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Abstract

The aim of this study was the evaluation of the photoactivated antibacterial activity of titanium dioxide (TiO2)-
coated surfaces. Bacterial inactivation was evaluated using TiO2-coated Petri dishes. The experimental conditions
optimized with Petri dishes were used to test the antibacterial effect of TiO2-coated ceramic tiles. The best
antibacterial effect with Petri dishes was observed at 180, 60, 30 and 20 min of exposure for Escherichia coli,
Staphylococcus aureus, Pseudomonas putida and Listeria innocua, respectively. The ceramic tiles demonstrated a
photoactivated bactericidal effect at the same exposure time. In general, no differences were observed between
the antibacterial effect obtained with Petri dishes and tiles. However, the photochemical activity of Petri dishes was
greater than the activity of the tiles.
Results obtained indicates that the TiO2-coated surfaces showed a photoactivated bactericidal effect with all
bacteria tested highlighting that the titania could be used in the ceramic and building industry for the production
of coated surfaces to be placed in microbiologically sensitive environments, such as the hospital and food industry.
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Introduction
Environmental disinfection plays a crucial role in the
prevention of infectious disease (Mitoraj et al. 2007). In
recent years, environmental and opportunistic bacteria
have been responsible for a large number of disease out-
breaks in a variety of settings. Moreover, the increase in
microorganism resistance to commonly applied chemo-
therapeutics and disinfectants constrain the develop-
ment of new agents for disinfection. The ability to
control and/or destroy microorganisms is therefore of
enormous importance to many organisations and indus-
tries, such as healthcare, food and drink, water treat-
ment and military industries (Gamage and Zhang 2010).
The capacity of photocatalytic materials, such as titan-
ium dioxide (TiO2), to degrade organic contaminants in
the air and water has been studied for more than 20
years (McCullagh et al. 2007). The semiconductor TiO2

is non-toxic and is used as an additive in various prod-
ucts, such as cosmetics, foods and pharmaceuticals, as
a white pigment. However, this compound is also a
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photocatalyst and is widely used as a self-cleaning material
for surface coating in many applications (Chawengkijwanich
and Hayata 2008; Muranyi et al. 2010). TiO2 occurs natur-
ally as rutile, brookite and anatase with rutile and anatase
being the photocatalytic active forms. Anatase is the most
efficient photocatalyst (Blake et al. 1999). The antimicrobial
effect of TiO2 photocatalytic reaction was reported for the
first time by Matsunaga et al. (1985). These authors in-
vestigated the effectiveness of the photocatalytic oxida-
tion in water with several microorganisms, including
Lactobacillus acidophilus (Gram-positive bacteria), Sac-
charomyces cerevisiae (yeast), Escherichia coli (Gram-
negative bacteria) and Chlorella vulgaris (green algae).
Since then, studies on photocatalytic killing have been
intensively conducted on a wide spectrum of microor-
ganisms, including viruses, fungi and many species of
bacteria. However, most of the works utilized acqueous
suspensions of TiO2 to investigate its antibacterial
properties (Evans and Sheel 2007; Foster et al. 2011;
Gamage and Zhang 2010). The biocidal action of the
TiO2 photocatalyst is frequently ascribed to OH• radi-
cals and other reactive oxygen species (ROS) (Cho
et al. 2004; Huang et al. 2000). In particular, some
studies have demonstrated that the cell membrane is
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the primary site of reactive photogenerated oxygen
species attack, leading to lipid peroxidation (Kiwi and
Nadtochenko 2005; Maness et al. 1999; Nadtochenko
et al. 2006). The combination of cell membrane dam-
age and further oxidative attack of intracellular com-
ponents ultimately results in cell death (Rincon et al.
2004). Other studies have suggest that the mode of ac-
tion is the photooxidation of coenzyme A, leading to
the inhibition of cell respiration and thus to cell death
(Vohra et al. 2005).
For the biocidal property of the TiO2 photocatalyst,

surfaces coated with TiO2 were proposed as alternative
means for disinfection in water, air and food processing
(Alrousan et al. 2009; Chorianopoulos et al. 2011; Gamage
and Zhang 2010; Guillard et al. 2008; Murany et al. 2010).
The use of the TiO2 photocatalyst as an antimicrobial
component of construction material has also been pro-
posed (Kuhn et al. 2003), but no information about anti-
bacterial effect of this material treated with TiO2 is
available.
In the ceramic and building industry, the photoin-

