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Abstract

TiO, photocatalyst has been known to exhibit a notable disinfecting activity against a broad spectrum of
microorganisms. Ultraviolet (UV) irradiation is damaging for human chronic contact to UV at the level to excite TiO,,
which is photocarcinogenic. For this study photocatalyst possessing bactericidal activities that could reduce the
bacterial population of all tested pathogens when illuminated by visible light was selected. We shifted irradiation
wavelength of TiO, nanoparticles (NPs) from far UV spectrum to visible (Vis) wavelengths by Platinum (Pt) doping.
TiO, and Pt-doped TiO, (Pt/TiO,) NPs were synthesized via the sol-gel method in the form of powder and
suspension, respectively. XRD, DRS, TEM and SEM techniques and EDX analysis were used to characterize the
structure and properties of photocatalysts. Functional activity of both NPs was assessed in vitro by testing
bactericidal activity against Escherichia coli and methicillin-resistant Staphylococcus aureus under UV and Visible
irradiation. The results showed that the sizes of TiO, and Pt/TiO, nanoparticles were in the range of 20 to 50 nm
with high crystallinity in the anatase phase. The minimum inhibitory concentration (MIC) of TiO, and Pt/TiO, NPs
was found to be 0.125 mg mL™". Interestingly, Pt-doping resulted in a marked shift in irradiation wavelength toward
Vis spectrum with as almost the same growth inhibition efficacy as TiO, at UV irradiation. TiO, NPs reduced the
growth rate of E. coli and S. aureus under UV irradiation for 24 hr by 94.3% * 0.12 and 98% % 0.16, respectively;
while Pt/TiO, NPs inhibited growth rate of aforesaid bacterial species at the same time period under Visible
irradiation. After 24 hr, growth inhibitory action of Pt/TiO, NPs on E. coli and S. aureus reached to 86% + 0.11 and
90% + 0.14, respectively. Taking together, we observed that visible-light responsive platinum-containing titania
(Pt/TiO,) exerted high antibacterial property against pathogenic bacterial strains taken into consideration that
apparent quantum efficiency for visible light-illuminated Pt/TiO, is relatively higher than titania-based photocatalysts.
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Titanium dioxide

and electrons react with water molecules attached to TiO, surfaces in
the presence of oxygen to form hydroxyl radicals and other reactive
oxygen species (ROS) such as superoxide ions [23]. It subject of
investigation whether these ROS are directly counter parting in
bacterial inactivation. Moreover, it remains unclear what conditions of
irradiated light necessitate the activation of ROS generation.

Nanoparticles; Photocatalyst; Sol-gel;

Introduction

A wide variety of active chemical agents exhibit bactericidal
activities. Some of the most widely used, including alcohols, iodine,
and chlorine, have been employed for a long time in disinfection and
preservation [1].

Reactive oxygen species (ROS), such as OH®, O, and hydrogen
peroxide (H,0O,) generated on irradiated TiO, surfaces, have been
shown to operate in concert to attack polyunsaturated phospholipids
in bacteria [10]. In addition, it has been shown that photo-irradiated
TiO, catalyzed site-specific DNA damage via the generation of H,0,
[24]. These findings suggested that TiO, might exert antimicrobial
effects similar to those of the peroxygen disinfectant H,O, [1]. The
oxidation of bacterial cell components, such as lipids and DNA, might,
therefore, result in subsequent cell death [10].

Nowadays, nano metal, metal oxide and their compounds are used
widely in antimicrobial application research [2-5], such as Ag [6,7],
CdO [8], Fe,05 [9], TiO; [10-15], CuO [16], MgO [17], Mg(OH), [18],
and ZnO [19,20]. Among nanometal oxides, Photocatalytic titanium
dioxide (TiO,) substrates have been shown to eliminate organic
compounds and to function as disinfectants. TiO, nanoparticles have
been considered in a wide range of applications because of their varied
functional potential including photocatalyst, dye-sensitized solar cells,
gas sensor and especially in biological and pharmaceutical applications
in nanomedicine. These NPs have attracted great interest in their
development as potential antibacterial drugs [21,22].

