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This study reports the details Escherichia coli inactivation kinetics on TiON and TiON-Ag films sputtered
on polyester by direct current reactive magnetron sputtering (DC) and pulsed magnetron sputtering
(DCP) in an Ar/N, /O, atmosphere. The use of TiON leads to bacterial inactivation avoiding leaching of Ag.
The surface of TION and TiON-Ag was characterized by X-ray photoelectron spectroscopy (XPS), atomic
force microscopy (AFM), electron microscopy (EM), X-ray fluorescence (XRF) and contact angle (CA)
measurements. Evidence for the photocatalyst self-cleaning after the bacterial inactivation was shown

g‘g‘;vsl:ftsérmg by XPS, contact angle (CA) and the Zetasizer zeta-potential of the proteins. The photo-induced charge
TiON films transfer from Ag,0 and TiO; is discussed considering the relative positions of the electronic bands of the
TiON-Ag films two oxides. An interfacial charge transfer mechanism (IFCT) for the photo-induced electron injection is

Interfacial charge transfer suggested. The most suitable TiON coating sputtered on polyester was 70 nm thick and inactivated E. coli
E. coli within 120 min under low intensity visible/actinic light (400-700 nm, 4 mW/cm?). TION-Ag sputtered
catalysts shortened E. coli inactivation to ~55 min, since Ag accelerated bacterial inactivation due to its
disinfecting properties. Evidence is presented for the repetitive performance within short times of the

TiON and TiON-Ag polyester under low intensity visible light.
© 2013 Elsevier B.V. All rights reserved.

1. Introduction Microfabrication processes widely use CVD to deposit materials in
various forms, including: monocrystalline, polycrystalline, amor-

Antimicrobial nanoparticulate films preparation is a topic of phous, and epitaxial.

increasing attention since their objective is to reduce or eliminate
the formation of infectious bacteria biofilms leading to hospital
acquired infections (HAIs) [1-4]. Films presenting a more effective
bacterial inactivation are needed due to the increasing resistance of
pathogenic bacteria to synthetic antibiotics administered for long
times [5]. Recently, Mills [6], Parkin [7-10], Foster [11], Dunlop [12]
and Yates [13] have reported antibacterial Ag, Cu, and TiO, coatings
on glass and polymer films depositing the metal/oxides by CVD
and sputtering techniques. Chemical vapor deposition (CVD) is a
chemical process used to produce high-purity, high-performance
solid materials. In a typical CVD process, the wafer (substrate) is
exposed to one or more volatile precursors, which react and/or
decompose on the substrate surface to produce the desired deposit.
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Our laboratory has reported recently the antibacterial prop-
erties and kinetics of Ag- and Cu-modified textiles deposited by
DC-magnetron, pulsed DC-magnetron and high power impulse
magnetron sputtering (HIPIMS) [14-18].

Kelly has reported TiN and other nitrides co-sputtered with
Ag able to inactivate Gram-negative and Gram-positive bacteria
in the dark [19,20]. Reporting the important observation that Ag
was immiscible with TiN. In this work we present the bactericide
activity of TiON and TiON-Ag sputtered films under visible light
irradiation. Ag is a non-cytotoxic bactericide agent at low concen-
trations [21]. But when washing Ag sputtered textiles, Ag leaches
out of the textile surface and becomes an undesired environmental
problem [22]. The exposure data of Ag furtive leaching and their
possible toxicity is still lacking [23]. E. coli inactivation of TiON
layers under visible light avoids the environmental Ag-leaching of
Ag-based disinfecting materials.

There has been recently an interest in the preparation of
TiON-films with intermediate behavior between metallic TiN and
insulating TiO,. These films are used in interconnectors in the
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electrical industry [24]. Thin nitrides films present high chemical
resistance to corrosion/oxidation, high melting point and accept-
able adhesion [25]. Nitrides are at present explored for biomedical
applications like implants due to its biocompatibility and long-term
corrosion resistance [26]. N-doped titanium oxide films have been
reported to improve the visible absorption range of TiO, since N-
atoms occupy the O-atom sites in the TiO, lattice forming Ti—O—N
bonds, red shifting the TiO, light absorption [27,28].

The objectives of this study are: (a) to optimize the film compo-
sition and light intensity on the TON-Ag films to attain the shortest
inactivation time for E. coli, (b) to test the stability of TION-Ag and
TiON samples during E. coli inactivation, (c¢) to suggest an interfacial
charge transfer mechanism (IFCT for the photo-induced electron
transfer from Ag, 0O to TiO, and finally, and (d) to characterize the
TiON-Ag by surface science techniques allowing to describe the
structure of this film.

2. Experimental
2.1. Sputtering of TiON and TiON-Ag on polyester

The TiON was DC-sputtered on polyester. The composite TiON-
Ag was sputtered by DCP. The sputtering details have been
previously reported out of our laboratory [29-31]. Before sputter-
ing the films, the residual pressure P; in the sputtering chamber was
P; <10~*Pa. The substrate target distance was varied between 8.5
and 11 cm but for most of the runs the distance was keptat ~11 cm.
The TiON thin films were deposited by reactive DC-magnetron
sputtering (DC) in an Ar+N, +0, gas flow from a 5cm diameter
Ti-target 99.99% pure (Kurt ]J. Lesker, East Sussex, UK). The sput-
tering current on the Ti target was set at 280 mA, at a power of
128 W (U-518 V). DCP was used to sputter Ag and was operated at
50 kHz with 15% reversed voltage. The sputtering current was set
at 280 mA with U-500V, 75V reverse voltage (15% of 500V) and a
power of 140 W.

