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a  b  s  t  r  a  c  t

The  kinetics  of  bacterial  reduction  of Staphylococcus  aureus  (MRSA)  on co-sputtered  TiO2/Cu-polyester
(TiO2/Cu-PES)  was  found  to be little  dependent  on  the  applied  light  dose.  But in  the  case  of  Escherichia  coli,
the bacterial  reduction  kinetics  was  observed  to  be  strongly  dependent  on the  applied  light  dose.  The
reasons  for the  different  effect of the  applied  light  dose  on  the  bacterial  reduction  are  discussed.  Mecha-
nistic  considerations  are  suggested  to account  for this  observation.  TiO2/Cu-PES  obtained  by  direct  current
magnetron  co-sputtering  and the  bacterial  reduction  features  compared  to  PES  sputtered  individually  by
TiO2 and  Cu.  This  study presents  the  first evidence  for the stabilizing  effect  of  TiO2 on  the  amounts  of the
Cu  released  during  bacterial  inactivation  by  co-sputtered  surfaces  compared  to sequential  sputtering  of
Ti  and/or  Cu  on PES.  The  release  of Cu-monitored  in  the  ppb  range  by inductively  coupled  plasma-mass
. coli
acterial reduction
ligodynamic effect

spectrometry  (ICP-MS)  is indicative  of an  oligodynamic  effect  leading  to  bacterial  reduction.  The bacte-
rial  reduction  of  MRSA  ATCC  43300  on  co-sputtered  TiO2/Cu  led  to a 5 log10 (99.999%)  reduction  within
120  min  in  the dark  and  60 min  under  low  intensity  actinic  light.  Diffuse  reflectance  spectroscopy  (DRS),
transmission  electron  microscopy  (TEM)  and  X-ray  fluorescence  (XRF)  describe  the  TiO2/Cu  surfaces
investigated  in  this  study.
. Introduction

Nanoparticulate films preparation able to kill pathogenic bacte-
ia avoiding the formation of biofilms is a topic of increasing
ttention. Infections caused by antibiotic-resistant bacteria and
eading to healthcare associated infections (HCAIs) with higher
ost treatments [1–4]. Also, these nosocomial infections caused
y antibiotic resistant bacteria are becoming more frequent [5].
ecently, some laboratories [6–9], have reported antibacterial Ag,
u and TiO2 coatings on glass and polymer films depositing the
etal/oxides by chemical vapour deposition (CVD) and sputter-
ng techniques. Direct current (DC) magnetron sputtering as used
n this work allows the deposition of metal/metal oxides at rel-
tively low temperatures not exceeding 120–130 ◦C which allow

∗ Corresponding author. Tel.: +41 21 6936150; fax: +41 21 6935690.
E-mail address: john.kiwi@epfl.ch (J. Kiwi).

ttp://dx.doi.org/10.1016/j.apcata.2015.03.028
926-860X/© 2015 Elsevier B.V. All rights reserved.
©  2015  Elsevier  B.V.  All  rights  reserved.

the sputtering on textiles and polymers presenting a low thermal
resistance. Advances in bactericidal surfaces have become a focus
of attention over the last five years. Studies on the photo-activated
TiO2 and Cu–TiO2 mediated bacterial reduction have been reported
[10–12]. There is a need for active, uniform and adhesive sur-
faces to decrease more effectively environmental risks associated
with HAI.

Recent studies [13,14] have reported the preparation of Cu and
TiO2/Cu films by sol–gel methods inducing significant bacterial
inactivation under UV–vis light. Nevertheless, the sol–gel prepara-
tions deposited films are not mechanically stable, nor reproducible,
present low uniformity and little adhesion since they can be wiped
off by a cloth or thumb [15]. This moved us to work on the prepara-
tion of sputtered antibacterial films to overcome the shortcomings

of colloidal loaded films and motivated the present study.

