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Abstract: The use of conventional disinfection products and methods in drinking water
treatment continue to fail in many undeveloped countries. Those applications need to be re-
evaluated and innovative approaches to be considered to enhance the reliability and robustness
of disinfection while avoiding disinfection byproducts (DBPs) formation. The rapid growth in
nanotechnology has prompted significant interest in the environmental applications of
nanoparticles (NPs). In order to understand the antibacterial effect of NPs, Staphylococcus
aureus treated with TiOz2, SiO2 and Ag NPs were studied under ambient conditions. The results
indicated that the most bactericidal effect with specific die-off rates of 0,003 L/mg (TiO2 NPs)
and 0,002 L/mg (Ag NPs) were defined in the absence and the presence of photoactivation,
respectively. Moreover, as ionic strength of the test media increases from 10 to 100 mM, NP-
NP and NP-bacteria interactions were negatively affected.
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Introduction

Among many pathogenic bacteria, Gram (+) Staphylococcus aureus are highly infectious and are commonly cause
skin, bone and joint infections, and gastrointestinal illness in humans (Lowy 1998, Kadariya 2014). To overcome
the potential serious consequences of those infectious pathogens, new technologies and materials for disinfection
purposes have been proposed (Hu 2006, Parnia 2009, Oliveira 2014). The conventional disinfectants (i.e. chlorine,
ozone, chlorine dioxide and chloramines) known to produce carcinogenic disinfection byproducts (DBPs)
(Nieuwenhuijsen 2000, Krasner 2009). Advanced oxidation processes (AOPs) can be applied to reduce the
formation of DBPs, to inactivate water pathogens and to mineralize the refractory organic compounds (Chong
2010). Among these AOPs, photocatalytic nanoparticle (TiO,, ZnO, Fe,Os, etc. NPs employing systems have been
highly effective on disinfecting the pathogenic bacteria. Matsunaga et al. (1985) reported for the first time that
TiO; photocatalyst could kill bacterial cells in water by UV illumination, which could generate reactive oxygen
species (ROS) in water medium. Since then, numerous photocatalytic disinfection studies under UV light (Wei
1994, Christensen 2003, Gogniat 2006, Bonetta 2013) and fewer studies under solar light (Hu 2007, Helali 2014)
using TiO; photocatalyst studies have been reported. In addition to those studies, TiO, NPs (Shah 2008, Xing
2012, Barnes 2013), TiO; thin films (Kambala 2009), Ni doped TiO» NPs (Yadav 2014), Fe doped Ti-CNTs (Latif
2014), Ce,03/ TiO, composites (Hassan 2012), Ag doped TiO, NPs (Kowal 2011), and A1,O3-TiO»-Ag composites
(Tartanson 2014) Ag-SiO, composite films (Lei 2014), Ag-SiO; particles (Sotiriou 2010), and polymer coated Ag
NPs (Vukoje 2014), and nano-Ag ions (Feng 2000, Kim 2007, Jung 2008, Sotiriou 2010) were employed to
inactivate S. aureus and other pathogenic bacteria.

The objective of this study was to evaluate the disinfection efficiency of TiO,, SiO, and Ag NPs on Gram (+) S.
aureus. Batch experiments were conducted to determine (a) the most antibacterial NP concentrations, (b) the effect
of water chemistry on the antibacterial activity of NPs, and (c) the effect of both absence and presence of light on
the inactivation of bacteria.

Materials and Methods

Culture of microorganisms: The Gram (+) Staphylococcus aureus (ATCC 43300) were cultivated in 100 mL
of Luria-Bertani (LB) broth at 37°C on a rotary shaker (150 rpm) for 18 h. The cultures with an initial
population of 10°£10> CFU mL"! were used in the experiments.

Nanoparticles: Commercially obtained TiO,, SiO, and Ag NPs were used in the experiments (Table 1). A 1000

mg/L stock suspension for each NP was prepared in 0, 10, 50 and 100 mM of deionized water using Na,HPO4,
KH,PO4, NH4Cl, and NaCl immediately before the experiments. The final concentrations of 10, 100 and 500 mg
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L' NPs were prepared by serially diluting of the stock suspensions having different ionic strength. All experiments
were conducted in continuously shaken aqueous slurry solutions to ensure mixing and to prevent settling of the
NPs. The bacteria were added to the suspensions immediately prior to the disinfection runs.

