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ABSTRACT

Structural, microstructural and bactericidal surface properties of TiO2-coated glass substrates
elaborated by reactive RF-sputtering are investigated. As pathogenic bacteria in biofilms are a major
concern in food industries due to their growing resistance to cleaning and sanitizing procedures, the
development of photoactive surfaces exhibiting bactericidal properties is acknowledged as an

This article has been accepted for publication and undergone full peer review but has not been
through the copyediting, typesetting, pagination and proofreading process, which may lead to
differences between this version and the Version of Record.

effective approach to tackle bacterial contaminations. Our principal aim concerns the study of the
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photoactive top-layer thickness impact (from 80 nm to 500 nm) on Listeria monocytogenes.
Structural characterization of the TiO2 layers demonstrates that anatase and rutile phases are both
present, depending on the film thickness. Photocatalytic activity of the samples has been evaluated
through the degradation of aqueous methylene blue (MB) solutions under UVA light illumination for
various time periods. The results show an efficiency rating increase according to TiO2 film thickness
up to a threshold value close to 400 nm. Moreover a significant decrease of the adherent bacteria
number is observed after 20 min of UVA illumination. The quantitative study of the bactericidal
activity associated with scanning electron microscopy observations of the post-process bacteria
damaged cells demonstrates the efficiency of the 240 nm-thick TiO2 coating sample. The results are
correlated with the production of hydroxyl radical during the process of photocatalysis.

INTRODUCTION
In food industry environments microbial, biofilms grown on work surfaces are the source of
contamination, food-borne infections and also equipment damages (1, 2). Biofilms represent
therefore a recurrent economic and food safety problem. It appears difficult to remove a biofilm
once it is formed on food plant surfaces. Indeed the complex biofilm structure protects bacteria
from classic disinfection and sanitizing procedures (3–7). Some bacteria, such as Listeria
monocytogenes, can persist in various food plant environments from months to several years even
when appropriate hygienic measures are applied (8, 9). Reis-Teixeira and coworkers have
demonstrated that although L. monocytogenes is not able to form thick multilayer biofilms, the cells
can persist on abiotic surfaces (10). This result confirms the need to focus on measures or
techniques to avoid biofilm formation, instead of trying to fight against mature biofilms. Deposition
of semiconductor materials in thin coatings is an efficient way of biologically active and selfsanitizing surface preparation. Antibacterial activity of such top-layers is photoinduced through the

.

formation of reactive oxygen species (ROS) when irradiated by light energy higher than the band gap
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value (11). Among chemically stable, non-toxic and cost-effective materials, titanium dioxide (TiO2)
has been widely studied as semiconducting oxide for a large range of photocatalytic applications
(12). TiO2 material exhibits different polymorphic phases: anatase, rutile and brookite. Rutile is
thermodynamically stable, while anatase and brookite phases are in metastable states (13). Among
the three crystalline phases, anatase presents the highest photocatalytic and bactericidal activity
(14, 15). When TiO2 is irradiated by UV light, it produces pairs of electrons and holes. These either

recombine, or migrate to the surface of the catalyst where they can participate in oxidation and
reduction reactions by generating strong oxidative radicals (hydroxyl radicals, superoxide anions and
hydrogen peroxide) that decompose organic compounds (16–18). Therefore, TiO2 can be used as a

photocatalytic antibacterial material: it combines chemical stability, biocompatibility and high
potential for self-cleaning. That way, TiO2-assisted photocatalytic disinfection, purification or cleanup processes have been evaluated on a wide range of organisms, including viruses, bacteria, fungi
and algae (19–22).

Photocatalysts are conventionally available in powder form which makes the catalyst particles
removal very difficult and expensive once work has been completed. This drawback can be
overcome by immobilizing the catalyst onto or as a surface, at the expense of its developed
corrugated surface (16, 23). TiO2 photocatalytic coatings can be elaborated by various techniques,

such as sol-gel process (24), chemical vapor deposition (25) and sputtering deposition methods (26).
Radiofrequency (RF) and direct current (DC) sputtering are ones of the most available methods,
frequently used in mass production due to their high deposition rates, high reliability, moderate
running costs and possibility of covering a large range of substrate types (27).

.