Reduction of Escherichia coli on Cu-sputtered polyester (Cu-
PES) [16,17] and reduction of MRSA on Cu-PES has recently been
reported by our laboratory [18] and other sources [19]. This
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tudy is a continuation of our previous work on TiO2/Cu surfaces
eading to E. coli [17–19] reduction, but extending the previ-
us studies to show: (a) the bacterial reduction on innovative
iO2/Cu co-sputtered PES, (b) the differential effect of the applied
ctinic/visible light (400–700 nm)  on the bacterial reduction kinet-
cs of E. coli and MRSA and suggest the rationale for this, (c) the
tabilizing effect of TiO2 on the Cu release from the co-sputtered
urfaces during bacterial reduction compared to Cu sputtered indi-
idually, (d) by inductively coupled plasma mass spectrometry
ICPMS) account for the Cu-oligodynamic effect leading to the
bserved bacterial reduction and (e) the effect of a co-sputtered
atalyst TiO2/Cu-PES on the bacterial reduction kinetics of Gram+
nd Gram−  bacteria, as well as the effect of actinic/visible intensity
n the bacterial reduction on these two bacterial probes.

. Experimental

.1. Catalyst preparation

The PES used corresponds to the EMPA test cloth sample No
07. It is a polyester Dacron polyethylene terephthalate, type 54
pun, 130 microns thick, plain weave ISO 105-F04. Direct cur-
ent magnetron sputtering deposition of Ti and Cu was  carried out
n a CMS-18 Vacuum system from Kurt Lesker Ltd. evacuated to
.8 × 10−3 mbar by a turbo-molecular pump. The Cu as well as the
i target were 2 inches in diameter, 99.99% pure from K. Lesker Ltd.,
K. Co-sputtering was carried out at 300 mA  and 350 V. The Ti and
u targets used for the co-sputtering were positioned at 10 cm of
he PES substrate. The nominal calibration of the film thickness was
arried out on the Si-wafers and the film thickness was  determined
ith a profilometer (Alphastep500, TENCOR).

.2. Catalyst characterization

.2.1. Surface loading
The X-ray fluorescence (XRF) determination of the Ti and Cu on

ES was evaluated in a PANalytical PW2400 spectrometer.

.2.2. Surface release during bacterial inactivation
A FinniganTM ICP-MS (Inductively Coupled Plasma-Mass Spec-

rometry) was used to determine the Ti and Cu release during the
actericidal cycles with a resolution of 1.2 × 105 cps/ppb and detec-
ion limit of 0.2 ng/L. A washing solution of the TiO2/Cu sample
ere digested with nitric acid 69% (1:1 HNO3 + H2O) to remove

he organics in the solution and to guarantee that there were no
emaining ions adhered to the flacon wall. The samples droplets
re introduced to the ICP-MS trough a peristaltic pump to the neb-
lizer chamber at ∼7700 ◦C allowing the evaporation and ionization
f the elements in the sample. The Cu and Ti found in the nebulizer
roplets were subsequently quantified by mass spectrometry.

.2.3. Diffuse reflectance spectroscopy (DRS)
Diffuse reflectance spectroscopy (DRS) was carried out in a

erkin Elmer Lambda 900 UV–vis-NIR spectrometer within the
avelength range of 200–800 nm.  The rough UV–vis reflectance
ata cannot be used directly to assess the absorption of the
iO2/Cu/CuO-PES samples because of the large scattering contri-
ution of the PES fabric to the DRS spectra. Normally a weak
ependence is assumed for the scattering coefficient S on the wave-

ength. The spectra were plotted in Kubelka-Munk (KM) units.
.2.4. High-resolution transmission electron microscopy
HRTEM) and stereomicroscopy

The transmission electron microscopy (TEM) required the PES
abrics embedding in epoxy resin (Embed 812) and cross-sectioned
General 498 (2015) 185–191

with an ultra-microtome (Ultracut E) up to a thin 2.25: Fluorescence
stereomicroscopy and X-ray-photoelectron spectroscopy (XPS):

The fluorescence stereomicroscopy was  carried out on sam-
ples inoculated with 108 CFU of E. coli and incubated for 2 h in a
humidification chamber. This method uses a fluorochrome-based
staining procedure from FilmtracerTM LIVE/DEAD® Biofilm Viability
Kit (Molecular Probes, Invitrogen). The kit contains a combination
of the SYTO 9® green fluorescent nucleic acid stain and propid-
ium iodide fluoro-chromes for the staining of live and dead cells,
respectively. The sample fluorescence was  monitored in a fluores-
cence stereomicroscope (Leica MZ16 FA, Leica Microsystems GmbH
Wetzlar, Germany) and the images were processed using the LAS
v.1.7.0 build 1240 software from Leica Microsystems CMS  GmbH.
Adhesion of bacteria to the sputtered PES was  allowed for 2 min
before washing the sample with sterile Milli-Q water to remove
non-adherent bacteria.