duced bactericidal effect of TiO2 can be of special
interest. This is particularly true when the ceramic is
going to be placed in microbiologically sensitive envi-
ronments, such as medical facilities and the food in-
dustry (Amezaga-Madrid et al. 2002).
Considering that different antibacterial effect of

immobilized or suspended titania was observed in
some studies (Mitoraj et al. 2007), the aim of this study
was the evaluation of the photoactivated antibacterial
activity of TiO2-coated surfaces. Different bacterial
strains which represent common contaminants of food,
environment and healthcare facilities, were used as model
organisms (E. coli, S. aureus, P. putida and L. innocua).
Initially bacterial inactivation ability was evaluated using
photocatalytic TiO2 powder deposited as a thin layer on
glass Petri dishes. The experimental conditions optimized
with Petri dishes were used for testing ceramic tiles that
were chemically coated with TiO2. The photocatalytic ac-
tivity of TiO2-coated surfaces was verified by measuring
the methylene blue (MB) degradation rate in water under
UV-A exposure, and the relationship with antibacterial ac-
tivity was evaluated.

Materials and methods
Bacterial strains and culture methods
E. coli cells ATCC 25922 (Oxoid, Cambridge, UK),
S. aureus (Biogenetics, Pordenone, Italy) and P. putida
(provided by Dr. Elisa Gamalero, University of Piemonte
Orientale, Italy) were precultured in tryptic soy broth
(TSB, Applichem, Darmstadt, Germany) at 37, 37 and
28°C, respectively. L. innocua ATCC 33090 (Oxoid,
Cambridge, UK) was precultured in TSB with yeast ex-
tract (0.6%, Applichem, Darmstadt, Germany) at 37°C.
At the exponential growth phase, bacterial cells were
diluted with sterile deionised water to the required cell
density (104 CFU ml-1), as described by Rincon and
Pulgarin (2003) and Gogniat et al. (2006). Bacterial con-
centrations of these dilutions were confirmed by the
standard plating method in triplicates on tryptic soy agar
(TSA, Applichem, Darmstadt, Germany).

TiO2-coated Petri dishes
A thin layer of photocatalytic TiO2 powder P25 (Degussa,
Frankfurt, Germany) was deposited on the bottom of glass
Petri dishes (diameter 5 cm). After pre-washing with water
and ethanol, the Petri dish bottom was covered with TiO2

powder suspended in water (1 mg cm-2) and dried at
room temperature. The Petri dishes were incubated for 1
h at 150°C to fix the TiO2 particles. The TiO2-coated Petri
dishes were used once for each measurement. TiO2-
untreated Petri dishes were used as blank reference
samples. For the antibacterial activity experiments, the
Petri dishes were autoclaved (121°C for 15 min), whereas
for the MB degradation activity measurements, the Petri
dishes were used without any further treatment.

TiO2-coated ceramic tiles
In this study, a series of pre-commercial experimental
samples of photocatalytic TiO2-coated ceramic tiles (8 ×
8 cm) were used. The TiO2 coating was chemically pre-
pared by the manufacturer using a proprietary process.
Untreated tiles were used as blank reference samples.
In the antibacterial activity experiments, a glass ring

was fixed with inert cement to the photoactive surface of
each tile (diameter 5 cm). The tile was then placed into
a glass Petri dish (diameter 20 cm), and a wet paper was
placed between the tile and Petri dish to maintain hu-
midity. The Petri dishes containing the tiles were
autoclaved (121°C for 15 min).
For the MB degradation activity measurements, each

ceramic tile was protected on all of its non-catalytic sur-
faces using Teflon ribbon (on lateral sides) and poly-
ethylene film (on the back side).

