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ABSTRACT

Photocatalytic antibacterial and biofilm-preventive activity in liquid of heavy-metal-free coatings
based on a phosphorus (P) and fluorine (F) -modified TiO, photocatalyst has been investigated.
They reveal significantly higher immediate and longer-term (biofilm-preventive) inactivation
capacity than a reference coating made of the commercial photocatalyst TiO2 P25 on three bacterial
species differing in cell wall type and ability to resist oxidative stress (Escherichia coli,
Staphylococcus epidermidis, Pseudomonas fluorescens) (up to more than 99% reduction of
colonization on P/F-modified TiO2 coating compared to about 50% on P25 TiO- coating for 10
min UV-A illumination). This results from the P- and F-induced improvement of photocatalyst
properties and from the smoother surface topography, which shortens reactive oxygen species
(ROSs) diffusion to the outer membrane of the targeted adhered bacteria. Decrease in ROSs-
related impairment of cell wall, respiratory and enzymatic activities confirms the loss of ROSs
throughout the bacterial cell degradation. Staphylococcus epidermidis and Pseudomonas
fluorescens are less sensitive than Escherichia coli, with a probable relation to the bacterial oxygen
stress defense mechanism. The coating antibacterial efficacy was highly affected by phosphate

ions and the richness in dissolved oxygen of the reaction medium.



1. Introduction

Surface adhesion of bacteria and formation of biofilm  present health threat in many instances
such as biomedical field, 2 food industry, 3 water distribution # and wastewater treatment. > Apart
from conventional physico-chemical surface treatments, an alternative method for reducing
frequency and level of surface contamination has been proposed in the last two decades: the self-
disinfecting surfaces. ®® Nowadays, surfaces impregnated, functionalized or coated with silver or
copper are the most advanced. ® However, the development of surfaces with active biocidal agent
but harmless doses for human health is delicate. ° As a consequence of the surface redox properties
developed by the TiO> semiconductor under ultraviolet A irradiation (UVA, 320—400 nm), TiO:
mostly in its anatase form exhibits strong antibacterial effect owning to the generation of various
reactive oxygen species (ROSs) from photogenerated charges. ' Applying TiO.-incorporated
surfaces for self-disinfection enabled bacterial inactivation, even up to complete mineralization %

13 on a wide range of Gram-negative and Gram-positive bacteria species.

Aside from irradiation source power, ** treatment time *° and matrix (or substrate)-related factors,
1617 the intrinsic physico-chemical properties of TiO2 greatly affect the photocatalytic oxidation
performance of the coating by influencing the amount, recombination rate and diffusion length of
the photogenerated charges. 18 The role of TiO; itself was addressed in many studies by comparing
the bactericidal performance of new TiO2 coatings *° to that made of P25 TiO2, %° the commercial
photocatalyst largely admitted as a reference. The self-disinfection properties were improved
thanks to chemical modifications of TiO2, mainly involving Ag and Cu. However, Ag/Cu-modified
TiO2 is expected to reveal high bactericidal properties directly due to the heavy metals. ?* Other

studies focused on the building of TiO,-based heterojunctions 22 or TiO2 doping, 2 to provide self-



disinfection properties under visible light. Meanwhile, TiO> coatings with extended bactericidal
efficiency under UVA irradiation without releasing of environmental-unfriendly agents such as

heavy metals are lacking.

Efficacy of TiO.-based self-disinfection coatings also depends on the surface-related properties,
especially those resulting from the weight of TiO2 deposited per surface area as well as from the
surface morphology and texture, closely related to the size of the particles or of their aggregates.
They directly impact the photocatalytic activity *® and also change the surface area of contact
between TiO> and the adhered bacteria, thus affecting the degree of ROSs attack on cells. Further,
both chemical and topographical surface properties, which change with the photocatalyst density
and chemistry, modulate the amount of adhered and hence targeted bacteria. 2* If present, the
matrix in which the particles are embedded also modulates the disinfection efficiency by
influencing bacterial adhesion 2°2° and may create a synergetic effect with the photocatalyst. 8
Other factors like the presence of ions and the oxygen content in the liquid environment may also
influence the photocatalytic activity, thus having dramatic consequences for the performance in
real aqueous phase conditions. 2 However, except regarding the matrix, these topics are usually

omitted.

Besides, bacterial inactivation on TiO»-based coatings is usually addressed by counting viable or
cell wall-damaged cells. 1! Rare studies also investigate the photocatalytic toxicity to intracellular
functions such as enzymatic and respiratory activities. 222° However, they only touch upon TiO;
nanoparticles or nanocomposites but fail for TiO2 coatings. Hence, actual impairment of vital
intracellular functions in bacteria adhered and treated thanks to TiO2 coatings has still to be
clarified. Besides, bacteria are able to overcome the photocatalytic treatment thanks to ROSs

defense mechanisms involving catalase and superoxide dismutase (SOD). 33! In the case of



oxidative damages caused by TiO2, the immediate inactivation rate of bacteria was shown to be
inversely proportional to SOD and catalase activities. *2 In addition, a SOD- and catalase-deficient
mutant strain was reported to be much more sensitive to photocatalytic treatment than the wild
strain. 33 Importantly, this capacity varies with species and strains *° and can enable bacterial repair
during the post-irradiation period. ** Accordingly, the high immediate antibacterial efficacy of a
self-disinfection coating cannot ensure high post-photocatalytic longer-term performance. To our
knowledge, this has been never investigated for immobilized TiO especially regarding variations

according to bacterial species and their sensitivity to oxidative stress.