2.2.5. X-ray photoelectron spectroscopy of samples
The XPS of the samples was carried out in an AXIS NOVA

unit (Kratos Analytical, Manchester, UK) equipped with monochro-
matic AlK� (h� = 1486.6 eV) anode and the deconvolution software
CasaXPS-Vision 2. 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 the
peak areas and known sensitivity factors [20,21]. Spectrum back-
ground was  subtracted using the program of the Kratos unit. The
etching depth induced by the Ar-ions was referenced to the etching
of Ta of 15 atomic layers per minute equivalent to ∼3 nm/min.

2.3. Catalytic tests

2.3.1. Bacterial reduction and irradiation sources
Unsputtered and sputtered PES samples were sterilized in 70%

ethanol and dried overnight at room temperature (RT). Cultures
for the preparation of the MRSA ATCC 43300 and E. coli K12 inocu-
lum were prepared by picking a single bacteria colony from the
agar plate and incubated in tryptic soy broth at 37 ◦C overnight.
Overnight cultures of the microorganisms were washed two  times
in 0.9% NaCl and lately diluted to the selected concentration.

E. coli K12 strains was  obtained from the Deutsche Sammlung
von Mikroorganismen und Zellkulturen GmbH (DSMZ) ATCC23716,
Braunschweig, Germany, to test the antibacterial activity of the co-
sputtered samples. The PES fabrics were sterilized by autoclaving at
121 ◦C for 2 h. The 20 �L culture aliquots with an initial concentra-
tion of ∼106 CFU mL−1 in NaCl/KCl (pH 7) were placed on coated and
uncoated (control) PES fabric. Samples were then placed on Petri
dishes provided with a lid to prevent evaporation. After each deter-
mination, the fabric was  transferred into a sterile 2 mL  Eppendorf
tube containing 1 mL  autoclaved NaCl/KCl saline solution. This solu-
tion was subsequently mixed thoroughly using a Vortex for 3 min.
Serial dilutions were made in NaCl/KCl solution. A 100 �L aliquot
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
during the course of this study. To verify that no re-growth of E. coli
occurs after the first bacterial inactivation cycle, the TiO2/Cu-film
was incubated for 24 h at 37 ◦C. Then, the bacterial suspension of
100 �L was deposited on three Petri dishes to obtain replicates. The
samples were incubated at 37 ◦C for 24 h. No  bacterial re-growth
was observed for these samples.
For MRSA testing, PES samples (4 cm2) were inoculated with
20 �l of cell culture and incubated for 30, 60 and 120 min  in
a humidified chamber at room temperature (RT) in the dark or
under light. The temperature inside the light box was  maintained
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Fig. 1. Diffuse reflectance spectroscopy (DRS) of co-sputtered TiO2/Cu on PES for
the  times: (1) 30 s, (2) 1 min  and (3) 3 min.

Fig. 2. Transmission electron microscopy (TEM) of TiO2/Cu co-sputtered for 3 min
on  PES. E stands for the epoxide that is required to embed the sample during the
preparation of the TEM image.
S. Rtimi et al. / Applied Cataly

20–23 ◦C). Bacterial loss of viability on TiO2/Cu-PES samples was
hen evaluated by direct agar transfer plate (incubated at 37 ◦C).

.3.2. Irradiation sources
The irradiation of the E. coli and MRSA bacteria on the co-

puttered samples was carried by a Philips Master TLD-18 W/865
ctinic lamps as used in hospital facilities with an emission between
00 and 720 nm with different light doses between 1.01 mW/cm2

nd 4.65 mW/cm2.