The substrate used for the sputtered films was polyester
(PET) presenting excellent durability during long-term operation,
good abrasion resistance, fiber appearance retention, elasticity,
stress recovery and resiliency. The polyester used corresponds
to the EMPA test cloth sample No 407. It is a polyester Dacron
polyethylene-terephthalate, type 54 spun, plain weave ISO 105-
F04 used for color fastness determinations. The thermal stability of
Dacron polyethylene terephthalate was 115 °C for long-range oper-
ation and 140°C for times <1 min. The thickness of the polyester
was ~130 wm. The polyester samples were 2 cm x 2 cm in size.

2.2. X-ray fluorescence determination of the Ag and Ti on
polyester samples (XRF)

The Ag-content on the polyester was evaluated by X-ray fluores-
cence (XRF) in a PANalytical PW2400 spectrometer. Each element
emits an X-ray of a certain wavelength associated with its particular
atomic number.

2.3. Evaluation of the bacterial inactivation of E. coli on polyester
under light irradiation

The samples of Escherichia coli (E. coli K12) was obtained
from the Deutsche Sammlung von Mikroorganismen und Zellkul-
turen GmbH (DSMZ) ATCC23716, Braunschweig, Germany, to test
the antibacterial activity of the Ag-polyester sputtered fabrics.
The polyester fabrics were sterilized by autoclaving at 121 °C for
2h. The 20 pL culture aliquots with an initial concentration of
~108CFUmL-! in NaCl/KCl (pH 7) were placed on coated and
uncoated (control) polyester fabric. The polyester is a micro-
porous substrate and distributes the inoculum evenly on the TiON,

TiON-Ag films without needing an adsorption stage. A well-
dispersed non-heterogeneous contact is established between the
sample and the bacterial solution. The 20-pL of the E. coli solu-
tion was contacted with the TiON and TiON-Ag uniform films. The
distribution of bacteria on the sputtered polyester was observed
to be perfectly homogeneous and kill the inoculated cells on con-
tact. The exposition was done at 25-28 °C. The samples were then
placed on Petri dishes provided with a lid to prevent evaporation.
After each determination, the fabric was transferred into a sterile
2mL Eppendorf tube containing 1 mL autoclaved NaCl/KCl saline
solution. This solution was subsequently mixed thoroughly using a
Vortex for 3 min. Serial dilutions were made in NaCl/KCl solution.
A 100 L sample of each dilution was pipetted onto a nutrient agar
plate and then spread over the surface of the plate using standard
plate method. Agar plates were incubated lid down, at 37°C for
24 h before colonies were counted. Three independent assays were
done for each sputtered sample.

The statistical analysis of the results was performed for the
CFU values calculating the standard deviation values. The aver-
age values were compared by one-way analysis of variance and
with the value of statistical significance. The one-way analysis of
variance (one-way ANOVA) was used to compare the mean of the
samples using the Fisher distribution. The response variable was
approximated for the sample data obtained from the photocat-
alytic inactivation of test samples presenting the same distribution
within the same sputtering time.

To verify that no re-growth of E. coli occurs after the first
bacterial inactivation cycle, the TiON-Ag nanoparticle film was
incubated for 24 h at 37 °C. Then, the bacterial suspension of 100 L
is deposited on three Petri dishes to obtain the replica samples of
the bacterial counting. These samples were incubated at 37 °C for
24 h. No bacterial re-growth was observed.

The irradiation of the polyester samples was carried outin a cav-
ity provided with tubular Osram Lumilux 18 W/827 actinic lamp.
These lamps emitted in the visible between 400 and 700 nm with
an integral output of 1.0mW/cm? resembling the light distribu-
tion found in solar irradiation. These lamps are used in hospital
indoor illumination presenting an efficient compromise of energy
consumption and the intensity of the emitted light.

2.4. Diffuse reflectance spectroscopy (DRS)

Diffuse reflectance spectroscopy was carried out a Perkin Elmer
Lambda 900 UV-vis-NIR spectrometer provided for with a PELA-
1000 accessory within the wavelength range of 200-800 nm and a
resolution of one nm. The absorption of the samples was plotted in
Fig. 9 in the Kubelka-Munk (KM) unit’s vs. wavelength.

2.5. Transmission electron microscopy (TEM) and energy
dispersive spectroscopy (EDS)

A Philips CM-12 (field emission gun, 300 kV, 0.17 nm resolution)
microscope at 120kV was used to measure grain size of the Ag-
films. The textiles were embedded in epoxy resin 45359 Fluka and
the fabrics were cross-sectioned with an ultramicrotome (Ultracut
E) at a knife angle at 35°. Images were taken in bright-field (BF)
mode for the samples of TION-Ag (4 min-30s). EDX was used to
determine the chemical surface composition at the current beam
position. Atoms of different chemical elements emit X-rays with a
different specific energy.

2.6. Atomic force microscopy (AFM) and contact angle (CA)
determination

Measurements were performed with a Parks Scientific XE120
AFM in contact mode. The Cantilever used was an Olympus
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Fig. 1. Atomic deposition rate of TiON films on polyester as a function of the O, /N,
ratio. Ar gas flow was 90% at a working pressure 0.5 Pa.

OMCL-TR400 with a spring constant 0.02 N/m. Images with a
scanning field 600 nm x 600 nm microns were taken using a line
frequency 2 Hz. The roughness was calculated using Parks’ XEI soft-
ware. The contact angle (CA) of TiON and TiON-Ag was determined
by the sessile drop method on a DataPhysics OCA 35 unit.