Table 1. Nanoparticles used in the experiments.

Nanoparticle Particle Size Surface Area Physical
(nm) (BET, m’g™") appearance
Ti0; (Anatase) 32 45 White powder
SiO, 10-20 NA White powder
n-Ag 20 -40 NA Black powder

Exposure experiments: To determine the effect of particle concentration and ionic strength of the solutions on
the survival of bacteria, dose-response experiments were conducted. Forty five mLs of NP solutions and 5 mL of
bacteria prepared in 0, 10, 50 and 100 mM sterile test media were added to each beaker to make initial NP
concentrations of 0, 10, 100, and 500 mg L"'. Four artificial light sources (color temperature of 4300 K, and total
light intensity of 7000 lux), mimicking the spectrum of natural solar light, were placed 30 cm above the orbital
shaker to produce light intensity of 2.1 W cm™. The temperature inside the cabinet was maintained at 25.0 = 1.5°C.
The shaker was set to mix at 150 rpm throughout all experiments. All antibacterial tests were triplicated in presence
and absence of light lasted 1 h.

End point test: The numbers of viable cells were determined by LB agar plating. The plates were incubated at
37°C for 24 h, and then the colony counting was done using Lassany model digital colony counter. The survival
fractions (N/Ny) and the specific die-off rates (k', Eq 1) (Erdem 2015) were calculated by the following equation:

—In(N/Ng)

k' (L mg™) = -

(Eq 1)
where Ny (CFU, colony forming unit) is the population of the control cultures, N (CFU) is the population of the
NP exposed cultures after 1 h in presence and absence of light, and C (mg L) is the NP concentration.

Results and Discussion

Nanoparticle characterization:

Particle size, surface area and zeta potential of the NPs were measured NP characterization results are shown in
Table 2. Primary particle size results show the measured particle size directly sampled from the box. Nano-TiO,
primary particle sizes measured by DLS were smaller than the measurement given by the manufacturer, whereas
nano-SiO, primary particle sizes were bigger than that of the given size. Ag NPs showed an average size value of
the primary particle size. It is clearly noted that the water chemistry of the test media affects the NP size. When
10 mM test media was used, the average particle sizes showed a 10 - 15% increase. This result is also confirmed
with the SEM images of TiO,, SiO, and Ag NPs that the NP aggregation in test media and NP particle sizes in
pm range were observed (Figure 1). The obtained surface areas were inversely correlated to the particle sizes as
expected. Zeta potential results showed that the NPs were negatively charged and were not stable in the test media.

Table 2. Characterization results of the TiO,, SiO, and Ag nanoparticles used in the experiments.

TiOz SiOz n-Ag
Primary Particle Size by DLS (nm) 26.4 27.7 30.9
Primary Surface Area (BET, m’g™!) 176.34 103.72 92.16
Zeta Potential at pH 6.5 (mV) -20.3 -17.2 -11.1
Particle Size by DLS (nm) (10 mM, pH 6.5) 287+25 421+19 342438

EHT Hag = K —y

Figure 1. SEM imangz, Siz and Ag nanoparticles.
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Effect of nanoparticle concentration and light:

Four different TiO,, SiO; and Ag NP concentrations (10, 100, 500 and 1000 mgL™'), dark and light (light intensity:
2.1 W cm?) conditions were used to evaluate the effect of NP concentrations and light on the survival of S. aureus.
The results given in Table 3 show that regardless of NP type, the mortality rate of the bacteria increased when both
NP concentrations increased and changing the light condition from dark to light, especially when 10 mM ionic
strength of test media was used. The most effective antibacterial NP concentration in presence of light was
confirmed as 1000 mg L' of TiO,. In absence of light, when NP concentration increased, the most increase in
mortality rates were observed as 57 % (500 mg L), 47 % (500 mg L") and 40% (1000 mg L*!) in TiO,, n-Ag and
SiO, NP setups, respectively. The effects of SiO, NPs on bacterial viability were as low as 40 and 56% in absence
and presence of light, respectively. TiO> NPs were more effective on the S. aureus bacteria than n-Ag and SiO,
NPs in both absence and presence of light.