. Results and discussion

.1. Surface characterization of sputtered TiO2/Cu-PES

Co-sputtering Ti and Cu for 3 min  in Ar-O2 atmosphere led to a
oating thickness of ∼135 nm (equivalent to ∼700 atomic layers).
he Cu, TiO2 and TiO2/Cu content were determined by X-ray flu-
rescence (XRF) and are reported in Table 1. The amounts of Cu
nd TiO2 are seen to increase with sputtering time as expected. It
s important to note that TiO2 sputtered for ∼2 min  has an equiva-
ent to the amount of TiO2 co-sputtering TiO2/Cu for 3 min. CuO
puttered for ∼1 min  deposited Cu equivalent to a Cu/TiO2 film
o-sputtered for 3 min.

The diffuse reflectance spectra (DRS) show an increase in the
ptical absorption as a function of the co-sputtering time in
ubelka-Munk units up to 3 min  as shown in Fig. 1. The wide
pectral range for Cu(I)/Cu(II)-species between 200 and 800 nm
xtending allows a considerable absorption of the actinic light
etween 400 and 700. The optical absorption between 500 and
00 nm is due to the inter-band transition of Cu(I) and the absorp-
ion between 600 and 720 nm is attributed to the exciton band and
he Cu(II) d–d transition fluorescence stereomicroscopy [17,21].

Fig. 2 shows the transmission electron microscopy (TEM) of
iO2/Cu co-sputtered for 3 min  on PES. The more dense Cu-clusters
resented diameters between 16 and 20 nm while the TiO2 clusters
evealed smaller sizes between 5 and 10 nm.  The TiO2/Cu coating
f 120–160 nm thick (500–800 atomic layers) presented a close
ontact between the TiO2 and Cu-nanoparticles.

.2. Evaluation of the E. coli reduction and effect of the applied
ight dose

Fig. 3 shows the bacterial reduction by TiO2/Cu-PES under
ctinic light irradiation and in dark as a function of TiO2/Cu co-
puttering times. PES by itself in the dark and actinic light does
ot reduce E. coli. But in the dark, E. coli bacterial reduction pro-
eeds within 120 min  in the dark on TiO2/Cu-PES. The mechanism

f TiO2/Cu mediated E. coli inactivation under light irradiation has
een reported in detail and for this reason it will not be addressed

n the present study [13,14,16–18]. Reduction in the dark as shown
n Fig. 3, trace 4 proceeds through a mechanism involving the

able 1
u, TiO2 and TiO2/Cu determined by X-ray fluorescence (XRF) as a function of the
C-sputtering time.

Sample %wt  Cu/wt
PES

%wt CuO/wt
PES

%wt Ti/wt
PES

%wt TiO2/wt
PES

Cu (5 min) 0.19 0.24 – –
Cu (3 min) 0.16 0.20 – –
Cu (1 min) 0.05 0.07 – –
TiO2 (5 min) – – 0.13 0.20
TiO2 (3 min) – – 0.12 0.14
TiO2 (1 min) – – 0.09 0.10
TiO2/Cu (5 min) 0.09 011 011 0.17
TiO2/Cu (3 min) 0.06 0.07 0.10 0.14
TiO2/Cu (1 min) 0.02 0.04 0.02 0.03

Fig. 3. E. coli inactivation on TiO2/Cu co-sputtered for different times on PES as

indicated in the traces: (1) 3 min, (2) 2 min, (3) 1 min, (4) co-sputtered TiO2/Cu for
3  min  in the dark and (5) PES-alone. The bacterial reduction under light irradiation
used a lamp Philips Master-18 W/865 (4.65 mW/cm2).

reaction of O2 (air) with the Cu/Cu-ions. It will be discussed below
in the XPS section and to suggest a possible reaction mechanism

Fig. 3, trace 1 shows a complete bacterial reduction under visible
light irradiation within 30 min  for TiO2/Cu samples co-sputtered for

3 min. In this case, sufficient amount of TiO2 and Cu was  coated on
the PES leading to a number of exposed catalytic sites inducing the
fastest E. coli load reduction (see Table 1). Co-sputtering for 1 and
2 min  (Fig. 3, traces 2 and 3) did not attain the necessary TiO2 and
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e.g. (L(E)C50 of 25 mg/L for mammalian cells [23–26]. The low
release Cu of 4 < 25 ppb/cm2 shown in Table 2 is well below
the Cu-cytocompatible level [23]. Cu-levels of 4 ppb/cm2 induc-
ing bacterial reduction provide disinfection through an effective

Table 2
Metal-ions released during bacterial loss of viability cycles when sputtering TiO2 or
Cu  on PES compared to ions release in co-sputtered TiO2/Cu-PES.