It has been reported that biophysical interactions occur between
NPs and bacteria such as biosorption, NPs breakdown or aggregation,
and cellular uptake with effects including membrane damage and
toxicity [11,25]. The mechanisms of NPs inhibitory effect on the
bacterial growth has been less well understood so far. It has been

Upon the irradiation of a TiO, surface with photons of wavelength <
385 nm, an electron is excited from the valence band to the conduction
band, thus forming an electron-hole pair. The photogenerated holes

reported that the size and surface modifications of NPs could affect
their antibacterial function [11,23,26].
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Several physical and chemical techniques such as sonochemical,
hydrothermal, solvothermal, reverse micelles, chemical vapor
deposition or light-induced chemical vapor deposition [27], and sol-
gel reaction have been used to obtain TiO, NPs. Among them, the
relatively simple sol-gel method is the most widely used technique due
to the advantage of shorter processing time at lower temperatures
[28,29].

To enhance the photocatalytic effect in the visible light region, many
producing methods were proposed to dope trace impurity in TiO,
including ion-assisted sputtering, plasma irradiation, ion-implantation,
Chemical Vapor Deposition (CVD) and sol-gel. The visible light
photoactivity of metal-doped TiO, arises from a new energy level
produced in the band gap of TiO, by the dispersion of metal
nanoparticles in the TiO, matrix. An electron can be excited from the
defect state to the TiO, conduction band by a photon with energy
equals hv <3.2 eV [30-33].

The main purpose of this study was the evaluation of TiO, and
Pt/TiO, NPs efficiency for the inactivation of Escherichia coli and
Staphylococcus aureus bacteria strains. We demonstrated that
Platinum-doped TiO, substrates have superior visible-light-induced
bactericidal activity against two types of bacteria strains compared to
the pure TiO, substrate. Our data suggest that Pt/TiO, is an effective
antibacterial photocatalyst which is user-friendly compared to
traditional UV-driven TiO, photocatalysts.

Materials and Methods

Bacterial strains

Standard strains of Escherichia coli (ATCC O55B5) and
Staphylococcus aureus (ATCC MRSA 25923), as representative gram-
negative and gram-positive bacteria respectively, were used in this
study.

Chemicals

For the preparation of preliminary TiO, suspension, the following
materials were used: Titanium tetrachloride (TiCl,, M=189.79); Nitric
Acid (HNOjz;, M=63); Ammonia (NHz, M=17), and Silver nitrate
(AgNO3, M= 169.87). Also, a chloroplatinic acid solution (H,PtClg, 8
wt% in H,O, M= 409.81) and Ethanol (C,H;OH, M=46) were used for
the preparation of Pt-doped TiO, NPs. All of the materials were
obtained from Sigma Chemical Co, USA.

Preparation of anatase TiO,

In a typical preparation process of TiO, nanoparticles, ammonia
solution (2.5% v/v) was added dropwise to 20 mL of Titanium
tetrachloride (TiCly, Merck > 98%) as starting material at room
temperature on the magnetic stirrer for an hour to form a suspension
with neutral pH. Deionized water was then introduced to the
suspension to total volume was reached 500 mL. All additions were
accompanied by vigorous stirring for an hour. Ti(OH), suspension was
prepared, then washed with deionized water several times to remove
the chloride ions. Subsequently, in order to produce a stable sol, this
suspension was stirred at room temperature for about 24h and then
nitric acid was added dropwise to the mixture until the pH lay between
2 and 3. Therefore, a stable TiO, sol was formed. In order to obtain
TiO, photocatalyst powder, the sol was dried and calcined for 3h at
500°C.

Synthesis of Pt/TiO, by photoreduction

100 mg of synthesized TiO, NPs was added to 10 mL H,PtClg of an
aqueous metal salt solution (2.5 mmol/L), and then this mixture was
dispersed in 200 mL of deionized water in a Pyrex flask under stirring.
This flask was exposed to a mercury lamp (125W) for 1.5 h. Then the
powder was collected by centrifugation and washed twice by deionized
water and ethanol. Finally, the resulting powder was dried at 60°C. The
final product had the Pt contents of 0.1%.

Microbiological experimentation

Bacterial strain and growth media: Antimicrobial activity of TiO,
and Pt/TiO, NPs were evaluated using Escherichia coli (ATCC O55B5)
and Staphylococcus aureus (ATCC MRSA 25923), as representative
Gram-negative and Gram-positive bacteria strains, respectively. The
bacteria strains were grown overnight in a Nutrient-Broth (NB)
medium and incubated under aerobic conditions at 37°C with shaking
at 250 rpm.