We report here the photocatalytic liquid-phase antibacterial activity of a novel phosphorus (P) and
fluorine (F) -modified TiO2 photocatalyst immobilized as a coating, which is expected to provide
higher bactericidal efficiency under UVA light than a reference coating made of TiO2 P25 catalyst
without releasing any environmental-unfriendly agent. The P/F-modified TiO, powder was
developed in a previous work and revealed higher activity in the photocatalytic degradation of
gaseous methylethylketone compared to TiOz P25. 3° Here, both immediate curative performance
and the corresponding longer-term biofilm-preventive antibacterial efficacy of the TiO> coatings
were analyzed, for the first time, by in situ monitoring growth of bacteria adhered on such coatings.
Impact of the photocatalytic treatment on the cell wall and on the vital respiratory and enzymatic
functions was also in situ studied by following cell wall permeability as well as redox and esterase
activities. Potential effect of the cell wall type and ability to resist oxidative stress of bacteria was
questioned by using three bacterial species (E. coli, Staphylococcus epidermidis (S. epidermidis)
and Pseudomonas fluorescens (P. fluorescens)) differing in these terms. Possible correlations

between physical surface characteristics of the coating and chemical intrinsic properties of the



TiO2 photocatalyst on one side, and the antibacterial efficacy on the other side were considered.

Effects of certain ions and richness in dissolved oxygen of the reaction medium were also explored.

2. Experimental

2.1.  Sample preparation
Aeroxide® P25 TiO> photocatalyst was purchased from Evonik® (Evonik Resource Efficiency

GmbH, Hanau-Wolfgang, Germany) and is referred to as “P25”.

The synthesis of the novel P/F-modified TiO; photocatalyst was described elsewhere. % Briefly, 5
g of titanium (IV) isopropoxide (Ti(O'Pr)s, 97%, Aldrich) was mixed in 10 g of propan-2-ol
(AnalaR Normapur, >99.5%, VWR Chemicals), before 6.2 g of 2.2 mol/L acetic acid solution
containing 21.7 mg of sodium fluoride (NaF, ACS reagent, >99%, Sigma-Aldrich) and 59 mg of
phosphoric acid (H3zPOs (PA), analytical reagent, >85%, R.P.Normapur) was further added
dropwise. NaF and PA additives provided the fluoride anions (F’) and the phosphate anions to the
synthesis medium, respectively, with a F/Ti and P/Ti molar ratio of 0.03. A white milky precipitate
was formed immediately, and the solution was kept under stirring for 1 h before being further
sealed by parafilm and aged at room temperature for 6 days without any stirring to partially
generate anatase nanoparticles by crystallization. After filtration of the powder from the rest of the
solvent, the solid was dispersed in 50 mL distilled water under stirring for 10 min, before being
separated from liquid by centrifuge. The washing-centrifuge cycle was repeated 2 times. After
drying for 2 h at 100 °C, the so-obtained white powder was finally calcined in air at 550°C for 2 h
with a heating rate of 5°C/min in attempt to increase crystallinity and to remove fluorine adsorbed

on the sample surface. % This sample is referred to as “PANaF”.



For the preparation of coatings, 484 mg of both TiO, photocatalysts were separately dispersed in
1 ml of 96% ethanol (0.484 g/ml) followed by 5 min of ultrasonication in a 100 W ultrasonic
cleaner. Then the TiO> suspensions were evenly deposited on borosilicate glass cover slips (ROTH
Karlsruhe Deckglaser 22 x 22 mm) by drop casting with a surface density of 1 mg/cm?, while the
substrates were continuously dried from below with a hairdryer. Drying was completed in several

minutes. Both TiO2 immobilized samples are referred to as “TiO2 coatings”.

2.2.  Characterization of photocatalysts
X-ray diffraction (XRD) patterns of TiO2 powders were recorded on a D8 Advance Brucker
powder diffractometer in a 8/60 mode and using the Koy radiation of Cu at 1.5406 A. Surface area
of TiO2 powders were measured on an ASAP2010 Micromeritics Tristar 3000 analyzer using N2
as an adsorbent at 77K. Before N2 adsorption, samples were outgassed at 150°C for 12 h. BET

surface area was calculated from the N adsorption isotherm.

Transmission Electron Microscopy (TEM) analysis of TiO2 powders was performed using a
Philips CM200 in standard mode observation, equipped with thermo-ionic LaBs filament,
operating at a 200 kV acceleration voltage. Samples were firstly grinded and sonicated in ethanol
solution, before a drop of the solution was deposited onto a copper grid covered by holey carbon

membrane for observation.

Surface topographical properties of TiO2 coatings were analyzed by AFM by using a NanoScope
I11a with the following parameter settings: Tapping mode; Tip thickness of 7 pl, length of 225 pm,

width of 38 um; Resonance frequency of 190 KHz; Force constant of 13-77 N/m; Image size of



1pm x 1pm for 5 different zones on each sample. Surface roughness was extracted from each

micrograph after adequate image treatment and analysis by WSxM 9.1 (www.wsxm.es).