In this work, titanium dioxide thin films with various thicknesses were grown by RF magnetron

Accepted Article

sputtering technique on glass substrates to investigate the effect of the TiO2 film thickness on the
photocatalytic and bactericidal activities. Transparent substrates have been especially selected in
the present study to extract the intrinsic optical characteristics of the photoactive coatings. The
elaborated samples have been tested against the relevant food-born pathogen L. monocytogenes.

MATERIALS AND METHODS
Bacterial strain. Two strains of L. monocytogenes were considered in the present study: the L.
monocytogenes ScottA reference strain (28) and the ECL 136 environmental strain sampled in a food
plant (29). Each strain was stored at -70°C in Brain Heart Infusion (BHI) broth (Biokar, France)
containing 40% (v/v) of glycerol. After the strain culture on Plate Count Agar (PCA) for 18 hours at
37°C, one colony was placed into BHI broth for 7 hours, as a pre-culture, at 37°C. Using the preculture, the appropriate broth was inoculated for an overnight sub-culture. After this, the bacterial
suspension concentration was adjusted to 108 CFU/mL by measuring its optical density at 600 nm,
and confirmed by enumeration on BHI. Then 50 µL of these suspensions have been loaded onto TiO2
thin film to assess the susceptibility of the strains to UVA (365 nm) and to measure the bactericidal
activity.

TiO2 film elaboration. TiO2 thin films were deposited on (50 mm × 50 mm × 0.7 mm) soda-lime glass
substrates by RF magnetron sputtering technique (30, 31). The deposition chamber (Plassys MP
450S) that contained a titanium metal target (100.4 mm diameter, 99.995% purity) was pumped
down to 5×10-5 Pa by a turbomolecular rotary pump system. The distance between the target and

the substrate was set at 80 mm. Glass substrates were first cleaned in an alkaline lye at 60°C for 15
min, rinsed copiously with deionized water (10 min) and dried under a steam of dry nitrogen. The

.

glass substrate, clamped on a sample holder, was then introduced in the deposition chamber via a
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loadlock chamber. The titanium target was supplied with RF power through an automatic matching
network. Before each deposition step, the target was pre-sputtered in pure argon (Ar) atmosphere
(2.75 Pa) under 50 W RF power for 10 min to remove any target surface contaminates. Then a
mixture of argon (Ar) and oxygen (O2) gas was bled into the sputtering chamber and adjusted by two

mass flow controllers. The different parameters during TiO2 deposition were set as follows: RF
power: 200 W, substrate temperature: 440°C, O2/Ar volume ratio: 3% and working pressure: 2.75
Pa. In order to obtain different film thicknesses, six deposition times: 60, 120, 180, 240, 300 and 360
min were used. The elaborated films are denoted in the present paper by TiO2-film thickness, such
as TiO2-80nm (film thickness d = 80 nm and sputtering time = 60 min). After deposition, each sample
was cleaved into coupons of 1cm×1cm each.

Physical characterizations of the TiO2 thin films. A standard 4-point probe configuration, with a 225

Keithley current source and a 7050 Schlumberger microvoltmeter, provides the sheet resistance RS
at room temperature.
Optical transmittance was recorded by a UV–Visible spectrophotometer (Perkin Elmer Lambda 20

(Waltham, MA, USA), scanning speed 240 nm/min, 2 nm width slit) in the 200–1100 nm spectral

range at normal incidence. The UV–Visible spectrophotometer was previously calibrated with air
(blank). In region of strong absorption, the transmittance of the thin film T is expressed in terms of
absorption coefficient  and film thickness d, as follows:
ln(T) ×d

Taking into account the indirect-allowed transition of the TiO2 band structure (32), the absorption
coefficient is expressed by:

.

(h)

1/2

= A×(h - Eg)
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where h is the photon energy, A is a constant independent of photon energy and Eg is the optical
band gap of TiO2. By extrapolating the linear part of (h) 1/2 versus energy, Eg value is determined
for (h) 1/2 = 0 with an accuracy of 0.05eV (33).

