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Abstract: Advanced material with antibacterial properties would be a promising way to improve the disinfection process in food
plants. Our objective was to combine the bactericidal effect of TiO, with the mechanical strength of TiN coatings. A TiO, rutile film
was obtained after annealing of a supplied 316 stainless steel with a TiN coating. This TiO, upperlayer displays a photocatalytic
activity under UV light exposure. The substrates with the TiN coating and the TiO, upperlayer are more hydrophobic than the 316
control. The adhesion of either Listeria or Pseudomonas, on 316-TiN is characterized by the presence of clusters of cells, while the
oxidation of the TiN surface leads to a more hydrophilic layer where cells are individualized. After UV illumination of the adherent
cells and subsequent growth, the residual bacterial population present on 316-TiO, is lower than that present on the 316-TiN. The
bactericidal effect is more important on Listeria than on Pseudomonas.
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1. Introduction spoilage  microbiota (i.e.  Pseudomonadaceae,

. . Enterobacteriaceae) (> 4 log CFU/cmz), with knives,
Biofilms are the most abundant living form of ] o ) .
. . . cuttings, tables and mincing machines being the most
bacteria found in animal, human body, plants, or on . .
. . . . heavily contaminated surfaces [3]. The pseudomonads
inert surface like stainless steel. In food manufacturing, ] .
. . . are known to be pioneer colonizers of the surfaces that
biofilms containing pathogen bacteria are a recurrent o ) ] ]
i i may condition the implantation of other bacteria. The
economic and public health problem. Indeed, the o
) . ) presence of Listeria monocytogenes seems to be
occurrence of these biofilms in food-processing . L.
. . linked to that of Pseudomonas fragi in biofilms [4].
environments can cause post-processing : . . .
o . . One strategy to fight these multispecies biofilms is to
contamination leading to lowered shelf-life of food " ] ] )
. . . prevent microbial adhesion. In this way, several
products and transmission of food born infections [1, . o ) )
. . . techniques were developed. Antimicrobial coatings
2]. Most of the materials used in food plants, i.e. ) ) ]
. . . ) and surface modifications are numerous like
equipment, containers, are faced with the adhesion of o ) ] o ]
. . . bactericidal releasing coatings containing silver or
bacteria. Among them, stainless steel is favourable for ) . o
) . . . copper, bacteriophage-modified surface, polycationic
the development of microbial biofilms. Gounadaki o ) ] ] T ]
i . (PEI) antimicrobials and light-activated antimicrobial
and coworkers showed that most of the sampling sites 5 [5. 6]
agents [5, 6].
tested (control points) were highly contaminated by 8 . . . o
The photocatalytic activity of TiO, (titanium

. L . dioxide) nanoparticles could be used as new process to
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illumination of TiO, with UV light generates electrons
in the conduction band which react with O,, and
positive hole in the valence band which react with
HO" or H,0O to form Reactive Oxygen Species (ROS).
ROS can damage cell membrane of bacteria as well as
DNA [10]. The TiO, thin films are elaborated by
several methods as dip-coating (sol-gel process),
reactive sputtering method, thermal oxidation and
plasma treatment [11]. The TiO, photocatalysis
property is widely exploited to disinfect surface in
[12-14]
applications in the development of coatings for

medicine and also for environmental
destroying atmospheric pollutants such as nitrogen
oxide gases [15]. Nevertheless, this property is less
studied when associated with the stainless steels
surface in food factories. A study has reported the
anti-Listeria effect of TiO, nanostructured thin film
which was deposited on surfaces such as stainless
steel and glass using the doctor blade technique [7].
TiN (titanium nitride) coating is already widely used
in tools, dies and many mechanical parts to increase
their lifetime and performance owing to its attractive
properties such as hardness, reduced wear and
chemical stability [16]. Nevertheless, TiN coating
does not seem to limit a bacterial adhesion [17]. The
objective of the work presented here was to combine
the bactericidal effect of TiO, to the mechanical
strength of the TiN coating to limit contamination and
improve cleanability of the open surfaces used in the
food factories. The TiN coating grown on stainless
steel substrates has been oxidized in a TiO, upperlayer
by thermal method [18, 19]. The effect on the
adhesion and the viability of Listeria monocytogenes
and Pseudomonas fragi has been studied.