2.7. Zeta potential (z) determination of protein size and
inductively coupled plasma mass-spectrometry (ICP-MS)

This approach investigated the residual protein attached to the
film surface in contact with the bacteria during the course of
bacterial inactivation. The Malvern Zetasizer Nano-Z system mea-
sured the zeta potential and electrophoretic mobility using Laser
Doppler Micro-Electrophoresis and dynamic light scattering. The
results were processed by a Zetasizer version 6.32 software. The
Finnigan™ICP-MSS instrument used was equipped with a dou-
ble focusing reverse geometry mass spectrometer presenting an
extremely low background signal and high ion-transmission coef-
ficient. The spectral signal resolution was 1.2 x 10° cps/ppb and the
detection limit of 0.2 ng/L.

2.8. X-ray photoelectron spectroscopy (XPS)

An AXIS NOVA photoelectron spectrometer (Kratos Ana-
lytical, Manchester, UK) equipped with monochromatic AIK
(hv=1486.6 eV) anode was used during the study. The carbon C1s
line with position at 284.6 eV was used as a reference to correct
the charging effects. The surface atomic concentration of some
elements was determined from peak areas using known sensitiv-
ity factors [33]. Spectrum background was subtracted according
to Shirley through the Shirley subtraction GL(30) program of the
Kratos unit [34]. The XPS spectra for the Ag-species were analyzed
by means of spectra deconvolution software (CasaXPS-Vision 2,
Kratos Analytical, UK).

3. Results and discussion

3.1. Tiand Ag deposition rate, O/N> ratio and thickness
calibration

Fig. 1 shows the atomic deposition rate of TiON films as a func-
tion of the Oy/N; ratio. The total pressure Pt = (Pa; + P, + Po,)
was fixed at 0.5 Pa and after optimization the fastest bacterial inac-
tivation kinetics and consisted of a gas flow Ar 90%:N, 5%:0, 5%.

160F (1) TION
(2) TION-Ag

140}
120}
100
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thickness (nm)

60}
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deposition time (s)

Fig. 2. Thickness of TiON(1) films and TiON-Ag (2) films as a function of DC-
magnetron sputtering time. Reactive gas flow composition: Ar 90%:N,5%:510% and
total P 0.5 Pa. For other details see text.

The thickness calibration of the TiON layers was carried out on
silica wafers sputtering up to 5min in a gas flow Ar 90%:N, 5%:0,
5% and the results are shown in Fig. 2. The film thickness was deter-
mined with a profilometer (Alphastep500, TENCOR) and the data
in Fig. 2 were in error by +10%. Sputtering for 4 min lead to lay-
ers ~70 nm thick. This is equivalent to 350 layers each containing
10'5 atoms/cm? being deposited atarate of ~1.5 x 105 atom/cm? s
[32]. Fig. 2 shows TiON-Ag layers with a thickness of 90 nm after
sputtering TiON for 4 min, followed by Ag-sputtering for 30s. This
led to an Ag-layer of ~20 nm with an Ag- atomic rate of deposi-
tion of 3.3 x 10! atoms/cm? s. The atomic deposition rate has been
reported to be a function of the O, /N ratio by several laboratories
[19,20,25-28].

The colors of the TiON samples sputtered for 4 min are shown in
Fig. 3, row A these colors are seen to be a function O /N, ratio. The
collective oscillations of the electron plasmons in the TiON show a
darker color for a higher ratio O,/N,. The visible light photocata-
lysis mediated by TiON has been suggested to require a certain ratio
of N,/O, [35-37]. The color is due to the N-doping of the TiO;-
lattice [36] inducing interstitial N-doping in the TiO, accompanied
by the formation of O-vacancies. This leads to charge transfer states
responsible for the TiON absorption in the visible region [37]. A

(A) | Distance Ti-target to polyester
“ in DC chamber (mm)
(B)
O2/N2 ratio
(C)

a . s » XRF (Ag wt % / wt polyester)
0.08 0.12 0.15

Fig. 3. Visual presentation of the samples of sputtered TiON and TiON-Ag textiles
within 4 min: (A) color variation as a function of the distance of the Ti-target and
the polyester sample, (B) color variation as a function O, /N; ratio for TiON samples,
(C) color variation of TION-Ag samples with different Ag wt%/wt polyester.
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Fig. 4. E. coli survival on polyester sputtering TiON for: (1) 4min, (2) 5min, (3)
10 min, (4) 2 min, (5) 1 min, (6) TION 4 min in dark and (7) polyester alone. The light
source is an Osram lamp L18W/827 (4 mW/cm?, 400-700 nm). Reactive gas flow
composition: Ar 90%:N,5%:0,5% and total P 0.5 Pa.

higher content of O, has been reported to increase the biocompat-
ibility of the TiON samples [1,35].

The samples TiON 4min sputtered with Ag for 20-40s in
Fig. 3(B) and became darker for TiON samples sputtered for longer
times. The wt% Ag/wt polyester of the TION-Ag samples sputtering
Ag for 20, 30 and 40 s are shown in Fig. 3(C). The color darkening is
due to the increased amount of Ag-deposited at longer sputtering
times leading to stronger inter-particle coupling of the Ag-particles
though the formation of higher aggregates leading to a darker Ag-
absorption band. These bands were also determined by diffuse
reflectance spectroscopy (DRS) are later shown in Fig. 9.

Table 1 shows the weight percentages of Ag and Ti in the TiON
and TiON-Ag samples. The kinetically fastest bacterial inactivation
sample TiON-Ag (4 min-30s) had a 0.25 wt% Ti/wt polyester and an
Ag-content of 0.021 wt% Ag/wt polyester.