First cycle Third cycle Fifth cycle

TiO2-PES (2 min) Ti (ppb/cm2) 14 11 8
Cu-PES (1 min) Cu (ppb/cm2) 11 5 9
Co-sputtered TiO2/
Cu-PES (3 min)

Ti (ppb/cm2) 7 3 2

Cu (ppb/cm2) 6 4 4

Table 3
Surface atomic percentages determined by XPS of TiO2/Cu-PES co-sputtered for
3  min as detected by XPS.
tion: (1) PES alone (2) TiO2 sputtered on PES for 2 min, (3) TiO2/Cu-PES sputtered
 min and (4) Cu sputtered on polyester for 1 min.

u sites to induce fast bactericidal activity. Fig. 3, trace 4 shows the
omplete bacterial reduction in the dark, a more important results
han bacterial reduction induced by light due to the continuous
ature of the dark bacterial reduction process. The effect of Cu on
acteria has been associated with the ingestion of copper leading
o adverse reactions with transport-proteins of enzymes regulating
he respiratory chain [16,17,23–26].

Fig. 4 show that TiO2/Cu-PES surfaces damage the E. coli cell
all more than the TiO2 surface under light and in the dark due

o the added effect of cytotoxic Cu. This suggests that E. coli dam-
ge is located at the cell wall [27] in contact with the bactericide
iO2/Cu-PES surface in Fig. 4. TiO2 and Cu on PES proceeded with a
imilar trend in the bacterial reduction kinetics in Fig. 4. Increased
u-loading on PES led to faster bacterial inactivation kinetics, but
his effect was not observed in the case of TiO2 (Fig. 4).

Fig. 4 also presents the effect of the actinic light intensity on the
. coli reduction mediated by TiO2/Cu-PES surface at different light
ntensities. At the highest light dose of 4.65 mW/cm2 the PES by
tself does not lead to E. coli reduction (Fig. 4a, trace 1). TiO2 sput-
ered samples for 2 min  are seen to inactivate E. coli within 120 min
Fig. 4a, trace 2). Fig. 4a, trace 4 indicate that Cu sputtered for 1 min
ith the same surface content of Cu found in TiO2/Cu co-sputtered

or 3 min  reduced E. coli as TiO2/Cu-samples co-sputtered for 3 min.
 similar trend was observed for the E. coli bacterial reduction
pplying intensities of 2.85 mW/cm2 (Fig. 4b) and 1.01 mW/cm2

Fig. 4c). Under light irradiation TiO2/Cu is a p-type semiconductor
ith band gap of 1.7 eV, a flat-band potential of −0.3 V vs SCE (pH

) and a valence band of +1.4 V SCE [22].
Fig. 4a shows that the bacterial reduction effect shown by TiO2
trace 2) is far below the bacterial reduction induced by Cu (trace
). TiO2 is acting as a semiconductor generating highly oxidative
pecies under light irradiation. But Cu induces toxicity in the sput-
ered films that more effectively inactivate bacteria. The interfacial
General 498 (2015) 185–191

charge transfer (IFCT) [17] from CuO to TiO2 inhibits the O2 reduc-
tion by Cu2O/CuO since cb electrons are injected into the TiO2
decreasing the amount of electrons available to reduce O2 by
Cu2O/CuO that subsequently would lead more effectively to HO2

◦

and OH◦.
The effect of the light dose in Fig. 4 shows that the density of

active sites on the TiO2/Cu-PES surface leading to E. coli reduction
is higher than the photon/cm2 reaching the TiO2/Cu-PES surface.
A higher light dose led to light saturation on the photocatalyst
accelerating bacterial reduction (Fig. 4). Cu/CuO/NPs-ions and other
heavy metals have been reported to denature bacteria proteins by
binding to reactive groups resulting in their precipitation and inac-
tivation through an oligodynamic effect [28,29]. This last effect will
be accounted in the section below providing the data for the Cu
released in ppb quantities during bacterial reduction as monitored
by ICP-MS.