2. Materials and Methods
2.1 Strains

L. monocytogenes ECL 136 and P. fragi ECF 146
were coming from the Anses strain collection
(HQPAP, Anses, Ploufragan, France). These strains

were sampled on stainless steel surfaces from a

poultry slaughterhouse [4].
2.2 Coupon Preparation

Bares of 0.5 mm thick AISI 316 stainless steel (316)
(Goodfellow, France) and AISI 316 stainless steel
with a 3 pm-thick TiN coating (316-TiN) (Goodfellow,
France) were used as coupons. In order to grow TiO,
film on coupons, 316-TiN samples were oxidized in a
hot air oven at 500 °C for 96 h (316-TiO;). All

samples used are sized in 8 mm X 8 mm coupons.

2.3 Energy Dispersive X-ray Spectroscopy and X-ray
Diffraction

The chemical composition of the 316, 316-TiN and
316-TiO, was carried out by Energy Dispersive X-ray
Spectroscopy (EDX) (Microprobe Oxford, France) at
20 keV, prior to the sample preparation for adherent
cells.

X-ray Diffraction (XRD) patterns were recorded
with a diffractometer (Seifert 3003 PTS, France) in a
(0-20) parallel beam configuration. From a copper
anticathode (40 kV, 40 kA), a parabolic multilayer and
a Ge (220) monochromator, both mounted on the
primary beam, reflected an intense and parallel beam
of Kal radiation (with 1/Kal = 0.154056 nm). 20
angle was swept from 10° to 80° by 0.01 steps. Each
acquisition step lasted 4 s for a better signal-to-noise

ratio.
2.4 Roughness Measurements

The roughness measurements (Rys) of the coupons
were carried out by a rugosimeter (TR 2000 Time
group Inc, France). The Rys value of a set of values is
the square root of the arithmetic average of the
squares of the original values. Average roughness
values were determined from 10 surfaces of the 316,
316-TiN and 316-TiO, coupons.

2.5 Wettability and Surface Energies

Diiodomethane, water and formamide contact

angles were determined in order to evaluate the
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surface energy characteristics of the 316, 316-TiN and
316-TiO, coupons by the sessile drop technique, using
a DGD Fast 60 goniometer coupled with the
WinDrop++ software to capture and analyze the
pictures (GBX Scientific Instruments, USA). The
contact angle results are the mean value of three
measurements at various positions on the coupon
surface. Contact angles were converted to surface free
energies using the Van Oss equation system [20].

Using the measured contact angle and considering
the approach of Van Oss, it was possible to evaluate
the surface characteristics of a solid according to its
surface energy ( mJ/m?). The total surface energy of
a solid (%) is considered as the sum of an apolar
Lifshitz—Van der Waals component (1w) and an
acid-base polar component (yap):

»5=nw Tt 7aB (1)

The acid-base component (yag) consists in two
non-additive parameters, one for the electron donor
(7) and one for the electron-acceptor (') as follows:

7ap=2(7 % )" @
Contact angle values (o) can be related to the total

surface energy and its components using
simultaneously for the three reference liquids
according to the equation below:
m(l+cosa)=2 (6" x )"+
(8" 21"+ (L)' (3)

2.6 Photocatalytic Activity

The photocatalytic effect was evaluated by a
methylene blue (MB) test [21] onto 316, 316-TiN
(negative controls) and 316-TiO, coupons with a
UV-C lamp (Microbial Safety hood PSM ESCO
AC2-4S1, AES, France; A =254 nm, 360W) for 1 h at
a distance of 2 cm. Each coupon was placed inside the
wells of a microplate and a volume of 50 pL of MB
solution at 0.002 % (w/v) was deposited on the
surface of all coupons. After UV-C exposure, 950 pL
of saline water (9 gL'lNaCI) was added in each well
and the
spectrophotometer

absorbance was measured with a

(Thermospectronic,  biomates,

France) at A = 650 nm (maximum absorption of the
MB). The variation of the optical density before and
after UV-C exposure highlighted the photocatalytic
activity on 316-TiO, in comparison with 316 and
316-TiN coupons.