Experimental design for the evaluation of antibacterial
activity
The antibacterial activity of TiO2-coated surfaces was
evaluated in an exposure chamber. In this chamber, the
illuminating UV-A light source (wavelength 350–380
nm with irradiance at the sample surface of 9 W m-2,
Philips) was placed 10.3 cm from the top of the Petri
dish, and the temperature during experiments was
stabilised using a ventilation system. A schematic il-
lustration of the experimental apparatus is shown in
Figure 1(a, b).
An aliquot (100 μl) of a bacterial suspension (104 CFU

ml-1) resuspended in 400 μl of sterile deionised water



Figure 1 Schematic illustration of the UV-irradiation system. (a) Petri-dish system (b) Treated tiles system.
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was added to a P25-coated Petri dish (TE) and a clean
blank Petri dish (BE) to cover the Petri dish surface.
Both dishes were exposed to UV-A light. The exposure
was carried out for different exposure times: 300 and
180 min for E. coli and 180, 60 and 30 min for S. aur-
eus, P. putida and L. innocua. In parallel, a P25-coated
(TN) and a clean blank (BN) Petri dishes were inocu-
lated with the bacterial suspension and placed in a
dark chamber at room temperature as non-exposed
reference samples. During the experiments, the hu-
midity was maintained in all of the Petri dishes with
Parafilm sealing.
After the experimental treatment, bacteria were recov-

ered by washing Petri dishes twice with sterile deionised
water. The surviving cells were counted by culturing an
appropriate dilution of the bacterial suspension in tripli-
cate on agar medium (TSA) for 24–48 h at the appropri-
ate temperature. Each experiment was repeated at least
three times. The number of surviving bacteria was
expressed as the logarithm of the ratio (survival ratio) of
the number of viable bacteria remaining after exposure to
experimental conditions (S) to the number of the initial vi-
able bacteria (S0) (log S/S0).
Analysis of variance (ANOVA, SYSTAT, version 8.0)

was used to evaluate the difference between the survival
ratio in UV-exposed P25-coated Petri dishes (TE) com-
pared with the other Petri dishes (TN, BE and BN) at
different exposure times.
Figure 2 Experimental set-up for the measurement of the MB photoc
including the magnetic stirrer (not shown), is enclosed in a closed ventilate
The temperature reached during the experimental tri-
als was measured in a clean Petri dish using a digital
thermometer with a K type thermocouple.
An analogous experimental protocol was used for

TiO2-treated tiles (Figure 1b).
Analysis of variance (ANOVA, SYSTAT, version 8.0)

was also used to analyse the differences between the sur-
vival ratio in the UV-exposed TiO2-treated tiles (TE)
compared with the other tiles (TN, BE and BN) at the
exposure time selected during the trials conducted with
Petri dishes.

Evaluation of photocatalytic activity
The photocatalytic activity was evaluated by measuring
the degradation of MB in water under UV-A exposure.
The photocatalytic activity was measured for the P25-
coated Petri dishes, TiO2-coated ceramic tiles (TE sam-
ples) and the uncoated Petri dishes and untreated blank
tile samples (BE).
All of the measurements were carried out using a batch

photocatalytic reactor (Figure 2) with active mixing (pro-
vided by a magnetic stirrer). The photocatalytic reactor
was closed by a flat glass cover and was operated in a
closed exposure chamber equipped with an array of 12
fluorescent UV-A lamps (PL-S/10, Philips). Each sample
was placed in the reactor and submersed in 500–700 ml
of MB water solution (1.3 ± 0.07 μmol l-1), ensuring that
the thickness of the solution layer above the catalytic
atalytic degradation activity (not to scale). The entire system,
d box.
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surface was constant (12 ± 1 mm) for all measurements.
All of the MB concentration measurements were obtained
by determining the absorbance at 662 nm of a 3 mL water
solution sample with an UV–vis spectrophotometer
(Helios β, Thermo Electron). During each absorbance
measurement, the UV lamps were turned off, and after
determining the absorbance, the solution sample was
re-injected into the reactor vessel. The total measure-
ment time for each sample varied from 6 to 24 h, de-
pending on the photocatalytic activity of the sample.
The irradiance at the sample surface (including the MB

solution layer and the reactor cover in the optical path) was
measured with a UV-A radiometer (Oriel Goldilux UV-A)
and was 500 ± 10 μW cm-2 for all experiments. The MB
solution temperature during the test was 27 ± 1°C.
The analytical system was calibrated using a standard so-

lution prepared by diluting pure MB (Carlo Erba, Milan,
Italy) in deionised water (specific conductance <1 μS cm-1).
The same MB powder and deionised water were used for
the preparation of the working reactor solution.