X-ray Photoelectron Spectroscopy (XPS) surface characterization was performed on an XPS
spectrometer SES-2002 (VG SCIENTA) apparatus equipped with an Al Ka (1448.6 eV) source
with a pass energy of 20 eV. The spectra were decomposed assuming contributions with Doniac-

Sunjic shape " and Shirley background subtraction. 8

2.3.  Bacteria strains and culture methods
—80°C frozen bacterial cells were spread on LB (Lysogeny broth, Sigma-Aldrich) agar plate and
cultured for two nights at 30°C for E. coli SCC1, * or 37°C for S. epidermidis ATCC 35983 (CIP
106510) , or on BHI (Brain-Heart-Infusion, Sigma-Aldrich) agar plate at 30°C for P. fluorescens
ATCC 13525 (CIP 69.13T). Then, precultures were prepared with one colony of E. coli or S.
epidermidis in LB, or of P. fluorescens in BHI, before overnight incubation at 30°C, 37°C and
30°C, respectively. Cultures were prepared with 10% volume of the precultures in fresh LB for E.
coli and S. epidermidis, and with 33.3% volume of the preculture in fresh BHI for P. fluorescens.
Cultures were then incubated for 4 h at 30°C or 37°C before bacteria were harvested by
centrifugation. Harvested bacteria pellets were re-suspended either in physiological NaCl (9 g/L,
pH 6.8) solution or in the so-called M63G, a E. coli-selective minimum medium (pH 6.8). “° The
obtained bacterial suspensions were adjusted to an absorbance at 600 nm (Asoo nm) of 0.1 (5 x 107
CFU mL™) for being ready to inoculate the TiO, coatings. As a reference, i.e. internal control of
bacterial adhesion and sessile population growth, cleaned borosilicate glass cover slip surface was

inoculated and further analyzed similarly to the TiO> coatings.


about:blank

2.4.  Photocatalytic antibacterial activity of TiO2 coatings

2.4.1. Immediate antibacterial effect
Coatings were sterilized by UVC irradiation (A=245 nm) for 7 min at a 2 cm distance before
immersion in 3 ml of freshly-prepared M63G medium (exclusively for E. coli) or physiological
NaCl (9 g/L) medium (for all three species) in Petri dishes (ROTH, standard petri dish, PS, 35 mm
diameter, 10 mm height). After 3 h of incubation at 30°C or 37°C, the coatings were washed three
times by 2 ml physiological NaCl without creating air-surface interface and ended being immersed
in the last washing solution. Two of the three identical coatings of each type were exposed for 10
min or 45 min (and 3 h if necessary i.e. only for P. fluorescens) to UVA irradiation. The third
coating was maintained without irradiation as a non-illuminated reference. The UVA irradiation
was provided by using a 8W UV-A blacklight lamp (Sylvania Blacklight Blue FBW/BLB T5)
located at a 1.5 cm distance above the coating samples (light distribution centered on A=365 nm
with a received irradiance of 30 W/m? recorded using a RPS900-W ILT wideband
spectroradiometer). For each illumination duration on control, P25 and PANaF coatings,
experiments were repeated three times using three identical coating duplicates of each coating
type. A last washing was performed after photocatalytic treatment to remove any planktonic
bacteria. And in this last washing solution, Fluorescent Syto9® (Aldrich-Sigma) and propidium
iodide (PI, Aldrich-Sigma) dyes were added (no Syto9® stain for E. coli SCC1) to stain viable or

membrane-damaged bacteria respectively.

Observations of coating’s colonization by bacteria were then conducted under confocal

microscope (LSM700, Carl ZEISS) equipped with a X63 water immersion objective (W Plan



Apochromat X63/1.0, 2.0 mm) and working in fluorescence mode with the excitation laser at 488
nm and with acquisition wavelength at 528 nm and 645 nm for Syto9® (GFP for E. coli SCC1)
and PI emission, respectively. Bacteria with active green GFP metabolism (for E. coli) or stained
in green by Syto9® (for S. epidermidis and P. fluorescens) are called “Live” in the following text,
while those with damaged membrane as demonstrated by the red staining of Pl (for all bacteria
species), are called “Damaged” in the following text. The obtained double-channel images in RGB
form were analyzed via ImageJ 1.47V® software to access quantity of stained bacteria in terms of
surface coverage fraction. Three different locations of each surface sample were observed, located

on the diagonal line (Figure S1).

2.4.2. Longer-term biofilm-preventive antibacterial effect
The longer-term antibacterial efficiencies of the coatings, i.e. post photocatalytic action, were
determined for different UVA illumination durations. The general procedure is similar to that
conducted for immediate antibacterial effect analysis, except that the coatings were put back into
an adequate nutritive culture medium immediately after UVA illumination. They were kept
overnight at 30°C or 37°C for E. coli or P. fluorescens, and S. epidermidis respectively, before
being washed and stained for the final confocal microscopy observation. For the P. fluorescens

strain, a 3 h UVA illumination experiment was also performed.

2.4.3. Photocatalytic action mechanism
The experimental procedure was similar to that used for the analysis of immediate antibacterial
photocatalytic effect but conducted on E. coli PHL 628, a biofilm-making K12 MG1655 derivate
strain ** without fluorescence properties like that of E. coli SCC1. After UVA illumination, Calcein
AM (CAM, Aldrich-Sigma) and 5-cyano-2,3-ditolyl tetrazolium chloride (CTC, Aldrich-Sigma)

fluorescent dyes were simultaneously used to stain bacteria with intact endogenous intracellular
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esterase activities and redox respiratory activities respectively. Staining was performed in LB
medium to reach a detectable level of bacterial respiratory activity. > On each surface sample,
NaCl 9 g/L solution was thus replaced by 2 ml of solutions of CAM (3 mmol/L) and CTC (1
mmol/L) dyes in LB before 20 min incubation. Surface samples were then washed once by
physiological NaCl 9 g/L medium without creating air-surface interface and finally observed under
confocal microscope as described above. Excitation laser was at 488 nm and the emission was

observed at 520 nm for CAM and 630 nm for CTC.

