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Although many investigations into antimicrobial activity of titanium oxide have been 
published it still remains a particularly active research field. To our knowledge, the 
bactericidal properties of TiO2 synthesized by nonhydrolytic route have not been tested 
extensively. In this connection we synthesized TiO2 by a nonhydrolytic sol-gel method 
from titanium tetrachloride and benzyl alcohol and examined its antibacterial properties. 
Antimicrobial action of as-prepared TiO2 was investigated using E. coli, P. aeruginosa 
and S. aureus. The bacterial growth was examined in the presence of TiO2, by the effect of 
UV light, and in the presence of both – TiO2 and UV light. The dynamics of antimicrobial 
action of the selected preparations was assessed by killing curves determination. The 
efficiency of antibacterial activity in standard experimental conditions as function of time 
was discussed. It can be concluded that the synthesized TiO2 (anatase) possesses strong 
antibacterial activity and could be used effectively for disinfection under UV illumination. 
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1. Introduction 
 
Photoinactivation activity of titanium oxide has been extensively evaluated in the last 25 

years in attempts to develop new alternative approaches for disinfection. The semiconductor 
photocatalysis is an advanced technique, suitable for water and air purification. The bactericidal 
properties of TiO2 are attributed to the high redox potential of the surface species formed by 
photo-excitation affording non-selective oxidative attack of bacteria [9]. Photocatalytic 
inactivation of microorganisms as function of formatting reactive oxygen species (ROS), such as 
hydroxyl radical (.OH), superoxide radical (O2

.-), hydrogen peroxide (H2O2), etc. was examined in 
a number of reports [2, 3, 10, 14, 15, 18, 19, 23, 32, 33, 34, 37, 40]. The type and the source of 
TiO2 plays important role during bacterial inactivation because the rate of formation of ROS is 
function of the particle size, crystalline phase, the isoelectric point, BET specific surface area, 
aggregate size in suspension solution and other nanostructural parameters [9]. 

Bactericidal modes of action of ROS are very different depending on the specific 
microorganism involved, although the reason for this is not clear [4]. TiO2 photocatalytic process 
have been reported to destroy some microorganisms in minutes to hours according to the 
experimental conditions [1, 6, 22, 26, 29, 30, 36, 38, 39, 41,43]. In general, antimicrobial activity 
of TiO2 strongly depends on the characteristic of the oxide. On the other hand, the biological 
parameters of the microorganism such as microbial species, growth phase, initial cell density, etc, 
are also important and the photocatalytic disinfection process may vary depending on the light 
intensity, the wavelengths and other experimental conditions. 
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Many studies on the bactericidal effect of TiO2 have been reported and most of them used 
conventional powder, commonly Degussa P25. However, little has been reported concerning the 
biocidal effect of a prepared TiO2. 

Nanocrystaline titanium oxide powder for photocatalytic application can be synthesized by 
a variety of techniques including sol-gel method, solvothermal process, reverse micellar, 
hydrothermal method, ball milling, plasma evaporation, etc. [16, 39]. Nonaqueous sol-gel routes 
for synthesis of metal oxide nanoparticles offer advantages such as high crystallinity at low 
temperatures, robust synthesis parameters and ability to control the crystal growth [28]. J. Zhu at 
al. [44] synthesized nanocrystaline anatase by nonhydrolytic sol-gel reaction and studied its 
photocatalytic activity toward degradation of phenol. To our knowledge, the bactericidal activity 
of anatase TiO2 performed by nonhydrolytic route still has not been tested extensively. 

For this reason we studied the antimicrobial action of nonhydrolytic synthesized TiO2 
against E. coli, P. aeruginosa and S. aureus as representative species of Gram-negative and Gram-
positive bacteria. The present work continues our previous investigations on the antibacterial 
activity of nanosized TiO2 powders. 

 
2. Experimental details 
 
2.1. Nonhydrolytic synthesis of nanosized TiO2 powder 
 
Nanosized TiO2 powder was synthesized by nonhydrolytic sol-gel reaction of benzyl 

alcohol and titanium tetrachloride, according to slightly modified procedure published by M. 
Neiderberger et al. [27]. Titanium (ІV) chloride (purity 99.0%) was purchased from Fluka, benzyl 
alcohol (purity >99.5%), absolute ethanol and diethyl ether were supplied by Merck. 