Results
Antibacterial activity of P25-coated Petri dishes
The results expressed as the logarithm of the surviving bac-
terial fraction (E. coli, S. aureus, P. putida and L. innocua)
Figure 3 Antibacterial activity of P25-coated Petri dishes on different
Dashed line and (*) indicates an unavailable trend estimation because of th
obtained at different times of exposure are reported in
Figure 3. The initial experimental conditions (e.g., exposure
time and temperature) were established with the E. coli
strain because E. coli was the first bacterium to be tested
during antibacterial trials.
The results obtained with E. coli (Figure 3a) showed a

low fraction of surviving bacteria in BN and TN samples at
300 min of exposure and no surviving bacteria were ob-
served in any of the exposed Petri dishes (TE and BE). This
antibacterial activity could be due to the experimental
stress conditions for E. coli associated with a long exposure
(300 min), such as resuspension in deionised water, light
exposure during the sterile operations and UV irradiation.
At 180 min of exposure, good antibacterial activity of

TiO2 was observed. In fact, the bacterial viability in TE
Petri dish was low, whereas a slight reduction of the bac-
terial level was observed in BE Petri dishes due to the
E. coli sensitivity to UV radiation. A reduction of bac-
terial density was also observed in Petri dishes that
were not exposed to UV (BN and TN) but at low
levels. These results confirm that 180 min of UV expos-
ure is the UV exposure time required to demonstrate the
antibacterial activity of UV-activated TiO2-coated surfaces
with E. coli. In fact, at this time of UV exposure, a statisti-
cally significant difference between the survival ratio of
bacterial species. (a) E. coli (b) S. aureus (c) P. putida (d) L. innocua.
e zero survival of the next-step sample.
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TE and the other Petri dishes was observed (p < 0.05).
Therefore, 180 min was used as the starting exposure time
for the trials with the other bacteria.
During the 180 min of exposure, the temperature in a

non-TiO2-coated Petri dish was monitored to evaluate
the effect of this parameter during UV irradiation be-
cause in some studies, an increase in temperature was
reported during exposure (Vohra et al. 2005). The
temperature reached 22.8°C after 30 min of exposure,
showing a decrease in temperature compared with the
beginning of the experiment (23.9°C). This trend may be
related to the ventilation system used in the exposure
chamber that allowed air exchange while avoiding
temperature increase. After 180 min of the exposure, the
temperature was 23.8°C. The results showed that the
temperature ranged between 22.8 and 23.8°C with a vari-
ation of 1°C, which most likely would not influence the
bacterial survival data during the experiment.
The survival curve of S. aureus at 180, 60 and 30 min of

exposure is reported in Figure 3b. At 180 min of exposure,
a reduction of S. aureus survival was observed in all of the
Petri dishes. The bacterial death observed at this time of
exposure could most likely be related to the different stress
conditions during the experiment (e.g., resuspension in
deionised water and light exposure during the sterile opera-
tions), including the long exposure to UV-A radiation. How-
ever, the effect of these stress conditions was less evident at
30 and 60 min of exposure, particularly in TN and BN sam-
ples. Although low survival was observed in TE dishes at
both 30 and 60 min of exposure, the best antibacterial effect
in S. aureus related to the TiO2 treatment was at 60 min of
exposure. This finding was confirmed by ANOVA, which
showed a statistically significant difference between the anti-
bacterial activity obtained in TE and the other experimental
conditions at this time of exposure (p < 0.001).
Regarding the survival of P. putida at different times

of exposure (180, 60 and 30 min) (Figure 3c), the highest
antibacterial effect of TiO2 treatment was obtained at 30
min of exposure, at which a statistically significant dif-
ference was observed between TE and the other Petri
dishes (p < 0.05). Considering the survival data obtained
in the BE dishes, a bactericidal effect associated with UV
exposure was also observed at 180 and 60 min. More-
over, at 30 and 60 min of exposure, in BN samples a
proliferation of P. putida was observed. Both of these re-
sults highlight a particular resistance of this bacterium
under the experimental conditions, most likely due to
the environmental origin of Pseudomonadales and of
this strain, which was isolated from soil.
The survival curve of L. innocua is reported in Figure 3d.