2.4.4. Photocatalytic bactericidal action in oxygen-deficient condition
Immediate antibacterial effect of photocatalysis in oxygen-deficient condition has been evaluated
on the E. coli SCC1 strain cultured in a confined environment (Figure S2). Briefly, 20 pl of
bacterial suspension prepared with freshly-autoclaved medium (therefore with oxygen deficiency)
was dropped on each coating, which was immediately covered by a glass cover slip. The air-liquid
exchange interface area was thus limited at the outer edge of the double glass cover layer. Then
UVA illumination was performed as described above and prolonged up to 3 h since the
photocatalytic activity was expected to drastically decrease in confined environment. In addition
to the confocal microscopy analysis performed as described above, quantity of sessile bacteria was
also assessed by using a classical plate counting method. *® Glass cover slip was confirmed not to

absorb neither UVA nor the fluorescence emitted by bacteria or bacterial staining.

Besides, the variation of the oxygen content during the photocatalysis action in confined
environment was monitored by using an oxygen sensor patch (HIOXY Oxygen Sensor patch,
IDIL). In the above described confined environment setup, the patch was stuck on the interior side
of the top cover slip, sandwiching liquid along with the TiO2 coating (Figure S3). The liquid used

in this experiment was either distilled water, fresh bacteria-free physiological NaCl 9 g/L medium
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or bacteria suspension adjusted to an absorbance Asoo nm of 0.1 or 1.0. Oxygen dissolved in liquid
quenches the fluorescence of the sensor, allowing a modulation of the fluorescence intensity level
vs. the dissolved oxygen concentration by observation under an up-right epifluorescence
microscope (Olympus BX51). Excitation laser was at 405 nm and emission was observed at 630
nm. UVA illumination was applied on the bottom side of the coatings with the same irradiance as
before. To compare the oxygen content with and without UVA illumination, micrographs were

taken with both non-illuminated and illuminated coatings.

2.4.5. Data statistics
Significance of the two-by-two differences between averages of bacteria’s quantity on the diverse
coatings was evaluated by bilateral Student’s t tests with significance thresholds of 0.05.
According to Scherrer, 4 the alternative hypothesis (H1: pp2s # ppanar) Was assumed to be true

when the main hypothesis (Ho: pr2s = ppanar) Was rejected.

3. Results and discussion

3.1.  Immediate photocatalytic antibacterial effect on E. coli SCC1
Surface fraction covered by E. coli SCC1 before and after illumination on the reference surface,
P/F-modified and P25 TiO> coatings are shown in Figure 1 and Figure S4. Colonization was
similar before illumination on all the three types of surface (TiO2 coatings and reference), which
indicates that the TiO> coatings do not present any noticeable attractive or repellent properties for
bacteria compared to the reference. After surface inoculation and subsequent bacterial adhesion,
no significant bacterial growth was observed neither on the reference surface nor on the TiO>

coatings, as expected in NaCl 9 g/L medium. Regarding immediate photocatalytic effect, a 10 min
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UVA treatment resulted in a strong reduction of bacterial activity on P/F-modified TiO>
(“PANaF”) coating, with almost complete elimination of the sessile “Live” population. In contrast,
a 10 min UVA treatment on P25 coating only provided about 50% of “Live” population decrease,
with high variability of the results with samples and locations on samples. This is illustrated by
the confocal micrographs in Figure S5 B, C, which display very different ratios of “Live” to
“Damaged” bacteria numbers depending on the analyzed region on P25 coatings. After 45 min of
UVA illumination however, a similar strong reduction of the quantity of “Live” bacteria was
observed on PANaF and P25 coatings. Besides, the quantity of “Damaged” bacteria increased with
the irradiation time up to the colonization level by “Live” bacteria measured before illumination.
The average “Damaged” gain-to-“Live” loss ratios for 10 min and 45 min illumination are 1.71
and 0.84 on P25 coatings, and 1.09 and 1.15 on PANaF coating respectively. In general, good
correlation was found between loss in “Live” bacteria and gain in “Damaged” bacteria for all the
coatings and all illumination time. This clearly indicates that bacteria were not eradicated; rather

their cell wall was more or less strongly degraded according to coating type and illumination time.

Immediately after 10 min of UVA illumination, enzymatic and respiratory activities of bacteria on
TiO- coatings were not affected (Figure 2, Figure S6, Figure S7 and Figure S8), as shown by the
absence of any significant difference in the quantities of CAM- or CTC-positive bacteria
respectively. In contrast, 45 min illumination resulted in a strong reduction in the quantity of CTC-
positive bacteria on both coating types, which was more significant on the PANaF coating.
Reduction in respiratory activity is in accordance with the increase in physical damage of the cell
wall, as shown by PI staining. A 45 min photocatalytic treatment also resulted in a loss in the
quantity of CAM-positive bacteria, which was also more marked on PANaF coating than on P25

coating. This is indicative that bacteria have been hit at a sufficient level to inhibit any enzymatic
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activity in a large part of the bacterial population (80% and 60% on PANaF and P25 coatings,

respectively), even though cells were not completely degraded.

3.2. Relation between the physico-chemical properties of the coating and the
antibacterial activity on E. coli SCC1

PANaF TiO; coatings present higher photocatalytic activity than the P25 reference coating in terms
of immediate cell wall damage and reduction in vital metabolic activities of E. coli cell.
Experiments conducted without illumination or without TiO coatings demonstrated that neither
UVA illumination nor TiO2 coatings were able by them-selves to induce these antibacterial effects.
Absence of toxicity of TiO2 coatings was made sure by the preservation of very high “Live” and
very low “Damaged” bacteria’s quantity on TiO> coating samples in the absence of illumination
(Figure S4, Figure S9). In addition, neither 10 min (data not shown) nor 45 min of UVA
illumination (Figure S9) resulted in any loss of “Live” bacteria and any gain of “Damaged” ones
on reference surfaces. The applied irradiance was thus unable to induce any detectable damage of
bacterial cells. 3 h of UVA illumination had to be reached to achieve a slight killing effect on E.
coli SCC1, with non-significant variation of the “Live” bacteria population but high increase in
the “Damaged” population (Figure S10). In addition, the electrostatic interactions between the
charged bacterial outer surface (negative for all known bacterial species at physiological pH, about
7) and the material surface, which are known to impact bacterial adhesion, * are expected to have
been similar on TiO, P25 and PANaF materials. *° Both materials exhibit isoelectric point (IEP)
of 5.6 + 0.5 and 3.4 + 0.2, respectively, ie. lower than the physiological pH, so that both surfaces
are negatively charged in the most common bacterial culture media (pH = 6.8-7.0). % This was