Table 3. The effect of nanoparticle concentration on the survival of S. aureus in absence and presence of light.
(Ionic strength: 10 mM, light intensity: 2.1 W cm™)

. Death (%)
N e TiO, S0, Nano-Ag
Dark Light Dark Light Dark Light
10 13 75 32 33 32 41
100 45 57 27 30 34 49
500 57 76 23 52 47 75
1000 47 93 40 56 32 47

The survival ratios (N/Ny) of the S. aureus treated with TiO,, SiO, and Ag NPs under dark (a) and light (b)
conditions are depicted in Figure 2. At each concentration of NPs, k' was determined by Eq 1 for both dark/light
conditions and ionic strength condition. k' values were averaged (k'ae), where lower k'ye value means higher
antibacterial effect. In absence of light, the lowest k', values of TiO,, SiO, and n-Ag NPs were calculated as
0.003 L mg™!' (0 mM), 0.010 L mg™! (10 mM) and 0.004 L mg™' (50 mM), respectively. The lowest &'y values of
0.004 L mg™!' (50 mM), 0.010 L mg™' (100 mM) and 0.002 L mg™! (10 mM) were calculated when bacteria were
exposed to TiO», SiO; and n-Ag NPs, respectively. The results in Figure 2 show that S. aureus was sensitive when
lower ionic strength media was used in absence of light. Higher bacterial sensitivity in absence of light may be
linked to the release of metal ions or NP-specific mechanisms (Cumberland 2009; Gottschalk 2011; Dobias 2013).

Figure 2. The effect of ionic strength and TiO», SiO, and Ag nanoparticle concentrations on S. aureus under
dark (a) and light (b) conditions.
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Figure 2 also shows the curve fits obtained from the calculated survival fractions. In order to implement those
values, experimentally verified ks values were used in Eq 1 and then the calculated survival fractions were
estimated. R? values were presented in order to correspond the curve fits with experimental results. Highest
correspondence (R? = 0.9194) was observed when S. aureus was exposed to TiO2 NPs under dark, while lowest
correspondence (R? = 0.5625) was observed when SiO, NPs were employed. In presence of light, lowest R? value
of 0.4626 was calculated from bacteria- SiO2 NPs reactions and highest R? value of 0.9563 was observed when S.
aureus was exposed to nano-Ag particles.

Conclusion

In order to define the factors promoting the disinfection of the S. aureus specific die-off rates (k') of the NPs were
calculated and were used in this study. It was clearly revealed that TiO,, SiO, and Ag NPs promoted the
inactivation of S. aureus in both absence and presence of light conditions. The bacteria showed higher sensitivity
to TiO, and Ag NPs than SiO, NPs respectively. The SEM images confirmed that the aggregation/agglomeration
of the NPs in test media with different ionic strengths negates the antibacterial activity of the NPs. Therefore,
effect of water chemistry on dispersion and retention of NPs needed to be considered. Moreover due to the
conduction of the experiments in a relatively clean laboratory conditions, the sustainability of antimicrobial
activities of NPs in natural or waste water need to be clarified. Therefore, more research should be conducted to
further assess the applicability and sustainability of NPs in disinfection processes.

References

Barnes, R., Molina, R, Xu, JB, Dobson, PJ, Thompson, IP (2013). "Comparison of TiO2 and ZnO nanoparticles for
photocatalytic degradation of methylene blue and the correlated inactivation of gram-positive and gram-negative
bacteria." J Nanopart Res 15(2): 1432.

Bonetta, S., Bonetta, S, Motta, F, Strini, A, Carraro, E. (2013). "Photocatalytic bacterial inactivation by TiO2-coated
surfaces." AMB Express 3(59): 8 pages.

Chong, M., Jin, B, Chow, CWK, Saint, C (2010). "Recent developments in photocatalytic water treatment technology:
A review." Water Res 44: 2997-3027.

