+) materials.
The morphology of the drops was very similar in C(+)
and C(++) samples. In some cases, the shape of the
aggregates appeared distorted with axial elongation as a
result of the stretching suffered by highly charged
particles s shown in Fig. 4c with higher magnification
[53,54]. The thickness of electrosprayed coatings is
shown in Fig. 4d and e. Measurements taken on SEM
micrographs yielded 3.2 um and 4.3 um respectively
for C(+) and C(++) samples in good agreement with the
Ti0; surface density obtained for both types of
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Figure 4. SEM images of TiO; electrospray coating of low
TiO2 loading, C(+) (a), and high TiO, loading, C(++) (b and
c¢) on glass coverslips. Cross-sectional micrographs of C(+)
and C(++) samples (d and e respectively).




specimens. The fact that doubling the electrospray time
does not increase layer thickness and surface density in
the same proportion could also be attributed to the
insulation effect of TiO, as it accumulates on glass
COVers.

3.3. Photocatalytic antibacterial effect

Two different sets of flow-cell photocatalytic assays
were carried out with a total length of 24 h. In one set,
the samples were incubated in the dark for 9 h, while
the other was kept under the same conditions for 18 h.
Samples, corresponding to the microbial colonization
and biofilm growth were taken after the dark growth
period for some measurements while other specimens
were subsequently irradiated with the Xe-arc lamp
mentioned before for 15 or 6 h, depending on the case,
to complete the 24 h (9 + 15 or 18 + 6) contact with the
bacterial culture in flow regime. These conditions were
created to simulate the light-dark cycles that can be
typically encountered in summer and winter conditions
in average latitudes. In both assays cell viability and
biofilm quantification was assessed by Live/Dead
bacterial viability. Fig. 5 shows confocal images for
Live/Dead bacterial viability staining on control
coverslips without photocatalyst coating, C(-), and
coverslips electrosprayed with low, C(+), and high,
C(++), TiO; surface coverage either for non-irradiated,
L(-), and irradiated, L.(+), samples. During the 9 h or 18
h dark period, the growth of S. aureus took place
without significant cell impairment both in C(-) and in
C(+) or C(++) TiO; coated samples. This is clearly
revealed by the absence of red-marked (cell membrane-
damaged) bacteria in Fig. 5a, b, ¢, g, h and i. Certain
cells appeared yellowish in C(+)-L(-) and C(++)-L(-)
samples (samples with TiO; but kept in the dark).
Yellow cells are considered viable and the effect could
be associated to the irradiation suffered during confocal
microscopy observations [55]. Conversely, the presence
of the photocatalytic material drastically reduced the
viability of the cells on TiO, coated coverslips under
Xe-arc irradiation, as noted by the reduction of the
number of cells and by the fact that the few remaining
were clearly PI-marked as non-viable ones (Fig. Se, f, k
and 1). The highest cell impairment was observed in
C(++) samples after 15 h of irradiation, while Xe-arc
lamp irradiation did not induce significant bacterial
damage in the absence of TiO»(Fig. 5d and g). Previous
researches revealed that the cause for visible light
damage in bacterial cells exposed to photocatalytic
irradiated material was the production of reactive
oxygen species (ROS) as intermediates of oxygen-
dependent photosensitized reactions [12,56-59]. The
photocatalytic action and the oxidative damage trigger
the decreased expression of a large array of genes and
proteins specific for regulatory, signaling and growth
functions, in parallel with effects on coenzyme-
independent respiration, cell wall structure and ion
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homeostasis [30,60]. However, the most evident
damage induced by oxidative radicals is the disruption
of cell defense barriers [59]. The damage induced by
ROS on cell wall and membranes efficiently impairs
bacterial at relatively low exposures. After the
irradiation periods used in this study (6 h and 15 h), S.
aureus cells were completely membrane damaged as
shown by the complete absence of green-stained cells in
the C(+) L(+) and C(++) L(+) samples (Fig. 5).

Low TiO;, C(+)

Control, C(-)

High TiO,, C(++)

9hL()

9h L()+15h L(+)

Figure 5. Live/Dead confocal micrographs of S. aureus on
non-coated control C(-) (a, d, g and j) and TiO2
electrosprayed coverslips with low, C(+) (b, e, h and k) and
high, C(++) (c, f, 1 and 1) surface coverage. Irradiated and
non-irradiated samples are denoted by L(+) and L(-)
respectively. Dark period: 9 h and 18 h. Irradiation time: 15 h
and 6 h. Scale bar: 10 pm.