The preparation of TiO2 has been reported elsewhere [35]. Briefly described, 4 ml TiCl4 
were added drop-wise to a glass beaker containing 80 ml benzyl alcohol under vigorous stirring. 
The reaction mixture was stirred continuously for 8 hours at 80oC and then left for aging at room 
temperature for two weeks. The obtained white suspension was centrifuged at 3500 rpm for 15 
min. The white precipitate was washed two times with ethanol and three times with diethyl ether. 
After every washing step, the solvent was separated by centrifugation. The collected material was 
dried in air for overnight and calcinated at 500oC for 4 hours. 

 
2.2. Characterizing TiO2 powder 
 
The structure and morphology of the resulting particles were characterized by X–ray 

diffraction (XRD) at room temperature in the 10° < 2θ < 80° range (Bruker D8 Advance, CuK 
radiation) and Scanning Electron Microscopy (SEM), JEOL Superprobe 733. The structure 
refinement was carried out with the Rietvield profile refinement technique, by means of the 
program “PowderCell” [17]. 

 
2.3. Bacterial cultures 
 
Three reference bacterial strains were tested: Escherichia coli (ATCC 25922), 

Pseudomonas aeruginosa (ATCC 27853) and Staphylococcus aureus (ATCC 25923). Stock 
cultures from each test microorganism were plated on blood agar plate (BAP) and grown 
aerobically for overnight. One colony of these cultures was inoculated into Tryptic Soy Broth 
(Difco) and then incubated under aerobic conditions at 37oC for 15 h. During the stationary growth 
phase, bacterial cells were harvested by centrifugation at 1000 rpm for 10 min. The bacterial 
pellets were subsequently washed twice with 10 ml of sterile phosphate buffered saline (PBS) – 
pH=7.2. The final pellets were resuspended with PBS in sterile tubes and were standardized using 
apparatus (Densimat, bioMerieux) to 0.5 Mc Farland which corresponds to the cell density of 
1.5×108 colony forming units (CFU) per milliliter. These solutions were diluted 1000 times to 
obtain the required cell density about 105 CFU/ml. The exact cell concentrations were determined 
by spread plate method after growing the test microorganisms for 24 h at 37oC. 
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2.4. Experimental procedure 
 
Antimicrobial activity of TiO2 was measured in the experimental setup, previously 

published by our team [35]. It is similar to those, documented by A. Rahmani et al. [29], but the 
disinfection process was accomplished at following parameters: initial cell density about 105 
CFU/ml, concentration of TiO2 powder - 1 mg/ml; ultra violet (UV) lamp (Sylvania BLB 50 Hz 8W 
T5) with the major fraction of irradiation occurring at 365 nm (UVA light), situated sidewise at a 
distance 10 cm to the reaction vessels. 

The experiment was performed in four sterile flasks (Fig. 1). Each flask was inoculated 
with a 100 ml suspension of the bacterium to be tested: E. coli (ATCC 25922), P. aeruginosa 
(ATCC 27853) and S. aureus (ATCC 25923), respectively. The bacterial growth was examined by 
the effect of UVA light alone (1st flask), in the presence of TiO2 – kept in the dark (2nd flask) and 
in combination of both TiO2 and UVA radiation (3th flask). Forth flask served as a control of 
bacterial growth and it was kept in dark conditions. All samples were conducted in continuous 
stirring to ensure maximum mixing and to prevent settling of the TiO2 particles. Dark control 
samples were covered with aluminum foil and stirred under the same conditions. The experiments 
continued up to 2 hours at 25oC. 

 

 
 
 

Fig. 1. Scheme for the experimental setup:  (1)100 ml bacterial suspension+UVA; 
(2)100 ml bacterial suspension+100 mg TiO2 – in the dark; (3)100 ml bacterial 
suspension+100 mg TiO2+UVA; (4)100 ml bacterial suspension – in the dark 