X-Ray Diffraction (XRD) analyses were performed on a Seifert 3003 PTS diffractometer in θ–2θ
mode. A parallel beam configuration was used with a Ge (220) monochromator mounted on the
primary beam (Cu λKα1 = 0.154056 nm). Data were recorded from 10° to 80° with a step angle of
0.01° and a scan rate of 0.15°/min. TiO2 peak indexation has been performed in reference to the
joint committee in powder diffraction standards files: 71-1167 for anatase phase and 77-0442 for
TiO2 rutile phase.
Surface and cross-section observations were conducted on a Jeol JSM-5600 Scanning Electron
Microscope (SEM) operating at 10 kV. Thickness of the TiO2 films was measured by SEM crosssectional view on cleaved sections.

Photocatalytic activity of the TiO2 coatings. Photocatalytic activity of the TiO2 coated glass samples
under UVA illumination was assessed by the methylene blue (MB) test (34) using a UVA lamp at 365
nm, 1350 µW/cm² (Vilbert Lourmat, VWR), for 60 minutes at a distance of 2 cm. Bare glass coupons
have been used as negative controls.

Each coupon (coated with or without TiO2 thin film) was placed into a well of a 24-well microplate
(Greiner Bio-one, Austria) and loaded with 50 µL of a MB solution at 0.002% (w/v). After UVA
illumination, 950 µL of saline water (9 g/L NaCl) was added in each well. Absorbance was measured
with a visible spectrophotometer (Thermospectronic, Biomate3, France) at 650 nm. The decrease of
the optical density before and after UVA illumination evidences the photocatalytic activity of the

.

TiO2 thin layers in comparison with negative controls. The photocatalytic activity PA is expressed as
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the ratio between the relative variation of the absorbance (A-A0) and the initial absorbance A0, as
follows:
PA = 100×(A-A0)/A0

Bactericidal activity of the TiO2 coatings. For bactericidal activity measurements, coupons of glass
(negative controls) and coupons coated with TiO2 thin layers (1 cm2 in size) were placed into wells of
a 24-well microplate. Then 50 µL of the prepared bacterial suspension were loaded onto the surface
of each coupon to obtain an initial load of 5106 bacteria. All coupons were incubated at 20°C for 3

hours to provide bacterial adhesion. The incubation was done in a wet atmosphere to avoid any
drying effect of the coupons. After the adhesion step, half of the coupons were exposed to UVA
radiations (365 nm, 20 min, 2 cm distance between coupons and UVA lamp); the other coupons
were placed in the dark.
The bactericidal activity of the TiO2-coated samples was assessed by two different ways: by
enumerating the surviving bacterial cells and by observing the morphology of the cells anchored on
the coupon surface by SEM.
For the enumeration of the surviving bacterial cells, coupons with adherent cells were first washed
twice with saline solution and placed in 2 mL of saline solution for sonication at 47 kHz for 20 min
(Ultrasonic Bath 3210, Branson, USA) to take off adherent cells. Cultivable cells were then
enumerated on BHI agar plates after 48 hours at 37°C.
The decadic logarithm of reduction, i.e. log (N/N0) was computed, where N0 is the number of
bacteria deposited onto coupons expressed in CFU, and N is the number of cultivable bacteria after
treatment expressed in CFU.

.

For the morphology observation of the cells anchored on the coupon surface by SEM, coupons with
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adherent cells were immersed in a 3% glutaraldehyde solution prepared in 0.1M phosphate buffer
for 1 hour to allow fixation of the cells. Then coupons were washed twice with saline water and
immerged in successive ethanol baths with increasing percentage in vol.: 50%, 75% and 90% for 5
min each and ethanol at 100% for 30 min. Finally ethanol was replaced using a hexamethyldisilazane
(HMDS) (Sigma-Aldrich, France) gradient at 50%, 75% in vol. for 10 min each and 100% for 30 min.
HMDS is a drying agent and is used as a good alternative to Critical Point Drying for SEM sample
preparation (35). At the end, the coupons were dried at room temperature for 24 hours for final
SEM observation.

ROS detection. The detection of ROS was performed on coupons of bare glass (negative controls)
and coupons coated with TiO2 thin layers (1 cm² in size). The involvement of hydroxyl radicals ●OH,
has been underlined using the methylene blue degradation test adding mannitol, a scavenger of
●

OH. Coupons were placed into a 24-well microplate. 50µL of a solution of MB (0.002%) with a

solution of 300 mM mannitol were added onto the surface of each coupon. After UVA illumination
for 20 min, absorbance of the solution was determined in order to assess the involvement of ●OH in
the photocatalysis reaction.