The total amount of biomass on the surface of TiO»
coated and uncoated coverslips was quantified by
crystal violet staining before and after the dark
incubation and after Xe-arc irradiation as described
before. The results are shown in Fig. 6, in which the
bars correspond to relative biofilm formation (the unity
for uncoated and non-irradiated control) together with
their 95% confidence intervals. In both flow-cell
biofilm assays, the amount of biofilm formed after dark
incubation (9 h or 18 h), was higher for samples with
high TiO;loading, particularly for the longer incubation
time (18 h). However, after irradiation the amount of
biomass accumulated on the surface of the
photocatalyst coated samples decreased ~80% for C(+),
and ~90% for C(++) with a minor influence of the




irradiation time. Noteworthy, TiO, covered samples
kept 9 or 18 h in the dark experienced a higher biofilm
growth, most probably as a consequence of the higher
roughness of TiO; electrosprayed surfaces. Biofilm
formation increased in all cases on uncoated controls
due to the lack of the harmful effect of irradiation in the
absence of photocatalytic material on their surface. It is
interesting to note that the biofilm formation on C(++)
samples was statistically non-significantly as the
confidence intervals of the relative biofilm formation
included zero.
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Figure 6. Quantification of biofilms by crystal violet in
control coverslips C(-) (dark grey bars); low C(+) (light grey
bars) and high C(++) (white bars) TiO, loadings, for non-
irradiated L(-) and irradiated L(+) samples. Dark period: 9 h
and 18 h. Irradiation time: 15 h and 6 h.

The quantification of bacteria removal in biofilms poses
important difficulties. One reason is that bacteria in
biofilms have an inherent lack of susceptibility to
stressors compared to planktonic cultures of the same
bacteria, which leads to significant errors when using
conventional colony counting upon plating cultures.
Also because of the need to resuspend bacterial cells
measuring colony forming units [61]. The staining
technique based on crystal violet provides a good
measure of biofilm mass but does not give a measure of
biofilm viability as it stains both live and dead bacterial
cells. Live/dead staining is a useful method with the
disadvantage that that only a small section of the
biofilm can be assessed at a time [62]. In this work, the
result can be interpreted in the light of Live/Dead
staining, which showed that the few resulting cells after
irradiation were clearly marked in red and, therefore,
can be considered dead (Fig. 5). Consequently, the
optical density measured with the crystal violet staining
allowed estimating bacterial removal rates, which were:
54% and 66% for C(+) in 9h L(-) + 15h L(+) and 18h
L(-) + 6h L(+) specimens respectively and 99% and
83% for C(++) in the cases of 9h L(-) + 15h L(+) and
18h L(-) + 6h L(+) runs. Additionally, after the
irradiation periods, representative samples were again
incubated in fresh nutrient medium (NB) under stirring
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for 24 h in darkness. Subsequently, the optical density
of the culture was measured at 600 nm and plate count
was performed to determine the recovery of any
possible live cell. The results showed DOgoo nm < 0.05
and a complete absence of colony forming cells.

Fig. 7 shows the information provided by FilmTracer
SYPRO Ruby staining, a fluorescent marker that
preferentially binds proteins, which are the components
providing structural stability to biofilms. The biofilm
formation was apparent in all non-irradiated samples,
the higher amount of extracellular matrix (in red in Fig.
7) being that on TiO; electrosprayed surfaces during
dark exposures. C(++) samples displayed higher matrix
development and in the in the case of irradiated
samples, biofilm formation was almost completely
eliminated, particularly for C(++) samples irradiated for
15 h.

Low TiO,, C(+) High TiO,, C(++)

Control, C(-)

18h L(-) 9hL()+15h L) 9hL()

18h L(-)+6 h L(+)

Figure 7. FilmTracer SYPRO Ruby biofilm matrix staining
confocal micrographs of S. aureus on control coverslips C(-),
(a, d, g and j); low C(+) (b, e, h and k) and high C(++) (c, f, I
and 1) surface coverage on TiO, electrosprayed coverslips.
Irradiated and non-irradiated samples are denoted by L(+)
and L(-) respectively. Dark period: 9 h and 18 h. Irradiation
time: 15 h and 6 h. Scale bar: 10 pm.