3.3. Repetitive bacterial reduction and Ti and Cu-release during
disinfection: mechanistic implications

Repetitive bactericidal cycles of E. coli were carried out by
TiO2/Cu-PES under light irradiation and showed a stable repetitive
performance (data not shown). The time necessary for the com-
plete bacterial reduction up to the 5th cycle was about 40 min  and
increased by a small amount during the last repetitive recycling.
After each cycle, the co-sputtered samples were washed thoroughly
with sterilized MQ-water, vortexed for 3 min and dried. No bacteria
remained on the TiO2/Cu-PES sample. This observation moved us
to assess by ICP-MS, the Cu- and Ti-release from the TiO2/Cu-PES
during bacterial reduction. The metal released during the bacte-
rial reduction cycles when sputtering separately Ti (2 min) and Cu
(1 min) on PES is shown in Table 2. Table 2 shows the Cu, Ti release
at the end of the bacterial reduction when both metals were co-
sputtered for 3 min. The release of Ti and Cu decreases to 2 and
4 ppb/cm2, respectively after the fifth bacterial reduction cycle.
Table 2 shows that the Cu and TiO2 released during the cycles lead-
ing to complete reduction on samples co-sputtered for 3 min  are
significantly below the Cu and TiO2 amounts released from sam-
ples loaded independently with similar amounts of Cu and TiO2 on
PES. A slower release of Cu allows a longer operational lifetime for
the TiO2/Cu-PES samples inducing bacterial reduction and this is
important for any practical application of these films.

The copper toxicity toward mammalian cells have been
reported with a median of lower effective concentration at 50%
C O N Cu Ti

Before bacterial loss of viability 31.8 22.1 0.7 19.3 26.1
After bacterial loss of viability 39.0 19.4 0.9 16.6 24.1
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ligodynamic [17]. The Cu-ions have been reported to bind S, N
nd COO− and other electron donor negative groups of the bacteria
ell wall or entering the bacteria cytoplasm. Copper in the blood
xists in two forms: bound to ceruloplasmin (85–95%), and the rest
free Cu” loosely bound to small molecules, protein, lipids and DNA.
The small amounts of toxic Cu NP’s below 25 ppb/cm2 released
y the Cu-polyester allow for a higher cytocompatibility compared
o a similar Ag-concentration as reported for mammalian cells. Cu is

ig. 5. (a) XPS deconvolution of the Cu2p peak of co-sputtered TiO2/Cu PES 3 min
amples (a) before bacterial reduction of E. coli. (b) XPS deconvolution of the Cu2p
eak of co-sputtered TiO2/Cu PES 3 min  samples bacterial inactivation of E. coli under

 Philips Master lamp irradiation18 W/865 (4.65 mW/cm2). (c) XPS of the TiO2/Cu-
ES top-most layers for a sample co-sputtered for 3 min  and etched by Ar+-ions
5  keV) up to a depth of 118 nm.
General 498 (2015) 185–191 189

a metabolizable agent compared to Ag remaining in the body after
ingestion increasing the Ag-serum levels [23–27].

3.4. Ar etching of TiO2/Cu-PES film and Ti, Cu depth profile
determined by XPS

By XPS the depth of Cu deposition on PES was  investigated as
well as the state of oxidation of the Ti- and Cu-species during bacte-
rial reduction. The surface atomic percentage composition of C, O,
N, Cu, and Ti is shown in Table 3 at time zero and after 30 min bac-
terial reduction of E. coli as shown in Fig. 3, trace 1. Table 3 shows
a small increase in the C-content due to bacterial decomposition
residues besides the C-absorbed from the atmosphere during the
bacterial reduction. A small decrease in the Cu and Ti-surface con-
centration after 30 min  bacterial reduction was observed and was
triggered by the increase of C on the topmost layers described in
the preceding paragraph.