Statistical analysis. Statistical tests were carried out by using a two sample Student t-test with the
same variance (XL Stats, free version, Addinsoft) and “R” software. Significant differences were
indicated for each treatment (p<0.05).

.

RESULTS
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Characterization of the TiO2 thin films

Six TiO2 thin films have been elaborated by RF sputtering according to various deposition times
(from 1 to 6 hours) with the same substrate temperature and partial pressure of oxygen in argon
(Table 1). An average deposition rate of 1.33 nm/min was obtained with the sputtering parameters
as reported in Table 1. The sheet resistance (RS) of the samples, measured at room temperature, are
beyond the measurement range of our setup (RS > 5109 /sq). Indeed TiO2 thin film resistivity () is
extremely high,  > 106 .cm (36), leading for the highest thickness (d = 480 nm) to expected sheet

resistance values higher than 21010 /sq. Those values put TiO2 on the borderline between

semiconductors and insulators.

The TiO2 phases were identified by XRD. Figure 1 presents the XRD patterns according to the TiO2
films thickness. On the one hand, a permanent signature of the anatase phase (main peak at 2 =

25.271° that corresponds to the (101) orientation appears on all diffraction patterns. On the other
hand, the rutile phase is observed on the thicker films (d higher than 240 nm). From a TiO2 thickness
of 400 nm, the contributions of the rutile and anatase phases on XRD patterns are qualitatively
similar.
Figure 2 shows the surface morphology of the TiO2 thin films observed by SEM according to the film

thickness. SEM images exhibit uniform distribution of submicron-sized grains and are crack free.
To assess the optical properties of the TiO2 films, optical transmission spectra of the samples have
been recorded in air (data not shown) and the band gaps Eg have been computed. Eg values of the
thinner films are slightly higher than that of the thicker films. On thin films, as the reported bandgap values of the pure anatase and rutile phases are in the range [3.3 - 3.2 eV] and [3.1 - 3.0 eV]

.

respectively (32, 37-41), the decrease of the optical band gap versus the thickness supports the
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phase variation from anatase to rutile, as observed on the XRD patterns (Figure 1).

Photocatalytic properties of the TiO2 coatings
The decrease of the methylene blue absorbance at 650 nm according to illumination time is
presented in Figure 3. The six TiO2 thin films exhibit a significant MB discoloration rate after 60 min

of UVA illumination (Student test; p<0.) compared with both samples without UVA activation and
the bare glass substrate (Figure 3A). An exponential decrease is observed and suggests first-order
kinetics. According to the –ln(A/A0)=kt equation, a straight line is fitted to the data and the apparent

first-order constant k is retrieved from the slope (Figure 3B). As the TiO2 thin film thickness
increases, the MB discoloration rate increases too. The degradation rate saturates above the 400
nm film thickness value.

Bactericidal properties of the TiO2 coatings

The antibacterial tests were carried out on the two strains of L. monocytogenes to determine the

inactivation performance of the six TiO2 coatings grown on glass substrates. The results of

bactericidal assays, with and without UVA illumination, and using the bare glass substrate as
negative control, are presented in Figure 4. The measurements undertaken on the bare glass
substrate exhibit no significant bactericidal effect on both strains of L. monocytogenes in the dark
and under UVA illumination (Figure 4).

.

Without UVA radiation, the number of adherent cells is similar over all samples, on the bare glass
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coupons as well as on the TiO2 coatings whatever their thickness. On both strains, the difference in
the bacteria natural ability to survive on the bare glass substrate, with or without UVA illumination,
is not significant (Student test, p>0.05). The bacteria adhesion on the coupons is not any more
affected by the TiO2 coatings, as shown by the measurements in the dark (Figure 4).