It is widely accepted that highly polar surfaces repel
due to the strongly bound hydration water, while less
polar hydrophilic surfaces attract because hydrogen
bonds between water molecules are favored with
respect to surface hydration [63]. On the other hand, the
attraction of hydrophobic surfaces, which actually
attract water with considerable binding energy, is due to




the hydrogen-bonding free energy of cohesion of the
water molecules of the liquid medium [64].
Accordingly, the maximum interaction expected
between two surfaces takes place if the difference in
hydrophilicity is not high because otherwise, adsorbed
water molecules would lead to a net repulsion force.
Bacterial adhesion consists of an initial attraction
between cells and surface followed by the attachment
and formation of adhesion structures. In our case, the
surface (-potential of electrosprayed coatings was
essentially neutral at neutral pH as shown in Table 1.
Therefore, in the absence of electrostatic interactions
with the negative surface charge of bacterial coatings,
bacterial adhesion should be dominated by hydrophobic
attractive forces [65]. The result is that hydrophobic
bacteria tend to prefer hydrophobic substrates, while
hydrophilic bacteria attach better to hydrophilic
surfaces and generally hydrophobic bacteria adhere to a
greater extent than hydrophilic bacteria [66].

In our work, we obtained higher amount of biofilm on
surfaces covered by TiO- as long as they were kept in
the dark. As described previously, TiO; coated surfaces
displayed moderate hydrophilicity and were more easily
colonized than bare coverslips during the dark exposure
to bacterial cells, which also displayed a hydrophilic
character, with a WCA of 21.8° £+ 4.6° measured on
bacterial lawns deposited on cellulose acetate filters.
This is clearly observed in Fig. 6 and in revealed by the
higher amount of extracellular matrix formed in C(++)
samples in Figs. 7c and i. This fact is consistent with
the slightly more hydrophilic character of TiO, with
respect to bare glass coverslips, but it is more probably
related to the higher roughness (Fig. 4) offered by TiO»-
electrosprayed surfaces compared to the smooth surface
of the uncoated samples [67]. In support for this
hypothesis it has been shown that the adhesive behavior
of bacterial cells depends on the existence of cell
surface structures, which result in steric and bridging
effects due to the presence of cell appendages,
including pili and flagella (Fig. 8g, h and i) as well as
the EPS matrix segregated during biofilm formation,
this interaction being favored in the case of rough
surfaces [68]. The rationalization of bacterial
attachment to surfaces is difficult in terms of pure
physicochemical interactions by at least another two
reasons. First, the adhesion process is sensitive to the
physiological properties of the bacterium, which are
strongly dependent on environmental factors [63].
Second, cell binding is affected by the culture media
used due to differences in surface tension or the
absorption of organic and inorganic compounds, which
modify the way microorganisms adhere [69].
Additionally, the physicochemical characteristics of
photo-responsive surfaces can be modified by the
irradiation potentially leading to drastic changes in the
ability of microorganisms to colonize them [70].
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9hL(-)

9h L(-)+15h L(#)

9hL()+15h L)

Figure 8. Representative SEM micrographs of S. aureus on
control coverslips C(-) (a and d); low C(+) (b and e) and high
C(++) (c and f) TiO, electrosprayed coverslips, for non-
irradiated L(-) (a, b and ¢) and irradiated L(+) (d-i) samples.
Images g, h and I show bacterial adhesion structures involved
in biofilm formation in C(+) (g and h) and in C(++) samples
(1). Dark period: 9 h. Irradiation time: 15 h.