As observed for the other bacteria in this study, L. innocua
appeared to be sensitive to UV starting at 60 min of ex-
posure (BE and TE). Additionally, a reduction of bacterial
load was observed for the BN dish at 180 min of exposure,
when the experimental stress conditions caused the re-
duction of living bacteria. Considering the combined
UV-TiO2 effect, a lower decrease in L. innocua load was
observed at 30 min of exposure compared with S. aureus
and P. putida (TE dishes). Moreover, at this time of ex-
posure, no statistically significant difference was ob-
served (p > 0.05) between TE and the other experimental
conditions; therefore, a further exposure time of 20 min
was evaluated for this strain. Under this experimental con-
dition, the difference between TE and the other Petri
dishes was statistically significant (p < 0.001).

Antibacterial activity of TiO2-coated ceramic tiles
The described experimental protocol was tested with
TiO2-coated ceramic tiles to evaluate the antibacterial
activity of a real industrial material. The UV exposure
times determined by the data obtained in the previous
trials with TiO2-coated Petri dishes for each bacteria in-
vestigated were used during the experiments with the
ceramic tiles (180, 60, 30 and 20 min for E. coli, S. aureus,
P. putida and L. innocua, respectively). In particular, ex-
perimental conditions that highlighted the antibacterial ef-
fect of TE Petri dishes were selected. These conditions
were associated to a statistically significant difference be-
tween the antibacterial activity of TE and the other Petri
dishes (TN, BN and BE) (p < 0.05 or p < 0.001).
The survival data of E. coli, S. aureus, P. putida and

L. innocua are reported in Figure 4 and compared with
the results obtained in the Petri dishes at the same UV
exposure time. Considering the data obtained with
TiO2-coated ceramic tiles, a statistically significant reduc-
tion (p < 0.05 for E. coli, S. aureus and P. putida; p < 0.001
for L. innocua) of bacterial concentration was observed
for all of the microorganisms exposed to UV irradiation
(TE) compared with non-UV-exposed tiles and controls
(BN, BE, TN). Moreover, in general, a slight reduction was
revealed in the BE tiles. As observed in the Petri dishes,
this trend was most likely related to the antibacterial effect
of UV radiation. A low reduction of bacterial survival or
proliferation was observed in the BN and TN tiles. Com-
paring the survival data obtained with ceramic tiles and
Petri dishes, no clear difference was observed between the
antibacterial effect of the P25-coated Petri dishes versus
the treated tiles, except for P. putida.

Evaluation of photocatalytic activity
All of the UV-exposed samples demonstrated first-order
degradation kinetics with an exponential decay of the
MB concentration, given by the following equation:

C tð Þ ¼ C 0ð Þ⋅e−kt; ð1Þ

where C(t) is the MB concentration at the time t (mol m-3),
t is the time (s) and k is the exponential decay constant



Figure 4 Antibacterial activity of TiO2-coated ceramic tiles compared with P25 Petri dish on different bacterial species. (a) E. coli
(b) S. aureus (c) P. putida (d) L. innocua. The exposure time te is indicated on each plot.

Figure 5 MB degradation rate at 1 mmol m-3 (1 μM) MB for P25
Petri and tile samples. The BN and TN samples are not shown
because the MB degradation without irradiation is negligible.
Estimated errors ± 10 % + 0.05 nmol m-2 s-1.

Bonetta et al. AMB Express 2013, 3:59 Page 6 of 8
http://www.amb-express.com/content/3/1/59
(s-1). The constant k was calculated for each sample
with a non-linear regression of the experimentally
measured concentrations and equation (1).
The surface-specific photocatalytic activity of each sample

was expressed as the degradation rate D at a predetermined
reference concentration according to the following:

D CRð Þ ¼ CR⋅k⋅V
A

; ð2Þ

where D(CR) is the degradation rate at the concentration CR

(mol m-2 s-1), k is the exponential decay constant, CR is the
reference concentration (mol m-3),V is the solution volume
in the batch reactor (m3) and A is the photocatalytic sample
exposed surface (m2).
The results, expressed as degradation rate at 1 mmol m-3