After photoactivation with UVA radiations for 20 min, TiO2 coatings as a whole provide a strong

bactericidal effect on both strains. On L. monocytogenes ScottA (Figure 4 A), the number of
adherent bacteria decreases gradually with the increase of the TiO2 thickness. That way, a reduction
in the number of surviving cells of 2.5 log is obtained with the 480 nm-thick TiO2 coating. On
L. monocytogenes ECL136 (Figure 4 B), the photocatalytic efficiency of the active coating increases
from the first few tens of nanometer and reaches a saturation point with a TiO2 thickness close to

240 nm, corresponding to a similar efficiency (2.5 log) measured on the previous reference strain
with the thicker TiO2 coating (d  500 nm) (Figure 5).

The cells of both strains, environmental and reference strains adhering onto the TiO2-240 nm
coupon surface and onto the bare glass surface were exposed to UVA radiations for 20 min and
were observed by SEM. Damaged cells occur on the functionalized surface after UVA activation, by
contrast to those adhering on the bare glass coupons and showing no apparent morphological
damages (Figure 6). Damaged cells appear empty without cytoplasmic content as “ghost cells”, with
some membranes drilled. Indeed, UVA illumination could be responsible for DNA mutation and
death cell if UV exposure is long. In our case, we used UVA wavelength, the less damaging UV rays
(= 365 nm) for a maximum time of 20 min.

All these observations have been correlated with the results of ROS detection. The involvement of
●

OH in methylene blue degradation has been confirmed with the TiO2-240 nm sample (Figure 7).

After UVA illumination, TiO2 coupons exhibit a MB discoloration. When mannitol is added to the MB

.

solution, no MB discoloration has been observed. The absorbance spectra of the MB solution after
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UVA illumination was the same as the absorbance observed with the bare glass coupons, showing
that ●OH scavenger presence has enabled to achieve the absorbance of the negative control.

DISCUSSION
In the present study, glass substrates have been functionalized by RF sputtering deposition of TiO2
thin films. Influence of the TiO2 thickness on the photocatalytic and bactericidal activities has been
investigated. Thin layers have been obtained from deposition time of 1 hour up to 6 hours, and
thickness is linearly correlated to deposition time with TiO2 thin layers varying from 80 nm to 480
nm respectively. The deposition rate of 80 nm per hour is currently observed when using RF
magnetron sputtering deposition for TiO2 thin films (42). As the film thickness increases, the surface
morphology changes. Heikkilä and co-workers, in 2009, concluded that grains and surface roughness
increase toward the TiO2 film thickness (23).

Using our sputtering parameters, TiO2 thin films exhibit an anatase structure at low thicknesses (d
thinner than 240 nm) whereas the crystalline phase evolves toward a combination of anatase and
rutile structures with the thicker films. Such dual structure could help to achieve a better efficiency
in bactericidal activity. Indeed many studies have previously underlined a higher photocatalytic
performance in a wide range of applications (self-cleaning surfaces, air and water purification, H2
production by water splitting…) when TiO2 provides a mixture of anatase and rutile structures (43)
at a specific [anatase : rutile] ratio in the range [70 : 30 – 80 : 20] respectively, as found in the
commercially available titania photocatalyst Degussa P25 (14, 15, 44). In that case, the efficiency of
the UV-driven organic pollutants photocatalytic oxidation is enhanced by the existence of nanoscale

.

heterojunctions between the anatase and the rutile phases (45-46). In this context, on powder or on
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mesoporous nanofibers, those multi-semiconductor/semiconductor junctions between the TiO2
polymorphs modify the band-gap structure and consequently the photocatalytic activity of the
material. Concerning the bactericidal performance under UV light, while anatase-type TiO2 powders
or thin films always exhibit an antibacterial activity on various types of bacteria (47–50), rutile-type
titanium dioxide phase demonstrates no bactericidal activity (15, 16, 48, 51) unless the film is fully
{111}-oriented (52). Conversely, under the visible light, while the detrimental effect of the anatase
phase on the survival of the bacteria is non-existent (53) or limited (54), the rutile structure takes
over the activity (53–55). As the rutile phase exhibits a lower band-gap value than that of the
anatase, its ability to use the blue part of the visible spectrum explains in part this behaviour.
Moreover, ROS types, natures and quantities depend on both titanium dioxide structure and
radiation wavelengths. That way, it has been shown that under UV illumination, the activity of
anatase materials is primarily related to the efficient production of •OH species (56) while visible