confirmed by the experiment that showed that sessile E. coli bacteria were in similar amount on
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P25 and PANaF coatings before any photocatalytic treatment. Damage and inactivation of bacteria
observed with up to 45 min of treatment should be thus attributed to photocatalysis, i.e. the

physico-chemical properties of the TiO, photocatalysts or of the coatings.

PANaF TiOz is expected to perform better than the P25 TiO reference for many different aspects.
XRD patterns revealed that the PANaF TiO2 powders had a smaller mean crystallite size than the
P25 TiO, reference (about 10-11 nm vs. 22 nm for the anatase phase in P25) (Figure 3), associated
to its higher specific surface area (130 m?/g vs. 55 m?/g). The results were confirmed by TEM
analysis, for PANaF and P25 TiO, powders (with a 12-15 nm mean crystallite size vs. 22-25 nm,
respectively). It was shown that this fine-tuned material morphology directly results from the use
of phosphoric acid (PA) and sodium fluoride (NaF) additives in a P/F-assisted sol-gel synthesis of
TiO». Thanks to the use of both additives, a much higher photocatalytic activity in the gas-phase
methyl ethyl ketone degradation was obtained with PANaF TiO2 in comparison to P25. Indeed,
the number of adsorption and reaction surface sites was increased and an improvement of the
photogenerated electron-hole charge flow separation was proposed, which reduces the charge
recombination rate. % Here as well, the increased number of surface sites favors the production of

ROS, and consequently the subsequent antibacterial effect in aqueous phase.

Besides, the surface topographic properties are likely to provide some advantage to the PANaF
coating over its P25 counterpart. As measured by AFM and reported in Figure 4, strong differences
in surface roughness and morphology are noticed: the surface of the P25 coating is composed of
large grain-like convex structures with size of 180 + 35 nm, while the PANaF coating surface is
smoother (mean lateral particle size of 75 nm vs. 120 nm for PANaF and P25, respectively) and
the grain size is smaller (42 £ 16 nm). This is consistent with the smaller TiO crystal size of

PANaF compared to P25. Indeed, even though the observed grains are probably aggregates rather
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than single crystals, smaller crystals are expected to form smaller aggregates than larger crystals
do, if the form of primary particles is non-anisotropic. This has been especially shown for
aggregates of P25 and of smaller size sol-gel TiO-. #’ This difference in topography does not result
in different surface coverage by bacteria of the coatings as shown before UV-A illumination
(Figure S4). However, the photocatalytic effect on adhered bacteria might be impacted. Due to
their large size (1-3 pum) compared to the TiO. aggregates, bacterial cells lie on the coating’s
surface with only a limited numbers of contact points. “ On PANaF coatings, the smoother
topography results in a higher number of contact points with shallower valleys in between. This is
beneficial to the photocatalytic activity, “° since the reactive generated ROSs need to diffuse for a
shorter distance to reach the target i.e. the bacterium at the surface of the PANaF coating compared

to the P25 coating (Figure 4), which has been reported to prevent dramatic loss of the ROSs. >

Longer-term, biofilm-preventive antibacterial effect

Bacteria’s fate on the coatings after treatment by photocatalysis has been investigated. Adhered E.
coli were allowed to recover for 16 h in favorable growth conditions after different photocatalytic
treatment times. Their amounts after the recovery period are depicted in Figure 5 and Figure S11,
and some typical micrographs are shown in Figure S12. As expected, the surface coverage by
“Live” bacteria without photocatalytic treatment increased from 15-20 % to up to 40-50 % on the
TiO> coatings after overnight culture in nutrition-rich conditions. In contrast, the surface coverage
increased from nearly 0% when a prior UV-A treatment was applied for 10 min or 45 min to 15-
20 % on both P25 and PANaF coatings after overnight culture. Overall, the longer-term
antibacterial effect of the TiO> coating is able to limit the bacterial overnight regrowth to roughly
60% of surface coverage relative to that on a non-treated coating (Figure 5 B). This demonstrates

that the few “Live” bacterial cells still adhered on the coatings after photocatalytic treatment
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(Figure 1C) were able to grow if placed in favorable conditions. However, only few bacteria that
were damaged by the treatment were able to recover, as suggested by the similar fraction of
bacteria remaining “Damaged” (i.e. red) after the overnight culture (10%) (Figure 5 A) compared

to the fraction measured directly after the photocatalytic treatment (10-20%) (Figure 1 C).

3.3.  Variations of the photocatalytic antibacterial performance with bacterial species
The photocatalytic antibacterial performance, regarding both immediate and longer-term effects,
was expected not to depend only on the material and the coating properties, but also on the bacterial
species mainly due to strong differences in resistance to oxidative stress. Investigation conducted
with S. epidermidis ATCC 35983 (CIP 106510) and P. fluorescens ATCC 13525 (CIP 69.13T)
strains on the PANaF and P25 coatings revealed significant differences in the photocatalytic effect

compared to the results observed with E. coli.