Antimicrobial tests were performed to assess the
photocatalytic activity towards bacteria. The opened
wells of the microplate containing coupons covered
with adherent bacteria, were exposed to a UV-C lamp
for 20 min at 60 cm. After rinsing, a drop of water
was kept on each coupon. The photocatalytic activity
was measured by the variability of bacteria viability
on 316-TiO; in comparison with 316 and 316-TiN.

2.7 Bacterial Adhesion and Viability

Strains stored at -80 °C were isolated on Brain
Heart Infusion Agar plates (AES, France). After
growth, one colony was taken and put in Tryptone
Soy Broth (Biokar, France) complemented with Yeast
extract at 6 gL'1 (TSBYe), for 7 h at 25 °C. A second
culture in TSBYe was performed to obtain cells in
stationary growth state under the same conditions. The
bacteria culture was centrifugated at 8,000 g for 10
min to remove the medium. The pellet was washed
with one volume of saline solution (9 gL 'NaCl). Then,
the cells were resuspended in saline water to obtain a
suspension containing 10® cells mL™ according to the
absorbance at 600 nm. 50 pL of this suspension were
loaded onto the surface of each coupon. Then each
coupon was placed in a well of a microplate inside a
box containing moistened paper towels, to maintain
wet atmosphere in order to avoid drying coupons. For
bacterial adhesion, all coupons were incubated at
20 °C for 4 h. After two rinsings with saline solution,
coupons were placed in 1 mL of saline solution (9
gL'NaCl) to be sonicated for 10 min at 47 kHz
(Ultrasonic Bath 3210, Branson, USA). Cultivable
cells were enumerated on BHI plates after 24 h at
37 °C for L. monocytogenes and 25 °C for P. fragi.

(4 h), the
cultivability of the cells was tested to assess the

After adhesion on the coupons
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antibacterial ~properties of the material after
photoactivation by UV. Coupons with adherent
bacteria were immersed in 500 uL of TSBYe diluted
to 1/20° to provide some nutrients and to limit the
detachment of bacteria [22]. Coupons were incubated
at 20 °C for 19 h under the same conditions as
previously described for adhesion. After bacterial
growth, coupons were washed twice with 1 mL of
saline solution before sonication and enumeration as

previously described.
2.8 Scanning Electron Microscopy

Coupons with adherent cells were immersed in a
3% glutaraldehyde solution prepared in 0.1 M
phosphate buffer for 1 h. After fixing, coupons were
washed twice with saline water (9 gL'NaCl) and
passed down an ethanol gradient at 50 % (10 min),
75% (10 min), 90% (10 min) and 100 % (10 min). The
last step consisted to replace ethanol by a hexamethyl
disilazane (HMDS) (Sigma-Aldrich, France) gradient
at 50% (10 min), 75% (10 min) and 100% (12 h). The
observations were realized with a Scanning Electron
Microscope (SEM) (JEOL JSM 5600, France)
operating at 10 keV.

2.9 Statistical Analysis

Statistical tests were carried out by using a two
sample #-test with the same variance (XL Stats, free
version, Addinsoft).
indicated for each treatment (p < 0.05).