MB (1 μmol l-1), are reported in Figure 5. A repeated test
on the treated tile demonstrated a ± 5% repeatability error
in the resulting D value. The degradation of MB in the
UV-exposed solution without sample was comparable to
the decay measured with the untreated tile sample. The
MB degradation of non-exposed TiO2-coated and blank
samples (TN and BN) was negligible because in the
absence of UV, the MB solution is stable, which was
also observed in the presence of TiO2.
The results showed the higher specific photochemical

activity of the P25 Petri sample under these experimental
conditions, which was greater than the activity of the
treated tile by an order of magnitude. Interestingly, the
higher photocatalytic reactivity of P25 samples was not
reflected in the antibacterial measurements. In fact, except
for P. putida, no difference was observed in the antibac-
terial effect of the P25-coated Petri dishes compared with
the treated tiles.
Discussion
The photocatalytic properties of TiO2 are well known and
have many applications including the removal of organic
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contaminants and production of self-cleaning products
such as glass, cement and paint (Foster et al. 2011; Strini
et al. 2011). There is an increasing interest in the applica-
tion of the photocatalytic properties of TiO2 for disinfec-
tion of surfaces, air and water (Gamage and Zhang 2010).
The aim of this study was to evaluate the photoactivated

antibacterial activity of TiO2-coated surfaces to gain
knowledge about a possible application of TiO2 as an
agent for antimicrobial coating in the ceramic and
building industries. At this scope, two different TiO2-
coated surfaces (P25 glass Petri dishes and ceramic
tiles) were tested for antibacterial activity using differ-
ent bacteria.
The results obtained in the experiment with P25-

coated Petri dishes highlighted an antibacterial activity
using all microorganisms tested, but demonstrated a re-
markable difference in UV-TiO2 antibacterial activity for
each of the evaluated bacterial strains. There are many
hypotheses to explain the different effect of TiO2

photocatalysts on various microorganisms. Bacteria
may have a self-defence mechanism to protect the cell
from oxidative stress (e.g., ROS produced by titania),
which may involve enzymes such as catalase and
superoxide dismutase (Mitoraj et al. 2007). However,
recent studies have highlighted that the cell wall prop-
erties (its structure and thickness), rather than the pro-
duction of antioxidative enzymes seem to have more
influence on the survival abilities of bacteria in the
presence of titania (Mitoraj et al. 2007). In fact, the
susceptibility of the different microbial species may be
ordered as follows: gram-negative bacteria > gram-
positive bacteria > yeast. Gram-negative bacteria have
thin cell walls and gram-positive bacteria have denser
cell walls, whereas yeast have a thick eukaryotic cell
wall (Foster et al. 2011; McCullagh et al. 2007). How-
ever, it is important to note that this susceptibility
order was only observed in a limited number of studies
(Kuhn et al. 2003). Some investigators have also reported
that there is no difference between the TiO2 photocatalytic
inactivation of gram-positive or gram-negative bacteria. In
fact, Tsuang et al. (2008) obtained similar survival ratios in
testing different bacteria (P. aeruginosa, S. aureus, E. hirae,
E. coli and B. fragilis) with an orthopaedic implant coated
with TiO2. Additionally, in a study conducted by Wong
et al. (2006), the TiO2 sensitivity of some human patho-
gens (S. flexneri, L. monocytogenes, V. parahaemolyticus,
S. piogenes, S. aureus and A. baumanii) was not
influenced by whether the target was Gram-positive or
Gram-negative bacteria. These results could be related
to the use of different experimental systems, such as
the type of irradiation (e.g. UV light, solar UV or visible
light), TiO2 coating/doping with various substances and
immobilised or liquid titania. This hypothesis was con-
firmed by the results obtained by Mitoraj et al. (2007),
who observed a different bacterial behaviour of E. coli
using immobilised or suspended titania.
The results obtained with TiO2-coated ceramic tiles

showed the photoactivated bactericidal effect of these
treated surfaces. Comparing antibacterial effect of the
P25-coated Petri dishes versus the treated tiles in general
no clear difference was observed. This could probably
due to the same contact surface between the bacterial
cells and TiO2 particles in P25-coated Petri dishes and
the treated tiles. These data confirmed the importance
of the close contact between the bacterial cells and the
TiO2 particles in the oxidative damage related to the
photocatalytic activity as reported by other authors
(Caballero et al. 2009; Foster et al. 2011; Pratap Reddy
et al. 2008). Moreover the results obtained with TiO2-
coated ceramic tiles highlighted that the antibacterial
effect of TiO2 was present also when this compound
was added in a real industrial material.
The photocatalytic dye degradation experiments

showed a higher activity in the P25 Petri dishes respect
to the tile samples, but these results were not directly
comparable with the antibacterial activity. The higher
dye degradation observed could be probably due to the
ability of MB solution to permeate through the TiO2

layer in the treated Petri dishes respect to ceramic tiles.
These data demonstrated the requirement for reliable
and affordable protocols for the direct measurement of
the antibacterial photoactivated activity because the use
of an indirect chemical method could provide misleading
results.
In summary, results obtained indicates that the TiO2-

coated surfaces show antibacterial activity with all mi-
croorganisms tested highlighting that the titania could
be used in the ceramic and building industry for the pro-
duction of coated surfaces to be placed in microbiologic-
ally sensitive environments, such as the hospital and
food industry.