3.2. Inactivation kinetics of E. coli on TiON-sputtered samples

Fig. 4 shows the bacterial inactivation kinetics as a function of
the TiON sputtering on polyester for times between 2 and 10 min
time under low intensity visible light irradiation. Samples in trace
(1) sputtered for 4 min seem to contain the optimal coverage of
TiON to absorb all the incoming light and generate charges in the
TiO, as shown in the XPS section by deconvolution of the TiO,
spectrum in the XPS TiON spectra. This sample shown in trace (1)
presents the highest amount of active sites/carriers held in exposed
interacting with the bacteria [15,16,29]. Films sputtered for 2 and
3 min and shown in traces (4, 5) do not contain enough TiON to
drive a fast bacterial inactivation under light. Samples sputtered for
5 and 10 min as shown in traces (2, 3) seem to contain TiON layers
with a thickness much above the above 70 nm found for the sample
sputtered for 4 min (trace 1). This leads to bulk inward diffusion of
the charge carriers induced under light in TiON [6,32]. These charge
carriers are responsible for the electrostatic attraction between the
TiON film and bacteria.

Fig. 5 shows the effect of the amount of O, in the reactive gas
composition when sputtering for 4 min TiON on polyester. The
results reveal the strong dependence of the bacterial inactivation
kinetics on the O,% in the flow gas composition. The oxygen con-
centration of the TiON samples has been reported as one of the most
important factors affecting the photocatalytic performance of TiON
films [26,27] due to the fact that different O, concentrations in the
gas flow introduce a different amount of oxygen vacancies. These

107
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Fig. 5. E. coli survival on TiON-polyester sputtered (4 min) for different oxygen
flow-rates. Reactive gas flow composition: Ar 90%:N,5%:0,5%. The light source is
an Osram lamp L18W/827 (4 mW/cm?, 400-700 nm).

vacancies lead to charge transfer states determining the photocat-
alytic activity [36,37].

Fig. 6 shows the bacterial inactivation of E. coli by TiON-Ag films.
The TiON layers were sputtered for 4 min and the Ag-sputtering was
applied sequentially up to 40s. A small bacterial inactivation was
observed in the dark (Fig. 6, trace 5) possibly due to adsorption
of E. coli on the polyester, since Ag-ions are shown in this study
to be produced under light irradiation on the TiON-Ag-films. The
bacterial inactivation kinetics increases as the Ag sputtering time
was increased from 10 to 30 s attaining a maximum at 30's due to
the known bactericide properties of Ag [14-17,21-23]. The inacti-
vation kinetics falls back at 40s possibly due to the formation of
bigger Ag-clusters [17,18,29,30] hindering electron injection from
Ag/Ag,0 into TiO; [19,20]. The Ag-clusters are not necessarily crys-
talline and darken the polyester samples as a function of sputtering
time [38].

The E. coli survival on Ag-sputtered directly on the polyester fab-
ric led to longer inactivation times of 1 logyg, 2 log1g and 3 log; for
sputtering times of 10, 20 and 30s (data not shown). The 6logqg
bacterial inactivation time of 55min shown in Fig. 6 for TiON-
Ag (4min-30s) samples is possible since the TiON smooth thin
layer on the polyester merges without forming boundaries with the
polyester [32]. On the TiON coating, a topmost Ag-layer immiscible
with TiON was observed and is shown below in the EM section.

10° M
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Fig. 6. E. coli survival on TiON-Ag sputtered on polyester for different Ag deposi-
tion times on TiONlayers. The light source is an Osram lamp L18W/827 (4 mW/cm?,
400-700 nm). Reactive gas flow composition: Ar 90%:N,5%:0,5% and total P 0.5 Pa.
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Table 1
X-ray fluorescence (XRF) of Ag, TION and TiON-Ag sputtered on polyester.

Samples sputtered on polyester %wt Ag/wt polyester

%wt Ag,O/wt polyester

%wt Ti/wt polyester %wt TiO, /wt polyester

Ag (205s) 0.08 0.08
Ag (30s) 0.12 0.13
Ag (405s) 0.15 0.17
TiON (4 min) - -
TiON-Ag (4 min/305s) 0.021 0.023
TiON-Ag (4 min/405s) 0.024 0.029

0.27 0.39

0.25 0.26
0.24 0.26

3.3. Effect of light intensity on the inactivation kinetics and
recycling of TiON-Ag samples

Fig. 7(A) presents the bacterial inactivation kinetics mediated
by TiON-Ag (4 min-30s) polyester samples applying different light
doses. It is readily seen that the bacterial inactivation kinetics by
the TiON samples are strongly dependent on the light dose in the
reactor cavity. The same trend was observed for the TION-Ag sam-
ples in Fig. 7(B). This up-to-date actinic light is currently used in
hospital facilities in Switzerland.

Fig. 8(A) presents the TION-Ag (4 min-30 s) inactivation of E. coli
up to the 8th, repetitive recycling. After each 55min cycle, the
sputtered polyester fabrics were washed thoroughly with steril-
ized MQ-water, vortexed for 3 min and dried at 80°C to be sure
that no bacterial remained on the polyester. Then the fabric was
reused with a small decrease in the bacterial inactivation kinetics
and washed thoroughly after each run. An increase in the E. coli
inactivation of less than 15% is observed as the cycling number
increases due to the loss of Ag [22]. Silver ions seem to be toxic
to bacteria as documented in Fig. 8 via the oligodynamic effect. The
samples released after 8 cycles less than 10 ppb/cm? of Ag as shown
later in this study by ICP-MS in Fig. 14(a). The Ag level in solution
determined by ICP-MS is well below standards established for the
Ag cytotoxicity for a several of living organisms [1,2,10].