 
2.5. Killing curves 
 
The dynamic of antimicrobial action was assessed by killing curves prepared by time-kill 

experiments. At regular interval of time (5, 10 or 15 min, respectively) 500 μl from any 
experimental flask were withdrawn and serial dilutions were prepared before plating. The number 
of viable cells was determined by spread plate method as following: 100 μl from any dilution were 
streaked in duplicate on Mueller-Hinton agar (MHA), Becton Dickinson Microbiology System 
(Cockeysville, Md.), poured in Petri dishes (Ø=90 mm) with agar depth of 5 mm. After overnight 
incubation at 37oC the colonies on the plates were counted and results were calculated to 1 ml. 
Time killing curves were performed by plotting mean colony counts (CFU/ml) versus time in 
minutes. 
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Fig. 5. Time kill curves at different experimental conditions. 
 

a) E. coli–ATCC 25922, b) P. aeruginosa–ATCC 27853 and c) S. aureus–ATCC 25923. 
The kinetics of disinfection action of UVA illuminated TiO2 as log of CFU/ml versus time 

is presented at Fig. 6, 7 and 8. The 100% reduction time for E. coli at initial cell concentration of 
1.86×105 CFU/ml and 1 mg/ml concentration of TiO2 was 15 min (Fig. 6). Some authors reported 
that 96% reduction time of Coliform at initial cell density 240000 MPN/100 ml and concentration 
of TiO2 - 0.8 g /L had been 10 min [29]. The kinetic data presented by Z. Huang at al. [14], have 
shown that the cell wall damage took place in less than 20 min, followed by the progressive 
damage of cytoplasmic membrane and intracellular components. Since experiments have been 
carried out in unique conditions (different photocatalysts, pH, temperature, light source, microbial 
strains), a comparison of data obtained by various research groups seems to be problematic [24]. 
In our experimental conditions and initial density of 2.42×105 CFU/ml complete killing of P. 
aeruginosa was accomplished in 25 min (Fig. 7). Both these bacteria are Gram-negative, but P. 
aeruginosa is very adaptable in the environmental, possesses natural resistance to many beta-
lactam antibiotics and also it is resistant to some chemical disinfectants. These special 
characteristics of P. aeruginosa should be taken in account in explaining longer reduction time for 
this bacterium.  

Test of photoinactivation of S. aureus in the suspension of TiO2 irradiated with UVA had 
shown that this species was more resistant to photoinduced stress than E. coli and P. aeruginosa: 
The 100% reduction time at initial S. aureus cells suspension of 1.48×105 CFU/ml was 35 min 
(Fig. 8).The simple explanation is that the cell wall of such Gram-positive bacterium is ticker then 
the cell wall of Gram-negative bacteria which provides more resistance to the ROS attacks. The 
extent of the TiO2 photocatalytic effect is inversely proportional to the thickness and complexity of 
the microbe cell wall [25].  
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Fig. 6. Inactivation of E. coli–ATCC 25922 in illuminated TiO2 suspension. 
 
 

 
 

Fig. 7. Inactivation of P. aeruginosa–ATCC 27853 in illuminated TiO2 suspension 
 

 
 

Fig. 8. Inactivation of S. aureus–ATCC 25923 in illuminated TiO2 suspension 
 
 

The sequence of susceptibility of the bacteria to inactivation by TiO2 photocatalytic action 
is as following: E. coli >P. aeruginosa >S. aureus. Our results are in agreement with usually 
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reported order of bacterial susceptibility in photoinactivation processes with titania: E. coli > 
Gram-negative bacteria (other than E.coli) > Enterococcus species > Gram-positive bacteria [24]. 
This arrangement might be explained with the specific structure of the bacterial cell wall. Gram-
positive bacteria have a thick cell wall, containing many layers of peptidoglycan and teichoic 
acids. The cell wall of Gram-negative bacteria is a relatively thin, but it possesses an additional 
outer membrane containing lipopolysaccharides and lipoproteins bilayers. Gram-positive bacteria 
have been documented to be photocatalytically more resistant than Gram-negative. As a result, a 
higher number of hydroxyl radical attacks for Gram-positive bacteria are needed to get the 
complete bacterial inactivation [5, 21, 18, 31, 38].  

However, V. Desai and M. Kowshik [7] published the opposite order of bacterial 
deactivation and it is compliant with the complex structure of outer membrane of Gram-negative 
bacteria which might protect them towards disinfectant agents [11, 12, 20]. On the other hand, E. 
Wolfrum at al. [42] showed that there were no significant differences between oxidation of Gram-
positive and Gram-negative bacteria. The recent investigation indicated that the bacteria resistance 
to TiO2 photocatalysis was produced largely by genes involved in ROS resistance [8]. 