light illumination largely enhances •O2- formation on rutile surfaces (51, 56). One must also keep in
mind that the exact composition of the ROS mixture formed as well as its reactivity depends not
only on the structure and texture of the photocatalyst, but also on the bacteria-type itself. In the
present study, TiO2 coatings thicker than 240 nm, composed of anatase and rutile phases, exhibit

the best photocatalytic and bactericidal activities. The kinetic data retrieved from the photocatalytic
degradation of MB can be correlated with the bactericidal performance. The photocatalytic activity
of our TiO2 coatings with thicknesses up to 400 nm, allowed more than 90% of MB discoloration in
one hour. Commercial Degussa P25®, tested by Barnes and co-workers in 2013, provided 76% of
discoloration rate after one hour exposure under UVA radiations at 365 nm (57). Moreover Heikkilä
and co-workers also grew TiO2 thin films by Atomic Layer Deposition (ALD) technique (23). Their

anatase-TiO2 films with various thicknesses (from 50 to 520 nm) caused MB discoloration, around
10% after 1 hour-UVA irradiation. As we observed above, Heikkilä and co-workers showed an
exponential decrease which suggests first-order kinectics. Initial MB concentration, temperature,

.

TiO2 concentration and form, illumination wavelength have been shown to influence the
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photocatalytic activity and especially the kinetics rate (58). Comparison of kinetics rate is therefore
difficult because of the spread in the initial settings.

TiO2 photocatalysts as fine particles have already been studied to fight against bacteria in various
environments such as medical environments (59-60), water disinfection field (61–64) or food plants
(19, 20). However, the use of TiO2 suspension presents a disadvantage in the postcatalytic catalyst

removal (17, 65). In food plants, an alternative way concerns the development of stable coatings
through thin film deposition. In the present work, RF magnetron sputtering technique has been used
to grow TiO2 thin films with different thicknesses. This type of functionalized materials aims to
restrict the first step of biofilm formation by preventing the bacteria adhesion. For this purpose, the
TiO2 thin films have been tested against adherent L. monocytogenes bacteria and not against mature

biofilms (19, 66). Unfortunately, these TiO2 coatings do not provide any anti-adhesive property,
since no difference has been observed between the number of bacteria grown on the bare glass
substrates and those grown on the TiO2 coatings without UVA illumination. Similarly Chorianopoulos

and co-workers did not obtain any anti-adhesive effect on the L. monocytogenes ScottA bacteria
grown onto glass coated with TiO2 layers, without UVA irradiation (19).

After UVA activation of the TiO2 layers, the surfaces present a strong bactericidal activity against
both L. monocytogenes strains. This bactericidal effect can be related to the thickness of the TiO2
layer and also to the TiO2 crystalline phase as depicted in Figure 5. Indeed the presence of the rutile

phase in addition to the anatase one in TiO2 films thicker than 240 nm seems to be linked to the
saturation effect undergone by the environmental strain L. monocytogenes ECL136.

.

Active species (ROS) are produced by the photocatalytic TiO2 coating. Concerning our TiO2 coupons,
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hydroxyl radical production may be involved in the bactericidal activity. The use of mannitol as a
scavenger highlighted the ●OH involvement in the MB discoloration, and thus in the photocatalytic
activity. Other detection methods such as electron spin resonance observation, direct fluorescence
or chemiluminescence exist. These methods are quantitative and accurate. However these methods
require specific and expensive equipments to be performed (18). ROS as ●OH affect the cell wall
integrity as observed by SEM, while direct UVA radiations do not affect their cell morphology.
Indeed UV radiations may damage DNA and cause mutations (67). UV resistance of bacteria differs
between species and also depends on the age of organisms, growth stage and also bacterial form
(biofilm or adherent cells) (31, 68, 69). In general, Gram-positive bacteria tend to be more resistant
to UV radiations than Gram-negative bacteria (31, 67).