Evaluation of bactericidal effect of TiO, and Pt/TiO, NPs: Ten uL of
each bacteria stock were added to 3 mL NB and cultivated aerobically
at 37°C for 24h were then collected by centrifugation at 3000 rpm for
10 min at 4°C, washed three times with 3 ml sterile phosphate-buffered
saline (PBS) and resuspended in PBS. Optical density (OD in 600nm)
of bacterial suspension was adjusted to 0.1, the cell density
corresponding to 106-107 colony forming per milliliter (CFU/ml). Two
hundred pl of the suspension was spread onto Luria-Bertani (LB) agar
plates whose surfaces had been smeared with 50 pg/ml, 125 pg/ml or
250 pg/ml TiO,. Culture plates without NP coating served as controls.
TiO,-smeared bacterial culture plates were irradiated with a UV
germicidal lamp (15 W) at a constant distance of 54 cm from the plate
surface for 10, 20 or 30 seconds. Immediately after UV irradiation, the
plates were incubated at 37°C overnight. Optimal concentration and
exposure time was then selected based on the maximum growth
inhibition rate and applied for exposure of Pt/TiO,-smeared plates to a
visible mercury lamp (125 W) at the same distance mentioned above.
All experiments were repeated three times.

Enhancement effect evaluation: Also the antibacterial efficacy of the
TiO, and Pt/TiO, NPs was determined using two shake flask methods;
one with NB as the medium, and another with NB and nanoparticles.
In the case of the NB test, bacterial growth was monitored by
measuring the optical density of the medium over time. The microbial
reduction percentage with the TiO, and Pt/TiO, NPs for both species
of bacteria is shown in Tables 4 and 5 respectively.

Result

Chemical analysis

Characterization of the prepared Titanium dioxide and platinum
doped to Titanium dioxide nanoparticles was performed with different
physicochemical methods. The crystalline structure of TiO,
nanoparticles was assessed and characterized by X-Ray Diffractometer
(XRD D4-BRUKER and Cu-Ka radiation at 30 kv and 20 mA). Also,
the Diffuse Reflectance Spectra (DRS Shimadzu-2550) of resulting
samples were recorded by UV-Vis spectrophotometer. Morphological
studies were carried out using a Scanning Electron Microscope (SEM
Philips-XL®30 model) and Energy Dispersive X-rays (EDX) analysis.
Also, the particle size of the nanoparticles was calculated using
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Transmission Electron Microscopy (TEM) was performed with a Jeol
JEM- 2100UHR, operated at 200 kV that were previously air-dried.

Antimicrobial activity evaluations

The apparatus for testing the antimicrobial activity was composed of
a woody box with a germicidal lamp as UV light source and tungsten
lamp as visible light source, a Petri dish as the cover material.

X-ray diffraction

To study the crystallization process and phase identification, X-ray
diffraction (XRD) o fnano TiO, powder was analyzed. As shown in
Figure 1 in the X-ray diffraction pattrn of TiO, poeder, peaks were
observed at 20 of 25.18°, 37.88°, and 48.14° which can be indexed as (1
01),(004), and (2 0 0) diffraction planes, respectively. The observed
diffraction peaks in recorded XRD patterns correspond to those of the
standard patterns of tetragonal anatase TiO5. No other stable impurity
phases were detected in the samples hence prepared materials are fully
crystalline. The ratios of peak intensities in prepared powder and that
of standard one was the same. The average crystallite size from XRD
was calculated from X-ray line broadening of the (1 0 1) diffraction
_ 092

BcosO
size, A is the wavelength of the X-ray (Cu Ka, 0.15418 nm), B is the
full-width at the half-height of the peak, and 6 is the diffraction angle
of the peak . The results were shown in Table 1.

line using the Scherrer's equation (d )where d is the grain

5000

Figure 1: X-ray Diffraction micrograph of TiO, powder prepared
from preliminary sol after firing at 500°C.

average size of 30 nm. The symmetry of anatase TiO, is tetragonal 141/
amd.