 
 
4. Conclusion 
 
Anatase titanium dioxide nanoparticles have been synthesized by simple nonhydrolitic sol-

gel technique. These nanoparticles have a particle size of 20 nm and its antibacterial properties 
were tested in standard conditions. Our experimental setup allows comparing the antimicrobial 
activity of TiO2 alone, and in presence of ultra violet radiation against different kind of bacteria in 
equal initial cells concentration. As-prepared TiO2 shows significant antibacterial activity under 
UVA radiation. It was very effective in removing of test-microorganisms and in concentration of 1 
mg/ml effectively kills Gram-positive and Gram-negative bacteria within 35 minutes. It could be 
concluded that the synthesized TiO2 possesses strong antibacterial activity against the important 
human pathogens tested and could be used successfully for disinfection under UVA illumination. 

 
 
Acknowledgements 
 
Authors are grateful to the financial support of Medical University-Pleven, Contract 

No11/2011. 
 
 
Reference 

 
  [1] M. Bekbölet, C. V. Araz, Chemosphere, 32(5), 959-965(1996). 
  [2] D. Blake, P. C. Maness, Z. Huang, E. Wolfrum, J. Huang, W. Jacoby, J. Separation and  
        Purification Methods, 28 (1), 1-50 (1999). 
  [3] M. Cho, H. Chung, W. Choi, J. Yoon, J Water Research, 38 (4), 1690-1077 (2004). 
  [4] M.Cho, H. Chung, W. Choi, J. Yoon, Applied and Environmental Microbiology 
        7(1), 270-275 (2005). 
  [5] C.-J. Chung, H.-I. Lin, C.-M. Chou, P.-Y. Hsieh, C.-H. Hsiao, Z.-Y. Shi, J.-L. He, Surf. Coat.  
       Technol. 203, 1081–1085 (2009). 
  [6] N. Daneshvar, A. Niaei, S. Akbari, S. Aber, N. Kazemian, Global NEST Journal,  
        9, 132-136 (2007). 
  [7] V. S. Desai, M. Kowshik, Research Journal of Microbiology, 4(3), 97-103 (2009). 
  [8] G. Gogniat, S. Dukan, Applied and Environmental Microbiology, 73(23), 7740-7743 (2007).  
  [9] D. Gumy, C. Morais, P. Bowen, C. Pulgarin, S. Giraldo, R. Hajdu, J. Kiwi, Appl. Catal.,  
       B, 63, 76-84 (2006). 
[10] Hammel K. E., A. N. Kapich, K. A. Jensen, Z. C. Ryan, Enzyme and Microbial Technology,  
       30(4), 445-453 (2002). 
[11] K. Hashimoto, H. Irie, A. Fujishima, Jpn. J. Appl. Phys., 4, 8269-8285 (2005). 



17 
 

 

[12] C. He, Y. Xiong, X. Zhu, X. Li, Appl. Catal., A, 275, 55-60 (2004). 
[13] J. M. Herrmann, Top Catal., 14 (1-4), 48-65 (2005).  
[14] Z. Huang, P. C. Maness, D. M. Blake, E. J. Wolfrum, S. L. Smolinksi, W. A. Jacoby, J.  
        Photochem. Photobiol., A, 130, 163-170 (2000). 
[15] J. C. Ireland, P. Klostermann, E. W. Rice, R. M. Clark, Applied and Environmental  
       Microbiology, 59 (5), 1668-1670 (1993). 
[16] A. R. Khataee, H. Aleboyeh, A. Aleboyeh, Journal of Experimental Nanoscience,  
        4(2), 121-137 (2009). 
[17] W. Kraus, G. Nolze. PowderCell for Windows (Version 2.4). Federal Institute for materials  
        Research and Testing Rudower Chanssee 5, 12489, Berlin, Germany. 
[18] K. P. Kuhn, I. F. Chaberny, K. Masholder, M. Stickler, V. W. Benz, H. G. Sonntag, 
        L. Erdinger, Chemosphere, 53(1), 71-77 (2003). 
[19] A. Makowski, W. Wardas, Current Topics in Biophysics, 25(1), 19-25 (2001). 
[20] S. Malato, J. Blanco, A. Vidal, C. Richter, Appl. Catal. B, 37, 1-15 (2002). 
[21] S. Malato, J. Blanco, D. C. Alarcón, M. I. Maldonado, P. Fernández, W. Gernjak, Catalysis  
       Today, 122, 137-149 (2007). 
[22] C. Maneerat, Y. Hayata, International Journal of Food Microbiology, 107, 99-103 (2006). 
[23] P.-C. Maness, S. Smolinski, D. M. Blake, Z. Huang, E. J. Wolfrum, W. A. Jacoby, Applied  
        and Environmental Microbiology, 65, 4094-4098 (1999). 
[24] A. Markowska-Szczupaka, K. Ulfig, A. W. Morawski, Catalysis Today, 69, 249-257 (2011). 
[25] T. Matsunaga, R. Tomoda, T. Nakajima, H. Wake,  FEMS, Microbiology Letters  