E A
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120 180 240 300
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Fig. 7. E. coli survival on: (A) TiON-Ag sputtered on polyester(4 min-30s) irra-
diated with an Osram Lumilux light source (400-700nm) 18 W/827 at different
light doses: (1): 4mW/cm?2, (2): 2.5mW/cm?, (3): 1mW/cm?; (B) TiON sput-
tered on polyester(4min) and irradiated with an Osram Lumilux light source
(400-700 nm) 18 W/827 with different light doses: (1): 4 mW/cm?,(2): 2.5 mW/cm?,
(3): 1 mW/cm?. Reactive gas flow composition: Ar 90%:N;5%:0,5% and total P 0.5 Pa.

Fig. 8(B) presents data up to the 8th recycling indicating a more
significant increase in the bacterial inactivation time with the num-
ber of cycles for the TION samples. TION-polyester samples should
be used when Ag leaching represents a potential environmental
danger although their kinetics is slower compared to the TiON-
Ag samples (Fig. 8). The cause for the slower inactivation kinetics
upon repetitive recycling of the TiON photocatalysts has not been
determined in this study.

3.4. Diffuse reflectance spectroscopy (DRS) and visual appearance
of sputtered samples

Fig. 9(A) and (B) shows the increased spectral absorption for the
TiON-Ag and Ag-polyester samples with longer sputtering times.
The shapes of the DRS spectra reflect differences in particle size,
particle surface density and the coupling between Ag and the TiON
nanoparticles. The TiON layers dielectric confinement has been
reported to shift the Ag-spectra to the red [19,20]. A lower absorp-
tion was observed when Ag was sputtered directly on polyester
(Fig. 9(B)). The formation of a Schottky barrier has been reported
for Ag on semiconductor surfaces promoting charge separation in
Ag/Ag,0 [39,40], and may account for the better bacterial inactiva-
tion performance of the TiION-Ag samples (Fig. 6) compared to the
TiON samples (Fig. 4).

3.5. Sample transmission electron microscopy (TEM) and atomic
force microscopy (AFM)

Fig. 10(a) presents in the left hand side the almost contin-
uous dark TiON-Ag (4 min-30s) deposit on the polyester fiber.

1st recycling
2nd recycling
4th recycling
8th recycling

RRRE

E. coli survival (CFU/mI)

0 60 120 180

(B)
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E:
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3
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5
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W 4 ‘ ‘ ‘
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Fig. 8. (A) Recycling of TiION-Ag (4 min-30s) Sputtered samples inactivating bacte-
ria for the 1st, 2nd 4th and 8th cycle, (B) recycling of TiON 4 min sputtered samples
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Fig. 9. (A) Diffuse reflectance spectra of TION4 min sputtered samples sputtering
subsequently Ag for 10s, 20s and 30s, (B) Diffuse reflectance spectra of polyester
sputtered-Ag samples for with 105, 20s and 30s.

The right hand side image with a bigger magnification of 100 nm
shows the immiscibility of the Ag-dark coating and the TiON coat-
ing gray layers. The Ag-particles present sizes between 20-40 nm
within a TiON-Ag layer with a width of 70+ 10nm. Ag/Ag,0
particles of 20-40nm will no permeate through the bacte-
rial cell wall having protein porin pores with a diameter of
1.1-1.5nm [1,7,15]. This confirms one more that Ag bacterial
inactivation goes by the Ag-ions having sizes <1 nm, and not Ag-
nanoparticules.

Fig. 10(b) shows the image of a TION-Ag (4 min-30s) sample in
bright field (BF). The immiscibility of the Ag and Ti on the sample
surface is readily seen at the current beam position.

Fig. 11(A) shows the atomic force microscopy of TiON sputtered
for 4min. The TiON grains 70-100 nm in size lead to a rugosity
value (rms) of 0.33 nm. The focal field of 600 nm x 600 nm is able
to provide for a low-resolution image. The rms values found indi-
cated low surface rugosity (<2.5nm) and therefore it is unlikely
that the roughness variation between the samples will have a sig-
nificant effect on the contact angle measurements as addressed
below. Fig. 11(B) shows grains 100-400 nm in size for TION-Ag
(4min-30s) samples. Ag is seen to compact the TiON surface
grains and increases the rms of TiON-Ag (4 min-40s) value to
1.48 nm.

Table 2

Surface percentage atomic concentration of elements during E. coli inactivation
on TiON-Ag polyester (4min/30s) sputtered samples under Osram Lumilux light
(400-700 nm) 4 mW/cm?.

O1ls Ti2p N1s Ag3d Cls
t=0 713 2.04 447 21.50 23.71
t=0 contacted bacteria 7.15 2.01 4.44 21.50 23.70
t=30min 9.09 2.51 3.02 23.11 34.22
t=55min 12.55 2.66 2.47 23.29 44.76

3.6. Contact angle (CA) changes during bacterial inactivation

Itis not possible to follow in the time scale the decrease of the CA
for a water droplet on the polyester fabric since the droplet disap-
pears instantly by contact with the fabric. Although the polyester is
hydrophobic by nature, the high porosity of the polyester promotes
instantly the droplet penetration through the polyester microstruc-
ture. This porosity (void areas) in the polyester is significantly
reduced due to the sputtering of TiON or Ag or both, decreasing
the surface water penetration concomitantly increasing the sample
hydrophobicity.