With S. epidermidis ATCC 35983 (CIP 106510), the results reveal a strong reduction of the “Live”
bacteria quantity on both the coatings after 45 min UVA illumination (Figure 6 A, Figure S13 and
Figure S14 for micrograph examples). However, 10 min UVA treatment failed to cause any
antibacterial effect on P25 coating and only a slight advantage of PANaF coating was evidenced
with “Live” bacteria quantity being reduced to about 80% of the initial population. 10 min UVA
treatment also failed to provide any antibacterial effect on P. fluorescens ATCC 13525 (CIP
69.13T) strain on the P25 coating, but also on the PANaF coating (Figure 6 B and Figure S15).
Nevertheless, 45 min UVA illumination led to a significant reduction of the “Live” bacteria
quantity on both P25 and PANaF coatings, but the reduction was only of about 70% on the PANaF

coating and 50% on the P25 coating, thus not as efficient as with E. coli. In addition, as illustrated
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in confocal micrographs (Figure S16), some bacterial cells were stained as dark orange instead of
red, which is the result from double cell staining by red Pl and green Syto9®. This indicates that
the cell wall integrity was affected, even though damages were not strong enough to allow PI to
completely replace Syto9® in DNA. Longer UVA treatment, tested for up to 3 h illumination, did

not result in any further improvement of the antibacterial effect as seen in Figure 6 B.

After overnight growth in nutrient-rich culture medium without any previous treatment, S.
epidermidis population that initially covered about 10% surface of the coatings grew to about 50%
coverage in absence of photocatalytic treatment (comparison between Figure S15 and Figure S17).
With a previous 10 min UVA treatment, the bacterial population was unchanged (49% and 50%
on P25 and PANaF coatings respectively) (Figure 6 C, Figure S17 and Figure S18). However, with
45 min UVA illumination, longer-term growth was significantly reduced, the coverage by “Live”
bacteria being lowered to 40% of the P25 coating and about 30% of the PANaF coating.
“Damaged” bacteria quantity was almost unchanged after the overnight growth in favorable
conditions compared to immediately after the photocatalytic treatment, which suggests that
damaged bacteria were mainly unable to recover, similarly to that observed with the E. coli SCC1
strain. Thus, photocatalytic treatment of S. epidermidis on both P25 and PANaF TiO> coatings was
able to inhibit the growth of a significant part of the sessile bacterial population even after a long
recovery time in favorable conditions. In contrast, 45 min of treatment failed to avoid the formation
of a thick P. fluorescens biofilm after post-treatment growth in nutritive medium (Figure S19) even
though the micrographs suggest some moderate inhibition on both TiO coatings (Figure S20). A
more pronounced inhibition was achieved after 3 h illumination as evidenced by the much less
dense “Live” bacterial biomass observed in the biofilm. In addition, “damaged” bacteria were in

higher quantity on the PANaF coating than on the P25 one.
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Finally, bacterial species are ranked as following in terms of their rate of inactivation after the
same photocatalytic treatment on the same TiO> coating: E. coli > S. epidermidis > P. fluorescens,
from the most to the least sensitive. Indeed, the possible effect of differences in adhesion rate
between species is rejected since the inactivation rate relates to the number of adhered bacteria of
each species measured without treatment. Therefore, three species-related factors may be involved
in this variation in sensitivity: 1) the production of extracellular matrix (ECM), 2) the structure

properties of the bacteria cell wall and 3) the defense mechanism countering ROSs.

ECM is expected to form a screen that partially hides the TiO2 nanocrystals from the irradiation
beam. ! It also probably acts as a diffusion barrier for ROSs that have been produced. > However,
illumination treatments were all carried out on bacteria just adhered (3 h of incubation) in
physiologic saline solution, which is not expected to conduct to the formation of a significant
biofilm. > Hence, ECM is here expected not to have been produced in a sufficient quantity to

compromise the photocatalysis effect.

Bacteria’s cell wall type might also vary the bacterial susceptibility to ROSs. Indeed, both outer
membrane and peptidoglycan (PGN) layers, which are the main barriers for ROSs before
damaging the cytoplasmic membrane, differ with Gram-negative / Gram-positive class of bacteria
(Figure 7). > Lipopolysaccharide and lipid layers of the outer membrane of Gram-negative
bacteria have been demonstrated to be easily degraded through photocatalysis. >°° In contrast, the
PGN layer, that is much thicker in Gram-positive bacteria, was shown to be the most resistant
component of the cell wall. " However, the natural pores of the PGN layer are large enough for
the diffusion (bypass) of ROSs (if live long enough) in the absence of any PGN degradation. >*
Therefore, variation of sensitivity based on the typical cell wall composition associated to the

Gram-positive and versus Gram-negative classification is not obvious. This is in agreement with
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the literature that failed to report direct correlation between photocatalytic antibacterial efficacy

and the cell wall type so far. 8

Whatever the cell wall type, ROSs finally reach the cytoplasmic membrane. There, vital metabolic
functions such as enzymatic and respiratory activities may be affected. > °° This is therefore the
ultimate and the most vital defensive line against many environmental stresses . In our study,
adhered E. coli cells with active enzymatic and respiratory activities were still in high number on
both TiO> coatings after 45 min of UVA treatment, although their GFP production, which signs
the metabolic activity, was shown to be almost completely inactivated. Their cell wall was also
almost completely damaged. In addition, the enzymatic activity was less reduced than the
respiratory activity. This confirms that ROSs attacked the cytoplasmic membrane as first, which
is the location of E. coli respiratory, while the remaining quantity of ROSs reached then the
cytoplasm (Figure 7). In the bacterial cell cytoplasm, all three bacteria used in the present work
had catalase and SOD, two important anti-oxidative enzymes providing defenses against ROSs.
However, their capacity to inhibit ROSs varies with species. ® Facultative anaerobic S.
epidermidis and E. coli bacteria are more sensitive to oxygen exposure than aerobic organisms that
have moved towards intricate mechanisms to neutralize ROSs. ®2%4 Thus, Alhasawi et al. have
demonstrated that an obligate aerobic wild P. fluorescens strain can survive in media with 500 pM
H20, by generating NADPH, ATP and glyoxylate in an effort to fend off ROSs. 3! This pronounced
difference in fighting against ROSs is the probable main cause of the difference in sensitivity to
the photocatalytic treatment observed between E. coli and S. epidermidis on the one side and P.
fluorescens on the other side. In addition, E. coli K12 strains such as E. coli SCC1 lack one of the

SODs compared to environmental E. coli B strain. This allows us to suggest that E. coli SCC1
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bacteria exhibit less resistance to ROSs in comparison to S. epidermidis and P. fluorescens

bacteria, P. fluorescens being the most resistant due to adequate adaptation to aerobic conditions.