Significant differences are

3. Results

3.1 Physico-Chemical Characteristics of the Materials

The chemical composition of the 316, 316-TiN and
316-TiO, coupons was analyzed by EDX (Fig. 1).
While no oxygen peak appeared on the spectra of 316
(Fig. 1A) and 316-TiN (Fig. 1B) coupons, atomic
oxygen was detected on the 316-TiN coupon after its
annealing at 500 °C for 96 h in air. The O/Ti ratio,
equal to 2, would be representative of the growth of a

TiO, upperlayer on the TiN coating. As expected, the

N/Ti ratio on 316-TiN coupon is close to 1 (1.285
exactly). The of the
electrons with the material being close to 1 um at 20

“pearinteraction” incident
keV, the detection of then itrogen atomic on the
spectrum (Fig. 1C) would indicate the presence of a
Ti0, layer with a thickness of slightly less than 1 um.
In order to demonstrate the presence of a TiO,
upperlayer, XRD patterns of the three kinds of
coupons have been recorded (Fig. 2). A common feature
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Fig. 1 Atomic abundance of the chemical elements

detected by EDX analysis. (A) 316 stainless steel substrate
(316), (B) 3 pm-thick TiN film coated on 316 stainless steel
substrate (316-TiN), (C) TiO, upperlayer (~1 pm) on TiN
film coated on 316 stainless steel substrate (316-TiO,).
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Fig.2 XRD patterns of (a) 316 (b) 316-TiN (b) 316-TiO,. The peaks are related to 316 (*), 316-TiN (+), 316-TiO; (o).

in all XRD diagrams is the peak at 20 = 74.69° which

comes from the stainless steel 316 substrate ((220)

peak in reference to the database JCPDS file 33-0397).

The (200) peak is also present at 20 = 50.79° on the
diagram. The 316-TiN diagram exhibits the (111)
and (200) peaks of the TiN coating (JCPDS file
38-1420) at 20 = 36.66° and 42.59°, respectively.
After oxidation in air of the 316-TiN sample, a
shoulder appears at 20 = 35.97° on the (111) TiN peak
(in inset). This shoulder is the signature of the (101)
rutile plane of the TiO, upperlayer (JCPDS file
77-0442).

The rugosity of the three kinds of coupons is similar.

Indeed, the Rys was equal to 0.23 £+ 0.02 um for the
316 and 316-TiO, and 0.22 + 0.02 um for the 316-TiN
(p > 0.05).

The wettability and the surface energies were
measured on the 316, 316-TiN and 316-TiO, coupons
by using diiodomethane, water and formamide as
solvents. The values are presented in Table 1. The

contact angle measured with water showed that the

316-TiN was more hydrophobic (85.6° £ 3.7°) than
the 316 coupon (67.4° £ 2.7°). However, the surface
oxidation of the TiN coating in a TiO, rutile
upperlayer led to a decrease of the hydrophobicity
since the angle decreased from 85.6° = 3.7° to 79.1° £
4.1° (p < 0.05). Water and formamide were also used
to reveal the electron acceptor/donor components
thanks to their surface energy (y). The 316 stainless
steel surface exhibits a higher -electron-acceptor
component (y+ = 0.58 mJ/m?) than 316-TiN (y+ ~0
mJ/m?), but lower than 316-TiO, surface (y+ = 2.58
mJ/m®) (Table 1). For 316, 316-TiN and 316-TiO,
surfaces, the electron-donor component (y) was equal
to 5.11 mJ/mz, 460 mJ/m’ and 1.16 mJ/mz,
respectively (Table 1).

The photocatalytic activity was evaluated by
measuring the MB degradation (Fig. 3). A significant
decrease of the absorbance of MB placed on the
316-TiO, surface was observed at 650 nm in
comparison with the 316 and 316-TiN (p < 0.001)

(Fig. 3).

Table 1 Surface free-energy y (mJ/m?) broken down as apolar lipshitz-van der waals y,, component and acid-base polar p,;,
component with the electron-donating y— and the electron-accepting y+ parameters were measured. Standard deviations (%)

were determined over three separate measures.