Transmission electron microscopy (TEM)

The TEM image of prepared nanoparticles in Figure 2(a), shows that
the TiO, NPs are single-crystalline with the average size of 25 nm and
the surface of the TiO, crystals are smooth, while most part of the
surface of Pt-TiO, crystals is rough, that is shown in Figure 2(b).
Meanwhile, with a precise perception in Figure 2 (b), we can realize
that there are some fuscous points on the TiO, NPs surfaces. Then, Pt
has been doped in TiO, crystal, but they have poor homogeneity with
very irregular shapes and the size range was determined to be between

50 nm to 80 nm.
"% '
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Figure 2: TEM images of (a) TiO, NPs (b) Pt-TiO, NPs.

Scanning electron microscopy (SEM)

The TiO, NPs were gold-covered and characterized in the Scanning
Electron Microscope (SEM) to investigate their structure and surface
characteristic. It was observed that the particles were spherical and
were composed of approximately equal size. Nanopowders were
homogeneous and fine (Figure 3). It was also possible to find out which
elements constructed of a sample by EDX analyze. EDX analysis is the
presence of the elements Ti, O, and Pt as presented (Figure 4).

¢ £
AccV  SpotMagn  Det WD Exp 500nm o P Ti l
¥ Lodl i
“ - .

[T

Table 1: XRD data of TiO, nanopowder.

Calculations based on the half-widths of the (1 0 1), (00 4),and (20
0) diffraction peaks using the Scherrer's formula indicated that the

hkl 26 (°) d (A) The height of the
peak ek SEAE | Do
101 25.18 3.53 48.68
- 30.89 2.89 5.19
4 37.88 2.37 10.13
200 48.14 1.88 16.58
"d": The distance between crystalline surfaces
"@": diffraction angle of the peak

T T AT ST
Elken)

Figure 3: Scanning electron microscope of Pt-TiO, nanopowder.
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Figure 4: EDX analyzes of Pt-TiO, nanoparticles.

UV-visible diffuses reflection spectra (DRS)

The metal TiO, doping has been also identified with UV-Visible
adsorption spectra. The UV-Visible diffused spectrum of the pure TiO,
and Pt/TiO, nanopowders are seen in Figure 5. It is obviously seen that
doping Pt on TiO, nanopowder causes bathochromic effect, a shift of a
spectral band to higher wavelengths in all the samples doping Pt reveal
the redshifts of wavelength, that commonly called redshift absorption
edge. This effect has an advantage in lower band gap energy of TiO, in
other words, lower energy required for electron excitation from the
valence band to conduction band. The band gap energy (eV) of each

sample were calculated by following (E = hTC)equation (Table 2),

where, ) is a cut-off wavelength (m), C is a speed of light (3.0 x 108
m/s), and h is the Planks constant (6.626 x 10-34 Js).

after 24 hr meubation.

H

B 10sec (uv)
20sec W)

Colany come (%.call)
8

H

R
&
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Figure 5: DRS Characterization of TiO, (a) and Pt/TiO, (b) NPs.

Photocatalyst TiO, Pt/TiO,
Absorbance (nm) 350 450
Bandgap (eV) 35 2.7

1eV=1. 602176565¢° J

Table 2: Correspondent wavelength and energy bandgap for TiO, and
Pt/TiO, NPs.

Evaluation of photobactericidal effect of TiO, and Pt/TiO,
nanoparticles

The enhancer role of TiO, on the bactericidal effect of irradiation
(photo bactericidal effect) was quantitatively evaluated by measuring
the inhibitory rates (%) of the definite dose of irradiation in presence
of various concentrations of TiO, and Pt-TiO, NPs. The inhibitory
rates were calculated by measuring the cell viability through counting
the Colony Forming Units (CFU) of E. coli or S. aureus bacteria on LB
agar plates containing TiO, NPs after irradiation with UV light and Pt-
TiO, after irradiation with Visible light (Tests) and also plates without
TiO, or Pt-TiO, and no irradiated (negative controls), using the
following formula:

100 x (CFUc- CFUT)

GIR (%) = (CFU0)

Viable bacterial counts (CFU/ml) after 24h contact time showed log
reduction in treated samples compared to the untreated sample.
CFU/ml at time zero is 1 x 107 CFU/ml. It was shown that the
optimum inactivation of bacteria (= 107 CFU/mL) was achieved in the
presence of 0.125 g/L NPs where 99.57% of E. coli and 100% of S
aureus were inactivated in the best condition. The 0.05 g/L of NPs
concentration is insufficient for inactivation reaction of E. coli and S.
aureus. Meanwhile, at 0.25 g/L of NP concentration, it becomes
saturated in the suspension, thus give scattering effect in the medium
(Table 3 and Figure 6).