Fig. 12 shows in trace (1) the CA for a water droplet on a
TiON-polyester sample sputtered for 4 min reaching zero degrees
after 30 min. Traces (2)-(5) show the progressive increase in
the initial CA for 4min sputtered TiON samples Ag-sputtered
from 10s up to 40s. An increase in the surface hydrophobic-
ity due to the Ag-sputtering is detected. Trace 6 shows the CA
for the TiON-Ag (4 min-30s) sample upon contact with bacte-
ria, disappearing completely within 55 min. The increase in the
hydrophobicity of the TiON-Ag (4 min-30s) sample (trace 6) to
117° was due to the adsorbed bacteria on the sample surface. The
bacterial bilayer envelope contains hydrophobic groups such as: (a)
phosphatidyl-ethanolamine (PE), (b) lipid polysaccharide (LPS) and
(c) peptoglycan [41,42]. The surface of the TiON-Ag (4 min-30s)
sample was therefore to be weakly hydrophobic.

The zero CA reached on the TiON-Ag (4 min-30 s) sample within
55 mininFig. 12 implies self-cleaning of any hydrophobicresidue at
the end of the bacterial inactivation. The XPS data in Table 2 shows
the atomic percentage surface concentration of N-, Ti and Ag- for
this sample being almost constant up to the end of the bacterial
inactivation. The N- coming from the residual bacteria fragments is
quickly destroyed on the photocatalytic film under light irradiation.
Furthermore, the constancy of the atomic concentration of Ag and
Ti in Table 2 shows evidence for Ag-sites not being blocked during
bacterial inactivation [6,17,18]. This observation means that at the
end of the inactivation process, the sample being free of hydropho-
bic compounds is ready to inactivate a new bacterial charge with
the kinetics observed in the first bacterial inactivation cycle (Fig. 8).

3.7. Protein size and ion-release during bacterial inactivation by
small angle laser scattering and ICP-MS.

Zeta-potential analysis was used to determine the sizes of the
residuals protein fragments left on a TiION-Ag (4 min-30s) sample
contacted with bacteria under visible light irradiation. The Malvern
Zetasizer series combines a particle size analyzer, a zeta potential
analyzer and a molecular weight analyzer for particles measuring
less than one nanometer up to several microns. This determination
is based on the amount of light scattered and particle charge by the
fragments on the photocatalyst at different inactivation times. The
over tenfold reduction in size reported in Fig. 13 decreasing to very
small sizes shows that degradation of the protein residues.

This is a further evidence for the self-cleaning occurring on
the TiON-Ag (4min-30s) sample. The TiON-Ag sample inacti-
vates E. coli bacteria and reduces the protein sizes beyond the
55min period necessary to inactivate completely the bacteria.
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| 4

Fig. 10. (a) Left hand side: Transmission electron microscopy of a TION-Ag (4 min-30s) DC-sputtered sample showing the continuity of the sputtered TiON-Ag layer around
the polyester fiber. Right hand side: the same sample showing with a bigger magnification the darker continuous Ag-layers being immiscible with the gray TiON layer
(P=polyester and E=epoxide). (b) Image of the sample TiON-Ag (4 min-30s) in bright field (BF) showing the surface elements at the current beam position.

The bacterial fragment >55 min attains the small size ~78.8 nm as
shown in Fig. 13, less than 10% of its initial size. It is possible that
the protein was degraded as shown in Fig. 13, but that the amount
of protein did not change significantly. Again it has not to be over-
looked that self-cleaning is due to light irradiation as shown below
in Fig. 17.

Fig. 14 presents the release of Ti and Ag up to the 8th recycling
during bacterial inactivation runs. The results for samples of TiON,
TiON-Ag and Ag are shown in Fig. 14. Fig. 14(a), trace 1 shows
the slow release of Ti up to the 8th recycling from the TiON
4min sample. Trace 2 shows the Ag-ion release starting at a
level of 6 ppb/cm? for TiON-Ag (4 min-30s) sample and reaching
~5 ppb/cm? on the 8th recycling. Ag-ions are formed by oxidation
of the Ag on the polyester in the reaction media. Ag-ions with
a concentration >0.1 ppb show a significant antimicrobial activ-
ity. Higher Ag-ion concentrations >35 ppb can be toxic to human
cells [1]. The antimicrobial performance of Ag is dependent on
the oxidation state of the Ag-ion [14] as identified by XPS (see
Table 3). Fig. 14(a); trace 3 shows the release of Ag-ions sputtered
for 30s on polyester. A high level of Ag-ions at time zero reaches
on the 8th recycling about the same level as the Ag-released by
the TiON-Ag (4 min-30s) samples. The biocompatibility of TiON
has been well documented in biomedical applications [1,24,26,35].
The TiON fast inactivation kinetics and a concomitant low cytotox-
icity are the two essential requirements for the application of these

antibacterial surfaces. Long-term performance and cytotoxicity
studies of TiON samples are under way in our laboratory.

Fig. 14(b) presents the release of Na* and K* during the bacte-
rial inactivation from a TiON-Ag (4 min-30s) sample under Osram
Lumilux light. The K*-ion exists universally in bacteria regulating
the potential for the transfer of ions across the bilayer membranes
[42]. The K-ions leak at a low rate from the bacterial cell as the cell
membrane becomes more permeable up to 30 min reaching a rela-
tively low value [43]. The Na*-ions in Fig. 14(b) are seen to leak at a
faster rate compared to K*-ions due to their smaller size compared
to the K*-ions. The leakage of K* and Na* increases after 30 min
due to the more advanced state of decomposition of the cell bac-
terial envelope [41,42,44]. The loss of cell viability shown in Fig. 6
within ~55 min, is consistent with the decomposition of the cell-
wall membrane and the time of the leakage of intracellular K* and

Table 3
Auger lines of Ag and Ag sputtered on TiON-polyester (Reference values: Ag®
725.15eV, Ag(l) 725.53 eV, Ag(ll) 725.66 eV).

