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Short Communication
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SUMMARY: By proving the bactericidal effects of a low-concentration titanium dioxide (TiO,) particle mixture
against Staphylococcus aureus, we hope to ultimately apply a mixture of this type as part of a clinical treatment
regimen. A bacterial suspension of S. aureus 1 X10° CFU/ml was added dropwise to a TiO, particle mixture (19
ppm TiO,) and irradiated by ultraviolet (UV) light. The colony-forming units were counted and the bacterial
survival rate was calculated. In the control sample, the bacterial survival rate was 83.3% even after 120 min. In
the TiO, mixture + UV sample, the bacteria count dropped sharply, reaching 17.3% of the baseline value at 30
min and 0.4% at 60 min. TiO, particles dispersed in water mixtures are known to elicit highly efficient UV
absorption and greater bonding to bacteria. A reaction of the TiO, with another oxidizer altered the aqueous pH
and accelerated the photocatalytic chemical reaction. The TiO, particle mixture showed high antibacterial action

against S. aureus even at a low concentration.

Even with careful preventative measures such as disinfec-
tion of the surgical field and surgical instruments, post-
operative infection appears in 0.2 to 17.3% (1-3) of patients
and is often highly resistant to treatment. One of the most
common pathogenic bacteria responsible for postoperative
infection is Staphylococcus aureus, an organism with a thick
cell wall that readily acquires multidrug resistance by muta-
tion (4,5). Methicillin-resistant strains are particularly resist-
ant to antibiotic treatment (6,7).

Our group has focused on the photocatalytic application
of titanium dioxide (TiO,) as a potentially useful solution to
the problems described above. On exposure to ultraviolet (UV)
irradiation, TiO, releases free radicals such as -OH, O,
HO,", and H,0,. This potent oxidizing power characteristi-
cally results in the lysis of bacteria and other organic sub-
stances (8-10). To explore the feasibility of these applications,
we developed a fine particle mixture of TiO, in water. Several
reports have been published on the bactericidal properties of
TiO, against organisms such as Escherichia coli (11-13). Yet
TiO, is a bioactive substance which may remain in trace
amounts in the human body. Before TiO, can be used in clini-
cal settings, steps must be taken to reduce its particle concen-
trations by improving its photocatalytic bactericidal activity.

Our objective in this study was to prepare a photocatalytic
TiO, particle mixture with a low concentration of TiO, in
order to evaluate the photocatalytic antibacterial effects of
the mixture against S. aureus in vitro.

TiO, particles (anatase 80%: rutile 20%) were prepared by
the vapor phase method from titanium (IV) chloride gas fol-
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Table 1. Sodium percarbonate added as an
oxidizer accelerates the photocatalytic
chemical reaction

Component Content (%)
Percarbonate 37
Metasodium silicate 6
Citric acid 31
Sodium tripolyphosphate 25
Magnesium silicate 0.5
TiO, 0.38

lowed by annealing. The mean size of the primary particles
was 21 nm, and the BET ratio surface area was 50 m%g. A
powder was then prepared by mixing these TiO, particles with
other substances, mainly sodium percarbonate and citric acid
(Table 1). Sodium percarbonate, an oxidizer, accelerates the
photocatalytic chemical reaction by providing a continuous
supply of oxide. Citric acid was used to adjust the aqueous
pH to neutral or low alkalinity (pH 8.0). Lastly, this powder
was mixed in distilled water to create a 0.5% mixture contain-
ing 19 ppm (0.019 mg/mL) of TiO, particles.

S. aureus (strain Seattle 1945) was cultured for 6 h at 37°C,
then centrifuged to provide a bacterial sample with a concen-
tration of 1 X 10° CFU/mL (pH 7.0). After adding 40 1L of
the bacteria dropwise to 40 1L of the TiO, mixture in a
transparent polypropylene conical tube, the resulting mixture
was irradiated by UV black light (FL15BL-B; NEC, Tokyo,
Japan) (illumination, 1.82 mW/cm?; wavelength, 352 nm).