Bacteria | Irradiation | 50 mg ml’ 125 mg ml"’ 250 mg ml"!
time (sec)
CFU %GIR | CFU %GIR | CFU %GIR
(mean | (mean | (mean (mean | (mean (mean
+SD) | £SD)
+SD) | £SD) | £SD) * SD)
E. coli 10 25 8927+ 20 +| 914165 | 7210+
8.736 | 0.5057 | 2.516 | 0.8576 | 1.527 | 0.9136
20 4 +| 9828+ 14 +| 9399+ 32 | 86.26+
3.605 | 0.796 | 3.055 | 0.8271 | 4.932 | 0.7209
30 3+1 98.71 | 1 +| 9957+ 3 +| 98.71%
0.9434 | 1.527 | 0.9136 | 0.577 | 0.9673
0 233 | 0 233 +|0 233 |0
17.677 17.677 17.677
S. 10 33 +| 8669+ 12 +|9516+|36+4 | 8548+
aureus 2516 | 0.7627 | 3.214 | 0.6969 0.6228
20 18 +|9274+| 4 +|98.38+| 8 +| 96.77 +
3.214 | 0.6969 | 2.516 | 0.7627 | 1.527 | 0.856
30 1 +/ 9959+ 0 100 4 +| 93.38+
0.577 | 0.9455 1.154 | 0.8911
0 248 £| 0 248 +| 0 248 +|0
10.606 10.606 10.606
GIR: Growth Inhibition Rate

Table 3: Effect of different concentrations of TiO, NPs on E. coli and S.
aureus viability under irradiation, 24h of incubation.
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Figure 6: Effect of different concentrations of TiO, NPs on E. coli
and . aureus viability under irradiation.

Also, the antibacterial efficacy of the TiO, and Pt/TiO, NPs was
determined using two shake flask methods; one with NB as the
medium, and another with NB and nanoparticles. In the case of the
NB test, bacterial growth was monitored by measuring the optical
density of the medium over time. The microbial reduction percentage
with the TiO, and Pt/TiO, NPs for both species of bacteria is shown in
Tables 4 and 5 respectively.

Test 0.D after 24 hours (in 660 nm) %Reduction after 30
Organism sec UV irradiation
Control TiO, nanoparticles
-1
(Untreated) (0125 mg mI)
E. coli 2x 1010 400| 1.15x107 | 23 94.3
S. aureus | 1.2x 1010 | 240| 2.5 x 108 5 98

Table 4: Results of NB shake flask test in terms of growth reduction
percentage with TiO,,

Test 0.D after 24 hours (in 660 nm) %Reduction after 30
Organis sec Visible irradiation
m
Control Pt/TiO,
(Untreated) Nanoparticles (0.1%)
E. coli 2x1010 40 | 2.8 x 107 56 86
0
S. aureus | 1.2x1010 | 24 | 1.2x108 24 90
0

Table 5: Results of NB shake flask test in terms of growth reduction
percentage with Pt/TiO;,

In Figure 7, graphs are included showing the change in absorbance
over time. A very high antimicrobial activity was seen against both
bacteria.

450 4 100

a00 { = 98

©
&

350 -
BE coli

e

300 -
WS, aureus

250 - 260
WE, coli
200

Colony Count

WS, aureus

® © v v ©
g 8

150 -

&

% Reduction of bacteria cells

100 -

Control Uv-Tio2 PYTIO2
nanoparticles nanoparticles
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PYTIO2 nanoparticles

Figure 7: The viability of E. coli and S. aureus bacteria cells after
incubating with TiO, (125 pg/mL) and Pt/TiO, suspensions (0.1%)
for 24h with 250 rpm shaking speed at 37°C. Loss of viability was
calculated by the following formula: loss of viability %={(counts of
control-counts of samples after incubation with suspensions)/
counts of control} x 100.

Absorbance measurements (Turbidity) are not as accurate as plate
counts for the determination of viable bacteria but they can give a
rapid estimate of cell numbers and are commonly used for Minimum
Inhibitory Concentration (MIC) tests.