Sputtering time Ag polyester (eV) Ag TiON polyester (eV)
10s 72514 72515
20s 725.15 725.53
30s 725.53 725.55
40s 725.53 725.67




S. Rtimi et al. / Journal of Photochemistry and Photobiology A: Chemistry 256 (2013) 52-63 59

3nm
0O nm

600 M "0 nm

600 nm” 0 nm
Fig.11. (A)Atomic force microscopy (AFM) of TION sputtered on Si-wafers for 4 min,
(B) atomic force microscopy (AFM) of a TION-Ag (4 min-30s) sputtered on Si-wafers.

Na* shown in Fig. 14(b). The protein leakage shown in Fig. 13 indi-
cates the efflux of protein is not proportional to the cell viability
(see Fig. 6) or the K*, Na* leakage (Fig. 14(b)) since the rate of dis-
ruption of E. coli cell wall is lower than that of the cell inactivation.
The damages to the cell wall are repaired during the culture of cells
on the agar plates. This leads to a different rate of decomposition
of the outer cell membrane [45].
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Fig. 12. Initial contact angle of samples; trace (1) TiON (4 min), trace (2) TION-Ag
(4min-10s), trace (3) TION-Ag (4 min-20s), (4) TION-Ag (4 min-30s), (5) TiON-
Ag (4min-40s) and (6) TION-Ag (4 min-30s) contacted with bacteria for 3s as a
function of irradiation time. Light source Osram Lumilux L18 W/827 (4 mW cm?,
400-700 nm).

872,6 |- X
E 6673 X
£
(0]
g
5 6433 X
>
©
[0]
N
w2228 - X
78,82 | X
0 30 60 90

time (min)

Fig. 13. Reduction in the protein size determined by small angle laser scattering
as a function of irradiation time by a Osram Lumilux light source (400-700 nm)
18 W/827 on a TiON-Ag (4 min-30s) sample contacted with bacteria.
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Fig. 14. (a) lon-coupled plasma spectrometry (ICPS) determination of Ag ions and
Ti-ions released during the recycling of (1) TiON sputtered 4 min on polyester, (2) a
TiON-Ag (4 min-30s) polyester sample and (3) a sample of Ag-polyester sputtered
30s. (b) Ion-coupled plasma mass spectrometry (ICP-Ms) determination of the leak-
age of (1) Na* and (2) K*-ions through the E. coli cell-wall envelope during bacterial
inactivation by a TION-Ag (4 min-30s) sample irradiated by an Osram Lumilux light
source.
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Fig. 15. XPS of the Ti2p3/2 peak showing the TiN, TiON and TiO, on the DC-sputtered TiON-Ag (4 min-30s) samples at time zero (left-hand side).

3.8. X-Ray photoelectron spectroscopy (XPS)

Fig. 15 (left-hand side) presents the XPS spectra TiON-Ag
(4 min-30s) at time zero. The figure in the right-hand side presents
the XPS for TiON-Ag (4 min-30s) contacted 3 s with bacteria. The
TiON species shows a peak at 456.9 eV, the TiO; peak (Ti2psp;) at
458.2eV and the TiN peak at 455.3 eV [33]. Fig. 15 presents evi-
dence for TiO, when TiON is reactively sputtered on polyester as
described in Section 2.

Fig. 15 (right-hand side) presents the Ti2p,;3 peak to 458.7 eV
indicating a slight shift of this peak due to Ti3*/Ti** redox reactions
on the sample surface. Shifts of the TiON and TiN peaks are also
observed in the right-hand side of Fig. 15, providing further proof
for redox reactions during the bacterial inactivation. Shifts in the
XPS peaks >0.2 eV reflect valid changes in the oxidation states of
the elements [34].

Fig. 16(a) shows the Ag3ds, peak shift from 364.4 eV to 365.2 eV
when sputtering Ag from 10s up to 40s on a sample previously
sputtered with TiON. The position of the Ag Auger lines for the
TiON-4 min samples sputtered with Ag for 10 sup to 40 is shownin
Table 3 [14,33]. The shift of the Auger lines from 725.15 to 725.65 eV
indicates an increasing amount for Ag*/Ag2*-ions at longer sputter-
ing times. The fastest bacterial inactivation seems to be due to the
TiON-Ag (4 min-30s) samples containing Ag2* ionic-species sug-
gesting that the bactericide activity is due to higher Ag-ionic species
[14].

The data obtained by XPS above for the Ag-ions intervening
in bacterial inactivation using TiON-Ag (4min-30s) allows to
relate: (a) the nature of the most favorable Ag-ions in the TiON-Ag
samples with (b) the kinetics of bacterial inactivation presented
for this sample in Fig. 6(b), with (c) the rugosity of the sample
described above in Fig. 11, and finally with (d) the CA values
found for the samples in Fig. 12. The TiON-Ag (4 min-30s) sample
shows a significant amount of Ag2* as detected by XPS in Table 3,
leading to a fast bacterial inactivation time of 55min (Fig. 6),
showing a rugosity of 1.48 nm and a CA of 90° presenting the best
hydrophobic/hydrophilic balance for a fast bacterial inactivation.
The bacterial inactivation time by the later sample is in the range

reported for E. coli inactivation by Ag,O/TiON suspensions under
halogen lamp irradiation [46-48]. These samples lead to bacterial
inactivation within minutes needing a shorter time compared
to the inactivation times reported for TiO, films and oxynitrides
[49].

Fig. 16(b) shows the Ti2psp, shift from 457 eV and 458.1eV
within 55 min during E. coli inactivation providing the evidence for
Ti**|Ti3* redox processes taking place on the polyester surface.