3.4. Influence of oxygen and ions on the photocatalytic antibacterial performance
Environmental factors such as the oxygen level and the presence of ions in the reaction medium
are prone to strongly affect the photocatalytic antibacterial effects. We therefore investigated the
immediate photocatalytic antibacterial effect in a confined, i.e. O2-poor, environment (Figure 8)
for E. coli SCC1 strain on both P25 and PANaF coatings. The surface fraction covered by bacteria
without treatment was low (2%-5%) in agreement with the low bacteria’s quantity inoculated on
the surface in the confined environment (only 20 ul of bacteria suspension). After a 45 min UVA
treatment, neither P25 nor PANaF coating revealed any significant reduction in the quantity of
“Live” bacteria, which is in a great contrast with the results obtained in the “open” aerated system
used for the above reported results (Figure 1 B). The lack of significant photocatalytic activity on
the confined TiO2 coatings was confirmed after 3 h UVA illumination (data not shown).
Noticeably, the lack of antibacterial effect was associated with a color change of the TiO> coatings
(Figure S21). Typically, the coating revealed white color in aerated conditions, which was
unchanged after illumination. Placed in the confined environment, the coating turned from white
to a bluish color, regardless of the concentration of bacteria used for the inoculation, which is
attributed to the formation of reduced TiO; (Ti%*) with the formation of oxygen vacancies. %% By
using an oxygen sensor patch, an immediate and strong decrease in the level of dissolved oxygen
was actually revealed by a sharp boost of fluorescence intensity upon UVA illumination in the
confined condition (Figure 9). In contrast, the red fluorescence intensity was much lower upon

illumination in aerated conditions, as well as in the absence of illumination in both aerated or
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confined environments, as expected for oxygen-rich media. The low level of oxygen content in the
confined environment might lead to the impossibility for photogenerated electrons to be evacuated
through the usual reduction of adsorbed Oz molecules. ¢’ Hence, the photogenerated electrons
accumulate in the TiO2 material, thus reducing Ti** species into Ti%* centers as expected from the
redox potential level of Ti** lower than that of anatase TiO.. . The resulting TiO- structural
changes alter the photocatalytic properties. ® Besides, the lack of oxygen prevents any free-
radical-induced chain scission of (bio)polymers, ® which results in the preservation of
biopolymers and therefore survival of bacteria upon photocatalytic treatment. Importantly, the
presence of bacteria did not enhance the color change despite the O uptake by bacteria for their
respiratory activity, probably due to their low consumption of O especially in a non-nutritive
medium (NaCl 9 g/L). #? It should be noticed that the blue color was more intense in the liquid
freshly sterilized by autoclave just before use (e.g. physiological saline water), which is attributed
to the removal of the dissolved oxygen. Finally, reduction of Ti*" into colored Ti®* is a non-

material-dependent phenomenon that occurred similarly on both TiO> coatings.

Some ions in the reaction medium were also shown to influence the photocatalytic antibacterial
effect. It was especially noticed that 1 h of photocatalytic treatment in M63G medium failed to
result in any significant reduction in the “Live” bacteria’s quantity on both TiO> coatings (Figure
10), which is very different from the effect in physiological saline medium (Figure 1 B).
Complementary experiment of the liquid phase photocatalytic degradation under UVA of
methylene blue on the PANaF coatings in the presence or absence of M63G medium confirmed
that the M63G medium inhibited the photocatalytic reaction (cf. Figure S22 and its description),
even with a M63G medium diluted by 100 times with saline solution. XPS surface analysis (Table

S1, Figure S23) revealed the characteristic doublet of P 2pzp.12 orbitals for non-polymerized
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phosphate species (133.6 eV and 134.5 eV) in the case of the PANaF coating, as the expected
consequence of using phosphoric acid as additive for the TiO, synthesis *°, while logically no
phosphorous was observed in the case of P25 coating (data not shown). After immersion in M63G
medium, the P/Ti surface atomic ratio strongly increased for both TiO> coatings (Table S1), with
the appearance of an additional P 2psy2-12 orbital doublet contribution (Figure S23 A, C) similar to
that observed on TiO.-based composites used to adsorb phosphate from wastewater. % The
presence of phosphate deposit was here attributed to phosphate adsorbed from the medium to the
coating’s surface. It was consequently the probable cause for the suppression of the photocatalytic
antibacterial effect. Indeed, Rincon et al. reported that phosphate ion is the most detrimental
compound among other common ions for the TiO> photocatalytic antibacterial effect on E. coli. It
acts as a poison for the photocatalyst by competing with the oxidizing radicals, by blocking the

surface active sites of the photocatalyst 27, and by further serving as a charge recombination center.