Competing interests
The authors declare that they have no competing interests.

Author details
1Dipartimento di Scienze ed Innovazione Tecnologica (DiSIT), Università del
Piemonte Orientale “A. Avogadro”, Alessandria, Italy. 2Dipartimento di Scienze
della Sanità Pubblica e Pediatriche, Università di Torino, Torino, Italy.
3ITC-CNR, Construction Technologies Institute – National Research Council of
Italy, San Giuliano Milanese, Milano, Italy.

Received: 13 September 2013 Accepted: 30 September 2013
Published: 4 October 2013
References
Alrousan DMA, Dunlop PSM, McMurray TA, Byrne JA (2009) Photocatalytic

inactivation of E. coli in surface water using immobilized nanoparticle TiO2

films. Water Res 43:47–54
Amezaga-Madrid P, Nevarez-Moorillon GV, Orrantia-Borunda E, Miki-Yoshida M

(2002) Photoinduced bactericidal activity against Pseudomonas aeruginosa by
TiO2 based thin films. FEMS Microbiol Lett 211:183–188



Bonetta et al. AMB Express 2013, 3:59 Page 8 of 8
http://www.amb-express.com/content/3/1/59
Blake DM, Maness PC, Huang Z, Wolfrum EJ, Huang J, Jacoby WA (1999)
Application of the photocatalytic chemistry of titanium dioxide to
disinfection and the killing of cancer cells. Separ Purif Methods 28:1–50

Caballero L, Whitehead KA, Allen NS, Verran J (2009) Inactivation of Escherichia
coli on immobilized TiO2 using fluorescent light. J Photoch Photobio A
202:92–98

Chawengkijwanich C, Hayata Y (2008) Development of TiO2 powder-coated food
packaging film and its ability to inactivate Escherichia coli in vitro and in
actual tests. Int J Food Microbiol 123:288–292

Cho M, Chung H, Choi W, Yoon J (2004) Linear correlation between inactivation
of E.coli and OH radical concentration in TiO2 photocatalytic disinfection.
Water Res 38:1069–1077

Chorianopoulos NG, Tsoukleris DS, Panagou EZ, Falaras P, Nychas GJE (2011) Use
of titanium dioxide (TiO2) photocatalysts as alternative means for Listeria
monocytogenes biofilm disinfection in food processing. Food Microbiol
28:164–170

Evans P, Sheel DW (2007) Photoactive and antibacterial TiO2 thin films on
stainless steel. Surf Coat Tech 201:9319–9324

Foster HA, Ditta IB, Varghese S, Steele A (2011) Photocatalytic disinfection using
titanium dioxide: spectrum and mechanism of antimicrobial activity. Appl
Microbiol Biotechnol 90:1847–1868

Gamage J, Zhang Z (2010) Applications of photocatalytic disinfection. Int J
Photoenergy 2010:1–11

Gogniat G, Thyssen M, Denis M, Pulgarin C, Dukan S (2006) The bactericidal effect
of TiO2 photocatalysis involves adsorption onto catalyst and the loss of
membrane integrity. FEMS Microbiol Lett 258:18–24

Guillard C, Bui TH, Felix C, Moules V, Lina B, Lejeune P (2008) Microbiological
disinfection of water and air by photocalysis. C R Chim 11:107–113

Huang Z, Maness PC, Blake DM, Wolfrum EJ, Smalinksi SL, Jacoby WA (2000)
Bactericidal mode of titanium dioxide photocatalysis. J Photoch Photobio
130:163–170

Kiwi J, Nadtochenko V (2005) Evidence for the mechanism of photocatalytic
degradation of the bacterial wall membrane at the TiO2 interface by atr-ftir
and laser kinetic spectroscopy. Langmuir 21:4631–4641