Christensen, P., Curtis, TP, Egerton, TA, Kosa, SAM, Tinlin, JR (2003). "Photoelectrocatalytic and photocatalytic
disinfection of E. coli suspensions by titanium dioxide " Appl Cat B 41: 376-386.

Feng, Q., Wu, J, Chen, G, Cui, F, Kim, T, Kim, J (2000). " A mechanistic study of the antibacterial effect of silver ions
on Escherichia coli and Staphylococcus aureus." J Biomed Mater Res 52: 662-668.

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 Let 258(1): 18-24.

Hassan, M., Amna, T, Al-Deyab, SS, Kim, HC, Oh, TH, Khil, MS (2012). "Toxicity of Ce203/TiO2 composite nanofibers
against S. aureus and S. typhimurium: A novel electrospun material for disinfection of food pathogens." Colloids
and Surfaces A 415 268-273.

Helali, S., Polo-Lopez, MI, Fernandez-Ibanez, P, Ohtani, B, Amanoc, F, Malato, S, Guillard, C (2014). "Solar
photocatalysis: A green technology for E. coli contaminated water disinfection. Effect of concentration and
different types of suspended catalyst." J Photochem Photobiol A: Chem 276: 31-40.

Hu, C., Guo, J, Qu, J, Hu, X. (2007). "Photocatalytic degradation of pathogenic bacteria with Agl/TiO> under visible
light irradiation." Langmuir 23: 4982-4987.

Hu, C., Hu, X, Guo, J, Qu, J. (2006). "Efficient destruction of pathogenic bacteria with NiO/ SrBi.O4under visible light
irradiation." Environ. Sci. Technol. 40: 5508-5513.

Jung, W., Koo, H, Kim, K, Shin, S, Kim, S, Park, Y (2008). "Antibacterial activity and mechanism of action of the silver
ion in Staphylococcus aureus and Escherichia coli." Appl Environ Microbiol 74: 2171-2178.

Kadariya, J., Smith, TC, Thapaliya, D (2014). "Staphylococcus aureus and Staphylococcal Food-Borne Disease: An
Ongoing Challenge in Public Health." BioMed Research International 2014(Article ID 827965): 9 pages.
Kambala, V., Naidu, R (2009). "Disinfection Studies on TiO2 Thin Films Prepared by a Sol-Gel Method." J Biomed

Nanotechnol 5(1): 121-129.

Kim, J., Kuk, E, Yu, K, Kim, J, Park, S, Lee, H, Kim, S, Park, Y, Park, Y, Hwang, C, Kim, Y, Lee, Y, Jeong, D, Cho,
M (2007). "Antimicrobial effects of silver nanoparticles." Nanomed Nanotechnol 3: 95-101.

Kowal, K., Wysocka-Krol, K, Kopaczynska, M, Dworniczek, E, Franiczek, R, Wawrzynska, M, Vargova, M, Zahoran,
M, Rakovsky, E, Kus, P (2011). "In situ photoexcitation of silver-doped titania nanopowders for activity against
bacteria and yeasts." J Colloid Interface Sci 362 (1): 50-57.

Krasner, S. (2009). "The formation and control of emerging disinfection by-products of health concern." Phil. Trans. R.
Soc. A 367: 4077-4095.

Latif, W., Qazi, IA, Hashmi, I, Arshad, M, Nasir, H, Habib, A (2014). "Novel Method for Preparation of Pure and Iron-
Doped Titania Nanotube Coated Wood Surfaces to Disinfect Airborne Bacterial Species Pseudomonas
aeruginosa and Staphylococcus aureus." Environ Eng Sci 31(12): 681-688.

Lei, L., Liu, X,Yin, YQ, Sun, Y, Yu, M, Shang, J (2014). "Antibacterial Ag-SiO2 composite films synthesized by pulsed
laser deposition." Materials Lett 130: 79-82.

www.tojsat.net Copyright © The Online Journal of Science and Technology 54



T .“J SAT The Online Journal of Science and Technology - April 2017  Volume 7, Issue 2

The Online Journal tf Science and Technology

Li, Q., Mahendra, S, Lyon, DY, Brunet, L, Liga, MV, Li, D, Alvarez, PJJ (2008). "Antimicrobial nanomaterials for water
disinfection and microbial control: Potential applications and implications." Water Research 42 4591-4602.