4. Conclusion

Photocatalytic antibacterial investigation was conducted under UVA irradiation on a heavy-
metals-free P/F-modified TiO. coating against several bacterial species in comparison to a
reference TiO2-P25 coating. In general, near-total inactivation of E. coli and S. epidermidis was
obtained, with a clear of both nature and topography of the coating, and of illumination time.
Significantly higher efficiency was achieved on the PANaF coating compared to its TiO2-P25
counterpart. Especially, the smaller size of the PANaF TiO> crystals lead to a smoother topography
of the coating surface, which may reduce the diffusion length that the photogenerated ROSs must

travel to attack the bacterial cell wall. For the first time on TiO2 coatings, in-situ investigation of
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the cell wall integrity as well as of the respiratory and intracellular esterase activities showed that
the photocatalytic treatment acts on the bacterial cells by attacking the successive barriers of the
cell structure, with a decreasing photocatalytic effect as ROSs progress through the cell. Besides,
we have evidenced a longer-term, biofilm-preventive effect on E. coli and S. epidermidis species
in good correlation with the immediate photocatalytic antibacterial effect, while complete
inactivation was not achieved with P. fluorescens, probably due to the capacity of P. fluorescens
to fight the ROS-induced oxygen stress. In addition, the adsorption of phosphate ions on the TiO-
surface and the lack of dissolved oxygen in the reaction medium are detrimental to the

photocatalytic activity.
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Figure 1. (A) Example of fluorescent images of E. coli SCC1 bacteria on P25 and PANaF coating
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with and without 10 min of illumination. (B) Surface fraction covered by “Live” bacteria with and
without 10 min of illumination on P25 and PANaF coating. (C) Surface fraction covered by “Live”
(green) and “Damaged” (marked as “Dmg”) (red) bacteria and (D) fraction of “Live” bacteria in
the population of E. coli SCC1 as a function of the illumination time on reference, P25 and PANaF
coatings. Differences compared to t=0 are significant (p-value < 0.05) at all illumination length on

P25 and PANaF coatings (cf. also in Figure S6).
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Figure 2. CAM and CTC stained E. coli PHL 628 #! quantities for the reference, P25 and PANaF
coatings after (A) 10 min and (B) 45 min of UVA illumination. *: Significant differences in CAM
stain (p-value < 0.05) compared to “Control”. #: Significant differences in CTC stain (p-value <
0.05) compared to “Control”. *’: Significant differences in CAM stain (p-value < 0.05) compared

to “P25”. #’: Significant differences in CTC stain (p-value < 0.05) compared to “P25”.
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28



200nm
[ amal

3000 70001
2500 6000
@ 2
a - 2 L
S 2000~ g 5000
g - 5 4000\~
2 1500 5 b
é L € 3000
1000/~ 3 r
E i Z 20001
T “H \‘ ““HI
0 -u|II||| |||||||II| 07 ....|||I||||| ||||||||II||| .........
PO T O N L Il L Il L L L Il L |
0 50 100 150 200 250 300 0 20 40 60 80 100
Height [nm] Height [nm]

. 4
: b 5 :
.= [T
’ %
’ ll’«
-— i - ;
. dX: 1.0um X: 1.0um
Y: 1.0pum Y: 1.0um
Z:333.0nm Z:155.1nm

P25 PANaF
Figure 4. (A) Topological micrographs and (C) height profiles of the TiO2 P25 coating, and (B,
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eclipse representing a single bacterium that is shown to scale. Schematic illustration of the contact
between one bacterium and both (G) P25 TiO, and (H) PANaF coatings, and of the diffusion

pattern of ROSs depending on the TiO2 coating.
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Figure 6. Fraction of “Live” bacteria after immediate photocatalytic treatment in the population
of (A) S. epidermidis ATCC 35983 and (B) P. fluorescens ATCC 13525 strains as a function of
the illumination time on control, P25 and PANaF coatings. Differences with t=0 are significant (p-
value < 0.05) at all illumination length on P25 and PANaF coatings (cf. Figures S10 and S11). (C)
Fraction of “Live” bacteria in the population of S. epidermidis ATCC 35983 (CIP 106510) after
overnight growth in nutritive medium, as a function of the previous illumination time on control,
P25 and PANaF coatings. Differences with t=0 are significant (p-value < 0.05) at 45min
illumination length on P25 and PANaF coatings (cf. Figure S15). (D) Example of fluorescent
images of S. epidermidis and P. fluorescens bacteria on P25 and PANaF coating with and without

45 min of illumination.
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Figure 8. Immediate photocatalytic antibacterial effect on “Live” E. coli SCC1 bacteria adhered

on the reference, P25 or PANaF coatings in a confined (oxygen-poor) environment, and with or

without UVA illumination for 45 min. No significant differences (p-value < 0.05) noticed between

“Live” with or without 45 min of illumination on each coating.
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.
Figure 9. Fluorescent confocal images of an oxygen sensor patch in contact with a PANaF coating
(A) in aerated condition, (B) in confined environment within physiological NaCl 9 g/L medium
before UVA illumination, and (C) in confined environment within physiological NaCl 9 g/L
medium during UVA illumination. (D) Fluorescence background (i.e. control condition) without

any microscope laser excitation but with UVA illumination, showed uniform black color. The four

photographs were taken at the same sample location.
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Figure 10. Immediate photocatalytic antibacterial effect on E. coli SCC1 species cultivated in
M63G medium "© on P25 and PANaF coatings and with or without 1 h of illumination. No

significant differences (p-value < 0.05) are noticed for each coating with or without 1 h of

illumination.
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Supporting Information. Examples of fluorescent images of bacteria, surface coverage by
staining-positive bacteria, supplementary experimental information on studying the effect of
phosphate ions adsorption and the lack of oxygen dissolved in the reaction medium on the

photocatalytic bactericidal activity of TiO> coating.
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The following graphic will be used for the TOC:
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