Diiodomethane  water Formamide Lw Vi 7=

©) ©) ©) (mJ/m?) (mJ/m?) (mJ/m®) (mJ/m?)
316 38.1+1.3 67.4+2.7 49.1+1.9 46.51 40.55 0.58 5.11
316-TiN 43.6 £ 1.1 85.6 3.7 649 +3.1 37.99 37.80 0.00 4.60
316-TiO,  39.2+3.8 79.1 +£4.1 40.1+£1.8 45.63 39.93 2.58 1.16
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Fig. 3 Variation of the absorbance of the methylene blue (MB) loaded on 316, 316-TiN and 316-TiO, coupons after UV-C

exposure for 1 h.
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Fig. 4 SEM observations of the adherent cells of P. fragi after 4 hours on (A) 316, (B) 316-TiN, (C) 316-TiO, and, with UV-C
exposure during an additional time of 20 min on (D) 316, (E) 316-TiN, (F) 316-TiO,.

3.2 Adhesion of Bacterial Cells

The organization of the adherent cells of either P.
fragi or L. monocytogenes onto 316, 316-TiN and
316-TiO, coupons was observed by SEM after 4 h of
contact (Figs. 4 and 5). Some differences were noticed
according to the support. Indeed, single cells were
observed on 316 stainless steel coupons for both
Listeria and Pseudomonas strains. On 316-TiN
coupons, some clusters of cells, that may reach up to
50 cells, were observed for Listeria (Fig. 5) whereas

the clusters were smaller for Pseudomonas strains
(Fig. 4). More individual cells were present on the
316-TiO, for the both strains.

The number of cultivable adherent cells was similar
on 316-TiN and 316 coupons (Fig. 6). Nevertheless,
the Pseudomonas cells were significantly less
numerous on 316-Ti0O,, than on either 316 or 316-TiN
coupons (p < 0.05). For the Listeria strain, no
difference between the number of cells on 316,

316-TiN, and 316 TiO, was observed (Fig. 6).
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Fig. 5 SEM observations of the adherent cells of L. monocytogenes after 4 hours on (A) 316, (B) 316-TiN, (C) 316-TiO, and,
with UV-C exposure during an additional time of 20 min on (D) 316, (E) 316-TiN, (F) 316-TiO,.
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Fig. 6 Antibacterial activity of 316, 316-TiN and 316-TiO, coupons on adherent L. monocytogenes and P. fragi cells. Log (N)
with N corresponding to the concentration of cultivable bacteria (CFU.mL™M). (+) and (-) indicate if the following conditions
have occurred or not: after a 4 h adhesion step, the coupons were washed with saline water. They were submitted or not to
UV-C light for 20 min. The bacteria were grown during 19 h additional hours or not. Black stars indicate significant
difference (n =9).
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The UV-C exposure of the 316-TiO, with adherent
cells, led to a dispersion of the Pseudomonas cells
(Fig. 4) while no change was observed for Listeria

(Fig. 5).
3.3 Bactericidal Effect

Without UV-C light treatment, the number of
adherent bacteria was the same whatever the kind of
coupons except for Pseudomonas on 316-TiO, surface
where adherent bacteria was slightly less numerous
(Fig. 6). As also shown in Fig. 6, the effects of the

UV 316.-TiN

P. fragi

L. monocytogenes

UV-C light treatment were more important on
Pseudomonas viability loaded on 316 and 316-TiN
coupons than on Listeria (p < 0.05, n = 9). After
UV-C exposure, considering the number of remaining
adherent cultivable cells, no significant difference was
observed between the three kinds of coupons with
Pseudomonas (p > 0.05, n = 9). Less remaining
adherent Listeria on 316-TiO, was observed
compared to the 316-TiN coupon (p < 0.05, n=9).
The development of the adherent cells on each kind
of materials was studied by enumeration of the cultivable

J16-TiO;