The bacterial sample in the TiO, mixture was diluted with
phosphate-buffered saline (PBS). The collected bacterial
samples were cultured for 24 h with a Compact Dry TC
culture kit (Nissui Pharmaceutical, Tokyo, Japan) and then
irradiated by UV. Colony-forming units (CFUs) were counted
and the bacterial survival rate was calculated by the follow-



ing formula:

Bacterial survival rate (¢ min) = CFU (@ min) X 100/CFU
(0 min)

The samples were divided into in five groups to evaluate
the exact antibacterial effects of TiO,, UV itself, and the
soluble substances other than TiO,. The results were examined
statistically by one-way analysis of variance (ANOVA) in
multiple comparisons.

Group 1: TiO, mixture + UV irradiation

Group 2: TiO, mixture + no UV irradiation

Group 3: Distilled water + UV irradiation

Group 4: Distilled water + no UV irradiation

Group 5: Mixture of soluble substances without TiO, + no

UV irradiation

Five replicate experiments were performed for each sample.

The absorption spectrum of the TiO, particles in UV/visible
absorption spectrophotometry (V-660; JASCO, Tokyo, Japan)
extended into visible light (Fig. 1) (14). Fig. 2 shows the bac-
terial survival rates at different irradiation times. The bacteria
added to the Group 4 samples survived at high rates (mean
83.3%) even after 120 min. In Group 1, however, the bacteria
count dropped sharply, reaching 17.3% at 30 min and 0.4%
at 60 min. The inhibition of bacterial survival was significantly
greater in the Group 1 samples than in the other group samples
at irradiation times between 30 and 60 min (ANOVA: P <
0.05). The rate of bacterial survival gradually fell in the 0.5%
mixture of the other soluble substances without TiO, (Group
5), but it remained as high as 93.9% at 30 min and 45.1% at
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Fig. 1. Absorption spectrometry. A portion of the absorption band ex-
tended into visible light regions (>400 nm).
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Fig. 2. Bacterial survival rate of S. aureus. The inhibition of bacterial

survival was significantly greater in Group 1 than in the other groups
at irradiation times between 30 and 60 min (P < 0.05).
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60 min.

The mixture of TiO, particles in water elicited highly effi-
cient light absorption and enabled greater and more frequent
adhesion with bacteria. These effects are conducive to a strong
photocatalytic antibacterial action. Yet bioactive materials
such as TiO, can be potently biotoxic. Before formulations
of this type can be considered for medical applications,
the physiological effects of the TiO, must be precisely under-
stood. By mixing TiO, with soluble substances not reported
in previous investigations, our group developed a TiO, par-
ticle mixture which exhibits improved photocatalytic activity
at even lower TiO, concentrations (0.019 mg/mL) (11-13).
Sodium percarbonate accelerates the photocatalytic chemical
reaction by providing a continuous supply of oxide. A more
alkaline mixture would permit a higher photocatalytic reac-
tion with TiO,, but high alkalinity would seriously harm the
human body, especially the eyes and skin. Therefore, citric
acid is added to adjust the aqueous pH to a neutral or low
alkalinity (pH 8.0).

The bactericidal capabilities of UV are widely recognized.
Our present study adds further evidence of these bactericidal
capabilities by revealing a gradual deactivation of S. aureus
with increased irradiation time in Group 3. Yet from 30 to
60 min of UV irradiation, the samples treated with the TiO,
mixture + UV (Group 1) showed significantly greater inhibi-
tion of bacterial survival than the other sample types, includ-
ing Group 3 and Group 5. Although sodium percarbonate
becomes (hydrogen) peroxide in disinfectant solutions, its
antibacterial effect was inferior to that of Group 1 in our
experiments. These findings indicate that the photocatalytic
action of the TiO, particles was effectively expressed against
S. aureus.

We note that the negative effects of UV rays on the human
body pose potential problems in clinical applications. A good
deal of research is underway to resolve these problems using
materials with photocatalytic actions triggered by visible light
(15,16). By adjusting the TiO, concentration and reacting the
TiO, with other components, our TiO, particles form a chela-
tor which might feasibly shift the absorption spectrum towards
visible light spectrums (Fig. 1) (14). The gradual reduction
in the bacterial survival rate seen in Group 2 may have been
a response to the effects of sunlight or fluorescent light within
the laboratory. Further research will be needed to evaluate
the antibacterial effects of visible light only.