29 (1–2), 211-214 (1985). 
[26] D. Mitoraj, A. Janczyk, M. Strus, H. Kisch, G. Stochel, P. B. Heczko, W. Macyk,  
        Photochemical and Photobiological Sciences, 6, 642-648 (2007). 
[27] M. Niederberger, M. H. Bartl, G. D. Stucky, Chem. Mater., 14(10), 4364-4370 (2002). 
[28] M. Niederberger, G. Garnweitner, Chemistry - A European Journal,  

12 (28), 7282-7302 (2006). 
[29] A. Rahmani R., M. R. Samarghandi, M. T. Samadi, F. Nazemi, J. Res. Health Sci.,  

9 (1), 1-6 (2009). 
[30] A. G. Rincón, C. Pulgarin, Appl. Catal., B, 4, 99-112 (2004). 
[31] A. G. Rincón, C. Pulgarin, Catalysis Today, 101, 331-334 (2005). 
[32] T. Saito, T. Iwase, T. Morioka, J. Photochem. Photobiol., B, 14, 369-379 (1992). 
[33] J. C. Sjogren, R. A. Sierka, Appl. Environ. Microbiol., 60, 344-347 (1994). 
[34] C. Srinivasan, N. Somasundaram, Current Science, 85, (10), 1431-1438 (2003). 
[35] A. Stoyanova, M. Sredkova, A. Bachvarova-Nedelcheva, R. Iordanova, Y. Dimitriev,  
        H. Hitkova, Tz. Iliev, Optoelectronics and advanced materials–rapid communications,  

4 (12), 2059-2063 (2010). 
[36] D. D. Sun, J. H. Tay, K. M. Tan, 37 (14), 3452–3462 (2003). 
[37] K. Sunada, T. Watanabe, K. Hashimoto, J. Photochem. Photobiol. A, 156, 227-233 (2003). 
[38] R.Van Grieken, J. Maguran, C. Pablos, L. Furones, A. Lуpez, Appl. Catal. B,  
        100, 212-220 (2010). 
[39] M. Vijay, V. Selvarajan, P. V. Ananthapadmanabhan, K. P. Sreekumar, V. Stengl and  
        F. Bondioli, Journal of Physics, Conference Series: 208/ 012143 (2010). 
[40] R. J. Watts, S. Kong, M. P. Orr, G. C. Miller, B. E. Henry, Water Research, 
        29, 95-100 (1995). 
[41] C. Wei, W.-Y. Lin, Z. Zainal, N. E. Williams, K. Zhu, A. P. Kruzic, R. L. Smith,  
        K. Rajeshwar, Environmental Science and Technology, 28 (5), 934-938 (1994). 
[42] E. J. Wolfrum, J. Huang, D. M. Blake, P.-C. Maness, Z. Huang, J. Fiest, Environ. Sci.  
       Technol., 36, 3412-3419 (2002). 
[43] J. C. Yu, H. Y. Tang, J. Yu , H. C. Chan, L. Zhang, Y. Xie, H. Wang, S. P. Wong, J.  
        Photochem. Photobiol. A, 153, 21-219 (2002). 
[44] J. Zhu, J.Yang, Z-F.Bian, J.Ren, Y-M.Liu, Y.Cao, H-X.Li, H-Y.He, K-N. Fan, Appl. Catal.,  
       B, 76, 82 (2007). 