Fig. 7 SEM observations of P. fragi and L. monocytogenes cells adhered for 4 hours on 316-TiN (A to D) and 316-TiO; (E to
G) coupons, before (A, C, E, G) and after (B, D, F, H) UV-C treatment (20 min). The arrows indicate bacteria damage.
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ones after 19 h following the UV-C treatment (Fig. 6).
The same experiment was performed without UV-C
treatment as a standard. In this latter case, Listeria and
Pseudomonas colonized all the supports with the same
extend. But, after UV-C exposure, more bacteria were
numbered on 316-TiN than on the standard 316
coupons (p < 0.05). There were more viable Listeria
and Pseudomonas bacteria on 316-TiN coupons after
UV-C treatment.
decrease of the number of adherent cells was observed

For the 316-TiO, coupons, a

compared to the 316-TiN coupons. Indeed, Listeria
developed cells were almost 2 log less numerous than
on 316-TiN coupons (p < 0.05) and the cells of
Pseudomonas were almost 1 log less numerous on
316-TiO, than on 316-TiN (p < 0.05). The difference
in the number of cultivable bacteria between 316 and
316-TiO, coupons was similar to the adhesion
followed to UV-C exposure steps.

The damages relevant to the photocatalytic action
of the TiO, upperlayer were observed in Fig. 7. The
most notable effect on Pseudomonas cells was located
at the apical end. For Listeria, altered membranes and
a cytoplasm release were observed. Moreover, some
broken pili were noticed.

4. Discussion

The attachment of foodborne bacteria onto open
surfaces and the formation of biofilms in meat
processing environments are a recurrent source of
cross contamination [23]. Some control strategies are
based on the use of hot water, biocides, antimicrobial
compounds and/or on the improvement of the
cleanability of the equipment. In the meat plants, the
knives are likely contaminated by bacteria. During the
process, the Health Regulation recommends their
treatment with 82 °C hot water. Nevertheless, these
operations: (1) present some risk of operator injury
through scalding, (2) are energy and water consumers,
and (3) induce fogging and condensation formation
[24]. Some
temperature of the water bath and to add antimicrobials,

authors suggest to decrease the

such as lactic acid [24, 25]. However, these procedures
lead to a potential bacterial load in the water baths over
the time. A sterilization step concerns the knives
sterilization after their work period, under UV
irradiation.

The objective of this work was to combine the
bactericidal effect of the photoactivable TiO, material
to the mechanical strength of the TiN coating to limit
the growth of the meat related contaminants onto the
blades. TiN is known to be a hard material with a low
friction wear, used as resistant coating deposited on
cutting and forming tools [17]. A thin layer of TiO,
was obtained by thermal treatment of a TiN
upperlayer deposited on stainless steel. As shown by
EDX and XRD analyses, it was a TiO, rutile
upperlayer with a thickness close to 1 um. This TiO,
phase is more thermodynamically stable than the TiO,
anatase phase, nonetheless with a lower photocatalytic
activity [26]. Indeed, the 316-TiO; coupons displayed
a photocatalytic activity due to the production of ROS
[27].

The oxidation of the TiN coating has not changed
the sample surface roughness but it has modified the
wettability and the surface energy of the coupons. The
316-TiO, surface is more hydrophilic than that of the
316-TiN coupons and more hydrophobic than that of
the 316 coupons. The acid-base polar component yap
was higher with the 316-TiO, upperlayer (5.99 mJ/m?)
than with 316-TiN coating (0.24 mJ/mz). These
parameters are important, since it is well established
that bio-adhesion and fouling are conditioned by
several surface properties, such as roughness, surface
composition, electrostatic charges, wettability and
surface energy [12, 28, 29].

Despite the difference of wettability and surface
energy between the coated or the bare stainless steel
coupons, no significant difference in the attached cell
number was observed for the three types of support
(p > 0.05). In consequence, the oxidation of TiN to
form TiO, did not provide any anti-fouling property to

the material. These results are in accordance with
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previous studies showing no significant difference
concerning the adhesion of L. monocytogenes strains
onto TiN coating [17] or onto TiO, coating without
UV activation [7], in comparison with stainless steel.
However, the organization of the adhered cells
observed by SEM was not identical for the whole
coupons (Figs. 4 and 5). Pseudomonas and Listeria
cells were organized in clusters onto 316-TiN coupons,
while individualized cells were observed onto 316 and
316-TiO, coupons (Figs. 4, 5 and 7). These results
could be explained by the greater hydrophobicity of
the 316-TiN surface, than that of the 316 and
316-TiO, surfaces (Table 1).