Listeria monocytogenes ScottA and ECL136 belong to the serotypes 4b and 1/2a, respectively. The

observed differences in susceptibility may be related to variable responses to oxidative stress as it
was highlighted in a recent study (70). Moreover the composition of the teichoic acids is different
between 4b and 1/2a serotype (71, 72). The wall components are known to be a target of the ROS
generated by the TiO2. Consequently this may contribute to the difference in susceptibility of the two
Listeria strains

In conclusion, TiO2 coatings deposited by RF sputtering technique on glass substrates and activated
by UVA illumination exhibit bactericidal activity against the foodborne pathogen L. monocytogenes.
Indeed a significant reduction of the adherent cells after 20 min of UVA exposure has been
measured. 240 nm-thick TiO2 coating is sufficient to promote optimal bactericidal activity against L.
monocytogenes ECL316 whereas thicker films (500 nm) are needed against L. monocytogenes

ScottA. The TiO2 surface functionalization paves the way to improve cleanability and disinfection
in .

food industry environments. Work is under progress to grow such TiO2 thin films onto stainless steel
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substrates in order to be applied in food plants.
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FIGURE CAPTIONS
Figure 1. X-ray diffraction patterns of a) Bare glass substrate; b) TiO2-80nm; c) TiO2-170nm;

d) TiO2-240nm; e) TiO2-310nm; f) TiO2-400nm; g) TiO2-480nm. (●) indicates anatase peaks
and (*) indicates rutile peaks.

Figure 2. Surface morphology of the TiO2 thin films observed by Scanning Electron Microscopy

(20 000): (A) TiO2-80nm; (B) TiO2-170nm; (C) TiO2-240nm; (D) TiO2-310nm; (E) TiO2-400nm; (F)
TiO2-480nm.

.

Figure 3. TiO2 film thickness effect on the photocatalytic discoloration of methylene blue. A)

Accepted Article

Absorbance of the methylene blue is related to the initial value according to UVA irradiation
time. B) Logarithm of the absorbance ratio of methylene blue. First order linear kinetics. The
value is a mean of 3 measurements. Bare glass substrate (♦); TiO2-80nm (■); TiO2-170nm

(▲); TiO2-240nm (×); TiO2-310nm ( ); TiO2-400nm ( ); TiO2-480nm ( ).

Figure 4. Influence of the TiO2 coatings and UVA illumination on cell viability of 2 bacterial strains

A) L. monocytogenes ScottA; B) L. monocytogenes ECL136. Surviving cells are numerated on agar
plates, N0 is the cell number deposited onto the coupon and N is the number of surviving cells after
3 hours and subsequent irradiation or not. Activity of TiO2 under UVA radiations (20 min) (■) is

measured and compared with that measured in the dark (■) and with the bare glass (negative
control). Data reported here are the mean values of three replicates +/- standard deviation. Means
with different lowercase letters differ significantly (p<0.05).

Figure 5. Variation of log reduction of adherent cells onto TiO2 coatings after UVA
activation versus TiO2 thickness. TiO2 phase indication on the figure associates the XRD
results. (●) L. monocytogenes ScottA; (●) L. monocytogenes ECL136.
Figure 6. SEM observations (5 000) of adherent cells of L. monocytogenes strains. L.
monocytogenes ScottA (A, B, C, D) and L. monocytogenes ECL136 (E, F, G, H) onto bare
glass substrates in the dark (A, E); TiO2-240nm in the dark (B, F); bare glass substrates after
20 min of UVA illumination (C, G); TiO2-240nm after 20 min of UVA illumination (D, H).

Figure 7. Absorbance spectra of the MB solution coming from the surface of the various coupons
after 60 min of UVA illumination. (A) Bare glass substrate. (B) TiO2-240nm.
MB solution (0.002%) with mannitol (300 mM).

.

MB solution (0.002%)
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Table 1. Deposition parameters and characteristics of the TiO2 thin films.

Photocatalytic activity

Layer ID

Deposition
time (min)

Substrate
temperature
(°C)

TiO2-80nm

60

440

3

80

Anatase

3.30

23.2

TiO2-170nm

120

440

3

170

Anatase

3.25

36.6

TiO2-240nm

180

440

3

240

Anatase

3.30

50.4

TiO2-310nm

240

440

3

310

Anatase/Rutile

3.25

64.1

TiO2-400nm

300

440

3

400

Anatase/Rutile

3.15

89.1

TiO2-480nm

360

440

3

480

Anatase/Rutile

3.20

87.1

.

O2/Ar
ratio
(%)

Thickness d
(nm)

Crystalline phase

Band
gap EG
(eV)

(% of MB discoloration after
60 min of UVA illumination)

.
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