Using the absorbance value shown in Tables 4 and 5 after 24h of
incubation, there were 94.3% and 86% reduction in growth for E. coli
with the TiO, and Pt/TiO, NPs respectively followed by 98% and 90%
reduction in growth for S. aureus.

Discussion

We have demonstrated that Pt/TiO, nanoparticles are effective
nanoparticles for inhibiting the cell growth of several pathogenic
bacteria under illumination by UV-Visible light. In this study, The TiO,
and Pt/TiO, nanoparticles were synthesized with inorganic substrates
by a sol-gel method that showed a very high degree of antibacterial
activity when compared to control. Overall the results demonstrated a
slightly higher antibacterial activity against S. aureus than E. coli
Benabbou et al. found that it is possible to increase the percentage of
bacterial inactivation by increasing the crystallinity of TiO, NPs via
calculations as was resulted within the present experiment [34]. In this
research, we used TiO, crystalline with 100% anatase phase. Sunada et
al. found that the mechanism of TiO,-associated photocatalysis on
bacteria could be divided into three stages: Firstly, the outer membrane
of the bacteria was attacked and partially decomposed by reactive
species such as OH", O,7, and H,O,; then disordering of the inner
membrane leading to the lipid peroxidation threatening cell life;
finally, cell death and destruction [35] (Figure 8). According to
Fujishima et al. research, if the fluorescent illumination continues for a
sufficient time, bacteria will be completely mineralized into CO,, H,O,
and other mineral components [36].
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Figure 8: Schematic of lipid peroxidation.

The visible-light-responsive Pt/TiO, NPs can be achieved via a sol-
gel method followed by photoreduction. UV curing technique can be
applied for activating anatase TiO, photocatalytic reactivity of the
prepared powder. These powder posse favorite surface properties such
as good adhesion, high porosity, and eligible Pt distribution onto the
TiO, powder. The optimal Pt doping (0.1% mole) to TiO, powder
provides the synergistic effect on the photocatalytic reactivity. Pt plays
a pivotal role in increasing hydrophilicity as well as extending the light
absorption spectrum toward the visible region in the benefit of
photocatalytic activity. The illumination time required in this approach
is shorter than that has been applied in previous studies. Given
improvement can be potentially attributed to two main factors. First,
optimally sized nanoprobes contributing to the highly efficient energy
transfer from UV light to the target bacteria. Second, the targeting
capacity of the nanoprobes for several bacteria also results in the
effectiveness of the cell growth inhibition of these bacteria. Although
the transmission of UV light is limited, this approach should
potentially be suitable for the treatment of infections.

Results of the bactericidal investigation indicate that Pt/TiO, NPs,
as an extremely stable metal-semiconductor nanomaterial, can exhibit
a very high photodynamic efficiency under visible irradiation, and our
Pt/TiO, NPs showed to be relatively effective in the antibacterial

property.

Conclusion

In summary, we have presented a facile and efficient synthetic route
for the preparation of Pt-doped Titanium dioxide NPs, which has
potential applications on the development of an antibacterial material
in both in vitro and in vivo settings. In conclusion, the TiO, NPs sizes
of 20 nm possess significant antibacterial properties against E. co/f and
S. aureus. Our results suggested that the TiO, NPs have greater efficacy
in inhibiting the growth of S. aureus compared to the E. coli and its
inhibitory effects increases as the concentrations of TiO, NPs
increased. The concluded MIC for E. coli and S. aureus was 125 pug/mL.
The antimicrobial mechanisms of the TiO, NPs suggested that
oxidation capacity of NPs toward GSH oxidation stress were
responsible for antimicrobial behavior of TiO, NPs. The results of E.
coli and S. aureus suggest that TiO, nanoparticles can be used to

control the growth of pathogenic bacteria. The results from this work
are aiding the scale-up of a spray coating process for the production of
efficient and economical antibacterial surfaces. Therefore, these
surfaces have considerable potential to be recruited in medical
instrumentation, water puriﬁcation systems, hospitals decontaminants,
dental office equipment, food storage, packaging, and household
sanitation. These findings suggest that Pt-doped TiO, has potential
application in the development of alternative disinfectants for
environmental and medical usages.
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