For Pseudomonas, only few clusters were observed
and a lot of individual cells were detected (Figs. 4 and
7). This may be explained by the switch of the
electron donating/accepting property of the TiN
upperlayer (g © = 0.00 mJ/m’, g "= 4.60 mJ/m?) after
its partial oxidation in TiO, (g © = 2.58 mJ/m’, g "=
1.16 mJ/m?).

After UV C illumination, neither 316 nor 316-TiN
coupons displayed any other bactericidal activity than
those induced by germicidal UV radiations. The UV
treatment exerts a microbial effect by subsequent
mutagenesis of the cell DNA [30, 31]. On the 316
standard coupons, adherent cells of Pseudomonas
were more sensitive to the bactericidal effect of the
UV than those of Listeria. This result is in accordance
with an another study that showed a more pronounced
sensitivity of Gram — bacteria to UV than the Gram +
ones [32]. However, when adhered to the 316-TiN
surfaces, the cells of either Pseudomonas or Listeria
tended to be less sensitive to the UV treatment than
those adhered on the 316 surfaces. This difference did
not seem to be significant. This may be related to the
cell organization in cluster that may protect them
toward the mutagenic effect of the UV radiations.

The UV illumination of the 316-TiO, surfaces
induced higher decrease of the number of cultivable
cells, compared with that of the 316-TiN surfaces,
whatever the strain tested. This behavior could arise

from two properties of the TiO, surfaces acquired
after their photoactivation by UV, i.e. superhydrophily
and ROS production [33]. The action of the UV light
on the TiO, material generates an electron/hole pair
and subsequent the TiOH formation in the presence of
water molecules [33, 34]. The Pseudomonas cells
appeared more dispersed (Figs. 4 and 7) as a result of
a modification in the TiO, wettability after UV
treatment.

According to the enumeration of viable bacteria,
Listeria appeared to be more sensitive to the
photocatalytic effect than Pseudomonas (Fig. 6). The
produced ROS caused membrane damages at the
apical ends of the Pseudomonas cells (Fig. 7). This
was already observed for E. coli cells [35]. For
Listeria, adherent cells onto TiO, have broken their
flagella and the cytoplasm is released (Fig. 7). This
result is in accordance with a previous study
ROS causes cell
membrane peroxidation, DNA breakage [36, 37].

The bactericidal effect of the UV photoactivated
316-TiO, surface restricted the bacterial load. Indeed,
after UV treatment and subsequent growth, the

demonstrating that damages,

population of alive bacteria was less important onto
316-TiO, than onto 316-TiN (Fig. 6).

Verran and coworkers demonstrated that coating
stainless steel with titanium may increase the hygienic
properties because of the easier removal of both E.
coli cells and meat conditioning films [38]. In our
work, a TiO, coating obtained by the partial oxidation
of a TiN layer deposited on stainless steel substrate is
sufficient to take advantage of a photocatalytic
activity with an antibacterial effect, in addition to the
hardness properties of the layer. It is an easy and low
cost effective process to produce equipment with
antimicrobial properties. The photocatalytic activity
can even be increased through the optimisation of the
oxidation parameters. This could be efficient to fight
against meat related contaminants including pathogen
Indeed, the

bacteria, e.g.

inactivation of pathogenic
O157:H7, L.

bacteria.

Escherichia  coli
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monocytogenes and Salmonella Typhimurium, in a
liquid culture by UV-assisted TiO,-photocatalytic was
[36]. The
UV-sterilizers may be shortened thanks to the

demonstrated sterilisation time in

presence of the photoactivable layer and the resulting
cumulative and synergistic effect of UV and ROS.
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