Our present experiments have revealed that when TiO, par-
ticles are reacted with an oxidizer, they have superior photo-
catalytic antibacterial effects against S. aureus even at low
particle concentrations. Further laboratory studies under more
sophisticated conditions will clearly be required for compre-
hensive evaluation. In the meantime, these simple configura-
tions with the TiO, particle mixture are particularly encourag-
ing as tests for use in the first stages of assessment. Our simple
study allowed for greater control over experimental variables
and produced fewer artifacts in the results.

REFERENCES

1. Wymenga, A.B., van Horn, J.R., Theeuwes, A., et al. (1992):
Perioperative factors associated with septic arthritis after arthroplasty.
Prospective multicenter study of 362 knee and 2,651 hip operations.
Acta Orthop. Scand., 63, 665-671.

2. Spangehl, M.J., Masri, B.A., O’Connell, J.X., et al. (1999): Prospective
analysis of preoperative and intraoperative investigations for the diagno-
sis of infection at the sites of two hundred and two revision total hip
arthroplasties. J. Bone Joint Surg. Am., 81, 672-683.

3. Phillips, C.B., Barrett, J.A., Losina, E., et al. (2003): Incidence rates of



10.

dislocation, pulmonary embolism, and deep infection during the first
six months after elective total hip replacement. J. Bone Joint Surg. Am.,
85, 20-26.

Aricola, C.R., Cervellati, M., Pirini, V., et al. (2001): Staphylococci in
orthopaedic surgical wounds. New Microbiol., 24, 365-369.
Sanderson, P.J. (1991): Infection in orthopaedic implants. J. Host. Infect.,
18, 367-375.

Lowy, E.D. (1998): Staphylococcus aureus infections. N. Engl. J. Med.,
339, 520-532.

Lew, D.P. and Waldvogel, F.A. (1997): Osteomyelitis. N. Engl. J. Med.,
336, 999-1007.

Cho, M., Chung, H., Choi, W., et al. (2005): Different inactivation
behaviors of MS-2 phage and Escherichia coli in TiO, photocatalytic
disinfection. Appl. Environ. Microbiol., 71, 270-275.

Fujishima, A., Tata, N.R. and Donald, A. Tryk. (2000): Titanium diox-
ide photocatalysis. J. Photochem. Photobiol. C. Photochem. Rev., 1, 1-
21.

Shiraishi, K., Koseki, H., Tsurumoto, T., et al. (2008): Antibacterial
metal implant with a TiO,-conferred photocatalytic bactericidal effect

380

11.

14.

15.

against Staphylococcus aureus. Surf. Inter. Anal., 41, 17-21.

Maness, P.C., Smolinski, S., Blake, D.M., et al. (1999): Bactericidal
activity of photocatalytic TiO, reaction: toward an understanding of its
killing mechanism. Appl. Environ. Microbiol., 65, 4094-4098.

. Ibanez, J.A., Litter, M.I. and Pizarro, R.A. (2003): Photocatalytic bac-

tericidal effect of TiO, on Enterobacter cloacae comparative study with
other Gram (-) bacteria. J. Photochem. Photobiol. A. Chem., 157, 81-
85.

. Kim, B., Kim, D., Cho, D., et al. (2003): Bactericidal effect of TiO,

photocatalyst on selected food-borne pathogenic bacteria. Chemosphere,
52,277-281.

Hashimoto, K., Ohtani, B. and Kudo, A. (2005): Photocatalyst. p. 275,
NTS Inc., Tokyo.

Arpag, E., Sayilkan, F., Asiltirk, M., et al. (2007): Photocatalytic
performance of Sn-doped and undoped TiO, nanostructured thin films
under UV and vis-lights. J. Hazard. Mater., 140, 69-74.

. Mitoraj, D., Janczyk, A., Strus, M., et al. (2007): Visible light inactiva-

tion of bacteria and fungi by modified titanium dioxide. Photochem.
Photobiol. Sci., 6, 642-648.