Lowy, F. (1998). "Medical progress: Staphylococcus aureus infections." The New England Journal of Medicine 339(8):
520-532.

Matsunaga, T., Tomoda, R, Nakajima, T, Wake, H. (1985). "Photoelectrochemical sterilization of microbial cells by
semiconductor powders." FEMS Microbiol. Lett. 29 211-214.

Nieuwenhuijsen, M., Toledano, MB, Eaton,NE, Fawell, J, Elliott, P. (2000). "Chlorination disinfection byproducts in
water and their association with adverse reproductive outcomes: a review." Occup Environ Med 57: 73-85.

Oliveira, P., Souza, SG, Campos, GB, da Silva, DCC, Sousa, DS, Araujo, SPF, Ferreira, LP, Santos, VM, Amorim, AT,
Santos, AMOG, Timenetsky, J, Cruz, MP, Yatsuda, R, Marques, LM. (2014). "Isolation, pathogenicity and
disinfection of Staphylococcus aureus carried by insects in two public hospitals of Vitéria da Conquista, Bahia,
Brazil." Braz J Infect Dis 18(2): 129-136.

Parnia, F., Hafezeqoran, A, Moslehifard, E, Mahboub, F, Nahaei, M, Dibavar, MA. (2009). "Effect of Different
Disinfectants on Staphylococcus aureus and Candida albicans Transferred to Alginate and Polyvinylsiloxane
Impression Materials " Journal of Dental Research, Dental Clinics, Dental Prospects 3(4): 122-125.

Shah, R., Kaewgun, S, Lee, BI, Tzeng, TRJ (2008). "The Antibacterial Effects of Biphasic Brookite-Anatase Titanium
Dioxide Nanoparticles on Multiple-Drug-Resistant Staphylococcus aureus." J Biomed Nanotechnol 4(3): 339-
348.

Sotiriou, G., Pratsinis, SE (2010). "Antibacterial Activity of Nanosilver lons and Particles." Environ Sci Technol 44(14):
5649-5654.

Tartanson, M., Soussan, L, Rivallin, M, Chis, C, Penaranda, D, Lapergue, R, Calmels, P, Faur, C (2014). "A new silver
based composite material for SPA water disinfection." Water Res 63: 135-146.

Vukoje, 1., Dzunuzovic, ES, Vodnik, VV, Dimitrijevic, S, Ahrenkiel, SP, Nedeljkovic, JM (2014). "Synthesis,
characterization, and antimicrobial activity of poly(GMA-co-EGDMA) polymer decorated with silver
nanoparticles." J Materials Sci 49(19 ): 6838-6844.

Wei, C., Lin, WY, Zainal, Z, Williams, NE, Zhu, K, Kruzic, AP, Smith, RL, Rajeshwar, K. (1994). "Bactericidal activity
of TiO2 photocatalyst in aqueous media: toward a solar-assisted water disinfection system." Environ. Sci.
Technol. 28 934-938.

Xing, Y., Li, XH, Zhang, L, Xu, QL, Che, ZM, Li, WL, Bai, YM, Li, K (2012). "Effect of TiO2 nanoparticles on the
antibacterial and physical properties of polyethylene-based film." Prog Org Coatings 73 (2-3): 219-224.
Yadav, H., Otari, SV, Bohara, RA, Mali, SS, Pawar, SH, Delekar, SD (2014). "Synthesis and visible light photocatalytic
antibacterial activity of nickel-doped TiO: nanoparticles against Gram-positive and Gram-negative bacteria." J

Photochem Photobiol: A Chem 294 130-136.

www.tojsat.net Copyright © The Online Journal of Science and Technology 55



	FACTORS PROMOTING STAPHYLOCOCCUS AUERUS DISINFECTION BY TiO2, SiO2 AND AG NANOPARTICLES