Fig. 5a presents the Cu doublet at time zero and Fig. 5b presents
the changes in the XPS spectra after bacterial reduction. This dou-
blet is attributed to the presence of the Cu2+-oxidation state (Cu2+)
prevalent in the Cu-sputtered sample exposed to air [13,16]. The
Cu/Cu2O with BE 932.2 eV at time zero remains stable after bacte-
ria reduction at 933.1 eV. The CuO deconvoluted peak at time zero
shifts to 943.2 eV after bacterial reduction as shown in Fig. 5b. A
shift of >0.2 eV is indicative of a change in the oxidation state in
the XPS specie [20,21]. Redox catalysis seems to take place during
the disinfection process. The redox chemistry is associated with the
production of highly oxidative radicals for composites of TiO2 and
Cu-composites [13–15].

The Cu oxidation state at time zero was  monitored to be 75.5%
for Cu/Cu2O and 24.3% for CuO. A significant change in the oxidation

state was  observed after bacterial reduction rendering Cu/Cu2O
14.1% and 85.7% for CuO. The Ti3+/Ti4+ surface electron traps have
been reported to enhance the O2 chemisorption in the presence of
Cu in TiO2/Cu-more markedly than in the case of TiO2 alone [17].
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Fig. 6. (a) Effect of initial bacterial concentration of MRSA loss of viability on: (1)
PES alone (2) co-sputtered TiO2/Cu-PES for 3 min  tested in the dark, 108 CFU/ml, (3)
co-sputtered TiO2/Cu-PES for 3 min  tested in the dark, 106 CFU/ml, (4) co-sputtered
TiO2/Cu-PES for 3 min tested in the dark, 105 CFU/ml. (b) Effect of light intensity irra-
diation on MRSA bacterial reduction on co-sputtered TiO2/Cu-PES for 3 min  under:
1.01 mW/cm2, 2.85 mW/cm2 and 4.65 mW/cm2.
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roduction of reactive oxygen species (ROS) by the Cu-clusters on
he PES leads to bacterial inactivation due to the interaction of the
u-clusters with E. coli in the dark

u+ + O2
◦− ↔ Cu◦ + O2 (1)

u◦ + O2 ↔ Cu+ + O2 (2)

The CuO (Cu2+) is reduced

u2+ + e−
cb

↔ Cu+ (3)

Or by a two electron transfer from Cu2+ leading to Cu◦ atoms

u2+ + 2e− ↔ Cu◦ (4)

The Cu-atoms then coalesce to Cu◦ nanoparticles settling in the
u-network of the PES with Eredox = −0.34 V vs. NHE [30].

Fig. 5c presents the deconvolution of the Ti and Cu, of TiO2/Cu-
ES samples co-sputtered for 3 min  as a function of penetration
epth of the Ar-ions. By following the decrease of the Ti2p dou-

let in Fig. 5 it is readily seen that the Ti penetration into the PES
eaches ∼118 nm (or ∼600 atomic layers). The penetration depth
f Cu in Fig. 5 on PES goes beyond 118 nm,  since the Cu2p doublet
s still present when the etching by Ar-ions has attained 118 nm.

Fig. 7. Stereomicroscopy images of live and dead E. coli on TiO2/Cu
General 498 (2015) 185–191

The etching of TiO2/Cu-PES layers essentially takes off mostly the
PES C-layers.

3.5. MRSA reduction as a function of initial CFU concentration
and the effect of applied light intensity

Fig. 6a shows the MRSA reduction as a function of the bacterial
loading of the sample on: (1) PES alone (2) co-sputtered TiO2/Cu-
PES for 3 min  in the dark with 108 CFU/ml, (3) co-sputtered TiO2/Cu-
PES for 3 min  in the dark with 106 CFU/ml, (4) co-sputtered TiO2/Cu-
PES for 3 min  in the dark with 105 CFU/ml. After initial optimization
the co-sputtered TiO2/Cu-PES (3 min) samples presented an MRSA
bacterial reduction above the activity presented by co-sputtered
TiO2/Cu-PES samples sputtered for 1 and 2 min and are therefore
the results presented in Fig. 6. The bacterial reduction of MRSA in
the dark is an important observation indicating the potential use
of this catalyst in health facilities without any necessity of using
photo-energy to activate the disinfection process.
Fig. 6b shows the effect of light intensity on MRSA bacterial
reduction by a TiO2/Cu-PES sample co-sputtered for 3 min  applying
light intensities of 1.01 mW/cm2, 2.85 mW/cm2 and 4.65 mW/cm2.
Fig. 6b shows that only a marginal increase in the MRSA bacterial