Kuhn KP, Chaberny IF, Massholder K, Stickler M, Benz VW, Sonntag H, Erdinger L
(2003) Disinfection of surfaces by photocatalytic oxidation with titanium
dioxide and UVA light. Chemosphere 53:71–77

Maness PC, Smalinski S, Blake DM, Wang Z, Wolfrum E, Jacoby WA (1999)
Bactericidal activity of photocatalytic TiO2 reaction : toward an
understanding of its killing mechanism. Appl Environ Microbiol 65:4094–4098

Matsunaga T, Tomada R, Nakajima T, Wake H (1985) Photochemical sterilization
of microbial cells by semiconductor powders. FEMS Microbiol Lett
29:211–214

McCullagh C, Robertson JMC, Bahnemann DW, Robertson PKJ (2007) The
application of TiO2 photocatalysis for disinfection of water contaminated
with pathogenic micro-organisms: A review. Res Chem Intermediat
33:359–375

Mitoraj D, Janczyk A, Strus M, Kisch H, Stochel G, Heczko PB, Macyk W (2007)
Visible light inactivation of bacteria and fungi by modified titanium dioxide.
Photoch Photobio Sci 6:642–648

Muranyi P, Schraml C, Wunderlich J (2010) Antimicrobial efficiency of titanium
dioxide – coated surfaces. J Appl Microbiol 108:1966–1973

Nadtochenko V, Denisov N, Sarkisov O, Gumy D, Pulgarin C, Kiwi J (2006) Laser
kinetic spectroscopy of the interfacial charge transfer between membrane
cell walls of E. coli and TiO2. J Photoch Photobio A 181:401–407

Pratap Reddy M, Phill HH, Subrahmanyam M (2008) Photocatalytic disinfection of
Escherichia coli over titanium(IV) oxide supported on zeolite. Catal Lett
123:56–64

Rincon AJ, Pulgarin C (2003) Photocatalytical inactivation of E. coli: effect of
(continuous-intermittent) light intensity and of (suspended-fixed) TiO2

concentration. Appl Catal B Environ 44:263–284
Rincon AJ, Pulgarin C (2004) Effect of pH, inorganic ions, organic matter and

H2O2 on E.coli K12 photocatalytic inactivation by TiO2 implications in solar
water disinfection. Appl Catal B Environ 51:283–302

Strini A, Schiavi L (2011) Low irradiance toluene degradation activity of a
cementitious photocatalytic material measured at constant pollutant
concentration by a successive approximation method. Appl Catal B Environ
103:226–231

Tsuang YH, Sun JS, Huang YC, Lu CH, Chang WHS, Wang CC (2008) Studies of
photokilling of bacteria using titanium dioxide nanoparticles. Artif Organs
32:167–173
Vohra A, Goswami DY, Deshpande DA, Block SS (2005) Enhanced
photocatalytic inactivation of bacterial spores on surfaces in air. J Ind
Microbiol Biot 32:364–370

Wong MS, Chu WC, Sun DS, Huang HS, Chen JH, Tsai PJ, Lin NT, Yu MS, Hsu SF,
Wang SL, Chang HH (2006) Visible-light-induced bactericidal activity of a
nitrogen-doped titanium photocatalyst against human pathogens. Appl
Environ Microbiol 72:6111–6116

doi:10.1186/2191-0855-3-59
Cite this article as: Bonetta et al.: Photocatalytic bacterial inactivation by
TiO2-coated surfaces. AMB Express 2013 3:59.
Submit your manuscript to a 
journal and benefi t from:

7 Convenient online submission

7 Rigorous peer review

7 Immediate publication on acceptance

7 Open access: articles freely available online

7 High visibility within the fi eld

7 Retaining the copyright to your article

    Submit your next manuscript at 7 springeropen.com


	Abstract
	Introduction
	Materials and methods
	Bacterial strains and culture methods
	TiO2-coated Petri dishes
	TiO2-coated ceramic tiles
	Experimental design for the evaluation of antibacterial activity
	Evaluation of photocatalytic activity

	Results
	Antibacterial activity of &b_k;P25-&e_k;&b_k;coated&e_k; Petri dishes
	Antibacterial activity of TiO2-coated ceramic tiles
	Evaluation of photocatalytic activity

	Discussion
	Competing interests
	Author details
	References