Fig. 16(c) shows the Ag-oxidation states shifting within the
bacterial inactivation time. Higher Ag-oxidation states have been
reported to be beneficial reducing within the bacterial inactivation
time [14].

Fig. 16(d) shows the O1s peak shift between time zero and
55min during E. coli inactivation. The XPS-signal increases due
to O-rich functionalities C—OH, C—O—C and carboxyl species [18]
origination from the bacterial oxidation on the catalyst surface.
Table 2 shows the surface atomic composition percentage for the
main elements of TION-Ag (4 min-30s) polyester as a function of
the bacterial inactivation time. The composition of the ten upper
layers (2nm) at time zero for the TiON-Ag (4 min-30s) sample
is: Tig0s00.20N0.13A80.61- The surface atomic concentration for the
O1s signal increases with bacterial inactivation time due to the
oxidative residues produced during bacterial oxidation. The Ti2p; 3
signals remain fairly constant indicating a rapid removal of the
bacterial residues on the catalyst surface during the bacterial inacti-
vation process. The almost constant amount of the surface Nand Ag
suggests an effective surface catalysis destroying bacterial residues
during E. coli inactivation. The C1s signal is seen to increase with
the bacterial inactivation time due to the adventitious hydrocar-
bons being spontaneously adsorbed from ambient air on the sample
surface.

3.9. Mechanistic considerations

The TiON-Ag (4 min-30s) as described in the preceding XPS
section identifying the TiO, and TiN peaks. The Ag in the TiON-
Ag (4min-30s) film forms AgOH on the film surface in contact
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Fig. 16. (a) Ag3d5/2 shift during E. coli inactivation up to 55 min on TiON sputtering Ag for different times, (b) Ti2p3/2 shift during E. coli inactivation up to 55 min on TION-Ag
(4min-30s), (c) Ag3d5/2 during E. coli inactivation up to 55 min on TiON (4 min-30s), (d) O1s shift between during E. coli inactivation up to 55 min on TiON-Ag (4 min-305s).

with air. The AgOH decomposes spontaneously to Ag,0 (Eq. (1))
[50]

2AgOH — Ag,0 + H,0(pk = 2.87) 1)

This Ag,0 is stable in the thermodynamically stable region
at pH 6-7 where the bacterial inactivation of E. coli pro-
ceeds. Visible/actinic light irradiation photo-activates Ag,0 with
1.46<bg<2.25eV [51,52] as noted next in Eq. (2)

Ag,0 + light — Ag,0(h™) + Ag,0(e™) (2)

The Ag,0/TiO, transfer of charges we have to consider the posi-
tion of the energy bands of Ag,0 and TiO,. Under visible light
irradiation, the transfer of charge from Ag,0 to TiO, is thermo-
dynamically favorable because the position of the Ag,0cb —1.3 eV
NHE at pH 0 and the vb of Ag;0 +0.2V NHE at pH 0 [51-53] lies
above the TiOycb at —0.1 V vs. NHE and the vb at +3.2 V [6]. The fast
E. coli inactivation kinetics reported in Fig. 6 may be due to an inter-
facial charge transfer (IFCT) process between Ag/Ag,0 and TiON
[53,54]. The Ag,Ocb electrons transfer to the TiO,cb in a downward
energetic process as shown in Fig. 17 hindering the electron-hole
recombination in the Ag,0. We suggest that the increase in the
transfer of the Ag,0 electrons to O, when electrons are injected
into the TiO,cb is the key to the increase the photocatalytic activity
of the TiO, leading to bacterial inactivation (Fig. 17).

We suggest a mechanism in which the Ag,0 in Eq. (1) reacts
with e~ as shown in Eq. (2) as seen next in Eq. (3)

Ag,0 + e~ — 2Ag° + 10,5~ (3)

The O, in Eq. (3) would promote at later stages reactions ((5)
and (6)) producing highly oxidative radicals, while the h* in Eq.
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Fig. 17. Suggested reaction mechanism fir the visible light photo-induced electron
injection by Ag,0 into TiO,.

(2) reacts with H, O as suggested in Eq. (4). This reaction runs par-
allel with Eq. (5) generating OH° radicals or other highly reactive
oxidative radicals by way of the Ag,Ovb h* (see Eq. (2))

h* +H;0 — OH° + H* (4)
2e” +2H;0 + Oy, — 20H° + 20H~ (5)
e”+0,—> 0y° (6)

4. Conclusions

TiON and TiON-Ag deposited on polyester by DC- and DCP-
magnetron sputtering leading to thin uniform nanoparticulate
films. The E. coli inactivation Kinetics activated by visible light
is reported in detail. The rapid destruction of the bacterial
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decomposition residues during bacterial inactivation was detected
by XPS. The lack of organic hydrophobic residues was shown by
the zero CA attained after 55 min and also by Zetasizer protein size
determination at the end of the bacterial inactivation. The corre-
lation between the nature of the Ag-ions, the sample rugosity and
the surface contact angle for the most effective bactericide TiON-
Ag (4 min-30s)sampleis described. TiON-Ag is a faster inactivating
catalyst compared to TiON, but as shown in this study by ICP-MS
leaches out Ag-particles. The concentration found for silver parti-
cles were observed to be below the allowed cytotoxicity level for
Ag as determined quantitatively in this study. Repetitive bacterial
inactivation is reported was observed providing evidence for the
stable nature of the photocatalyst. TION on polyester is shown to
be a suitable photocatalyst in the visible range inactivating bacteria
within two hours and avoiding the leaching of the heavy metal Ag
into the environment.
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