-PES showing the loss of bacterial viability within 120 min.
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eduction was observed with an increase in light intensity. We  sug-
est that the MRSA reduction is predominantly controlled by the
u/Cu-ions inherent toxicity and not by the reactive oxygen species
ROS) induced by light irradiation of the TiO2/Cu-PES sample.

In the case of E. coli bacterial reduction under light shown
n Fig. 4a, the TiO2/Cu-PES samples sputtered for 3 min  (trace 3)
educed by a factor of two the E. coli reduction time when the light
ntensity was increased from 1.01 to 4.65 mW/cm2. An accelerated
eduction was observed for E. coli, but this was not the case for
RSA. The Gram-negative E. coli has a thinner peptoglycan cell wall

ompared to the Gram-positive MRSA and containing additional
ilayers with a high structural complexity [11,12]. The signif-

cant difference in wall thickness/wall microstructure between
RSA and E. coli lead to the different interaction for E. coli and
RSA with TiO2/Cu-PES surface under light irradiation. MRSA is

 Gram-positive bacteria presenting a cell-wall ∼40–80 nm thick
ith a peptoglycan content >50%, a lipid content of <3% and no

ipo-polysaccharide content. E. coli is a Gram-negative bacteria pre-
enting a cell wall thickness of ∼10 nm with a peptoglycan content
f 10–20%, a lipid content of <58% and a lipo-polysaccharide content
f 13%.

Kühn et al. [31] reported recently a fast bacterial reduction of
. coli and P. aeruginosa compared to Staphyloccocus aureus pre-
enting a thicker cell wall. Another important difference for the
nteraction of both types of bacteria with CuNP’s is the strong
lectrostatic interaction of Cu NP’s-positive-ions with the negative
ipopolysaccharide (LPS) outer layer of E. coli. This is not the case for
he interaction between MRSA and the Cu NP’s positive-ions since
oth surfaces present similar charges. Cu-NP’s absorption has been
eported on the teichoic acid and the peptoglycan outer MRSA cell
all [32]. For E. coli and MRSA the bacterial reduction has been

eported to occur on several metal and oxide agents [29,33,34].

.6. E. coli staining and viability on TiO2/Cu-PES samples

Fig. 7 shows the live and dead E. coli bacteria by using the dye
uorochrome that enters the cell and stains the DNA only if the
ell wall membranes are damaged since under this condition they
how an abnormal high permeability [35]. To test the time at which
. coli cells suffer destabilization/damage of the cell wall leading
ltimately to cell dead (red dots indicate membrane damage), the
ells were incubated on PES in the dark and also incubated for 60
nd 120 min  on TiO2/Cu-PES. The E. coli cells kept alive (green dots)
n PES alone up to 120 min  of incubation. But for cell incubated for
0 and 120 min  on TiO2/Cu-PES, the loss of viability becomes faster
s the incubation time increases leading to membrane damage and
ell death as shown by the red dots in Fig. 7 [36].

. Conclusions

The trend presented in visible light induced bacterial extent and
eduction kinetics of E. coli and MRSA on TiO2/Cu-PES are shown to
e different. Possible reasons are suggested/discussed to account
his observation. There seems to be a significant stabilizing effect
f the TiO2/Cu-PES on the release of Cu during bacterial reduction
ompared to Cu alone as monitored by ICP-MS in the ppb range.

his suggests an oligodynamic effect responsible for the bacte-
ial reduction of E. coli and MRSA. This effect is beneficial for a
onger operational lifetime during repetitive bacterial reduction
rocesses.

[
[
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