The reduction of biofilm forming bacteria on TiO»
photocatalytic surfaces has been widely described
[68,71-73]. Apart from its effect on the integrity of cell
envelopes, it is well-known that photocatalytic TiO»
activity also has a negative effect in appendage
biosynthesis and protein insertion as well as in cell
signaling and cell to cell communication, which have
been shown to play a role in diverse functions such as
pathogenesis, biofilm development, stress resistance
and cell survival [59]. In the case of biofilm removal,
the most important parameters for cleaning efficiency
are total biomass and living bacterial cells [74]. The
presence of viable cells is critical as it enables fast
recolonization if enough nutrients are available. In case
of inefficient cleaning procedures, nutrients could come
from dead bacterial cells and the remaining
exopolysaccharides can be further used for bacterial
adhesion and proliferation [75]. Our work showed that
electrosprayed photocatalytic TiO- led to a complete
removal of S. aureus cells with no viable microbial
colonization according to Live/Dead staining results
(Fig. 5) and no recovery of colony forming cells after
the irradiation treatments in any case. For the TiO,-
covered electrosprayed surfaces, we showed that the
irradiation following the contact with S. aureus cultures
in the dark was enough to essentially eliminate the
presence of biofilm structures, at least for the highest
TiO; loading, C(++), while for C(+) some red-stained




polymeric matrix could be observed after irradiation
(Fig. 7e and k). Considering both C(+) and C(++)
surface were densely covered by TiO, as shown in Fig.
4, the difference explaining the higher activity of C(++)
could be the lower size of particle aggregates in the top
layer, that could lead to a higher efficiency in the
photocatalytic formation of oxidative species. The
results of crystal violet staining showed that the relative
biofilm formation was not significantly different from
zero in C(++) specimens, revealing that the ES TiO;
deposition could effectively avoid the accumulation of
biofilms in a flow-cell arrangement under conditions
very favorable to bacterial growth like those used in
this work. The surface loadings used in this work were
inside the usual values reported for aqueous and gas
phase TiO; photocatalytic surfaces, which are in the
order of the mg cm™ [76,77]. Consistent with these
observations, The SEM images of C(++) assays after
irradiation show only some dispersed cells with very
few remaining adhesion structures (Fig. 8i), while for
C(+) there were more cells attached to the surface and
these structures were more clear (Fig. 8g and h) even
after 15 h of irradiation. In sum, ES allowed producing
homogeneous photocatalytic surfaces with the
photochemical activity required to cope with the
bacterial growth that could take place during dark
periods under environmental exposures. The differences
between C(+) and C(++) specimens revealed that
surface physicochemical properties must be carefully
considered to ensure an antibiofilm activity strong
enough to avoid biofilm accumulation.

4. Conclusions

Suspensions of crystalline anatase nanoparticles
prepared using a sol-gel synthesis were used to
fabricate electrosprayed coatings on glass surfaces. The
suspensions were stable, with {-potential in the 22.3-
26.2 mV range and most particles exhibiting
hydrodynamic diameters in the 13.5-15.8 nm range.
The loading density and the thickness of the
TiOselectrosprayed layer were adjusted by using
different electrospray times. The surface consisted of a
pattern of aggregates ranging from the micron scale to
the 100-200 nm range, with lower grain size for higher
electrospray times, which could be attributed to the
insulation produced by thicker layers of TiO..

Solar simulated irradiation was carried out using two
different dark-light cycles in order to simulate different
environmental conditions with an initial dark period to
allow bacterial attachment from flowing cultures of S.
aureus. The irradiation rendered all attached bacteria
membrane damaged with no regrowth of cells in any
case. The biomass removal was clear, reaching 99%.
The irradiated surfaces were essentially free of bacterial
exopolysaccharide matrix, particularly for specimens
prepared with higher TiO, loadings. This work showed
that ES technique can be efficient for creating active
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self-cleaning surfaces with precisely dispersed
photocatalytic particles that can avoid biofilm
accumulation even under stringent environmental
conditions.
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Figure. S1. UV-Vis-NIR spectra of TiO2 A (20 wt%) and B (40 wt%) xerogels.
Figure. S2. UV-Vis Diffuse Reflectance spectrum of TiO> B deposited on coverslips.

Figure. S3. DLS particle size measurements of TiO2 A (20 wt%) and TiO> B (40 wt%) suspensions
during a 4 h period.
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Figure. S1. UV-Vis-NIR spectra of TiO2 A (20 wt%) and B (40 wt%) xerogels.
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Figure. S2. UV-Vis Diffuse Reflectance spectrum of TiO> B deposited on coverslips.
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Figure. S3 DLS particle size measurements of TiO2 A (20 wt%) and TiO2 B (40 wt%) suspensions
during a 4 h period.



