
RESEARCH PAPER

Comparison of TiO2 and ZnO nanoparticles
for photocatalytic degradation of methylene blue
and the correlated inactivation of gram-positive
and gram-negative bacteria

Robert J. Barnes • Rodrigo Molina • Jianbin Xu •

Peter J. Dobson • Ian P. Thompson

Received: 25 July 2012 / Accepted: 11 January 2013 / Published online: 22 January 2013

� Springer Science+Business Media Dordrecht 2013

Abstract Titanium dioxide (TiO2) and zinc oxide

(ZnO) nanoparticles are important photocatalysts and

as such have been extensively studied for the removal

of organic compounds from contaminated air and

water and for microbial disinfection. Despite much

research on the effect of TiO2 and ZnO nanoparticles

on different bacterial species, uncertainties remain

about which bacteria are more sensitive to these

compounds. Very few studies have directly compared

the toxicity of ZnO to TiO2 under both light and dark

conditions. In addition, authors investigating the

photocatalytic inactivation of TiO2 and ZnO nanopar-

ticles on bacteria have failed to investigate the reactive

oxygen species (ROS) generation of the nanoparticles,

making it difficult to correlate killing action with the

generation of ROS. In this study, three types of metal

nanoparticle (ZnO \ 50 nm, ZnO \ 100 nm and

TiO2) have been characterised and ROS production

assessed through the degradation of methylene blue

(MB). The photocatalytic killing potential of three

nanoparticle concentrations (0.01, 0.1 and 1 g/L) was

then assessed on four representative bacteria: two

gram-positive (S. aureus and B. subtilis) and two

gram-negative (E. coli and P. aeruginosa). Results

showed that out of the three nanoparticles tested, the

TiO2 nanoparticles generated more ROS than the ZnO

nanoparticles, corresponding to a greater photocata-

lytic inactivation of three of the four species of

bacteria examined. The MB decomposition results

correlated well with the bacterial inactivation results

with higher TiO2 nanoparticle concentrations leading

to greater ROS production and increased loss of cell

viability. Although producing less ROS than the TiO2

nanoparticles under ultraviolet light, the ZnO nano-

particles were toxic to two of the bacterial species

even under dark conditions. In this study, no correla-

tion between cell wall type and bacterial inactivation

was observed for any of the nanoparticles tested

although both gram-positive bacteria were sensitive to

ROS production. P. aeruginosa cells were resistant to

all types of treatment and highlight a potential

limitation to the application of these nanoparticles

for water treatment.
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Introduction

Nanoscale titanium dioxide (TiO2) and zinc oxide

(ZnO) particles have global importance as opacifiers,
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absorbers of ultraviolet (UV) light and broad scale use

as pigments in paints, plastics, paper coatings and sun-

screen lotions. Both of these materials are important

photocatalysts and as such have been extensively

studied for the removal of organic compounds from

contaminated air and water and for microbial disin-

fection (Hoffmann et al. 1995; Byrne et al. 1998;

Gaswami et al. 1997; Wei et al. 1994; Muggli and

Ding 2001; Fu et al. 2005; Maness et al. 1999; Adams

et al. 2006; Hariharan 2006).

When a TiO2 or ZnO photocatalyst is irradiated

with light of energy greater than or equal to its band

gap, electron–hole pairs are generated that induce

redox reactions at its surface. Through the reduction of

oxygen by electrons and oxidation of water or

hydroxide ions by photogenerated holes, this photo-

catalytic reaction gives rise to reactive oxygen species

(ROS), including hydroxyl radicals, hydrogen perox-

ide and superoxide ions (Linsebigler et al. 1995;

Maness et al. 1999). Since ZnO has almost the same

band gap energy as TiO2, their photocatalytic capacity

is anticipated to be similar. However, in the case of

ZnO, photocorrosion frequently occurs with the illu-

mination of UV light, leading to a decrease of

photocatalytic activity in aqueous solutions (Hariha-

ran 2006).

The ROS generated by TiO2 and ZnO nanoparticles

may oxidise organic contaminants, and can cause fatal

damage to microorganisms by disrupting or damaging

various cell functions or structures (Maness et al.

1999; Jacoby et al. 1998; Legrini et al. 1993;

Linsebigler et al. 1995). For a contaminant or cell in

contact with the TiO2 or ZnO photocatalyst surface,

there may also be direct electron or hole transfer

(Blake et al. 1999). Upon their production on the

nanoparticle surface, both hydroxyl radicals and

superoxide ions interact immediately with the outer

surface of the organism. This can result in cell wall

damage and subsequent peroxidation of the polyun-

saturated phospholipid component of the lipid mem-

brane (Maness et al. 1999). However, if the

nanoparticles are small enough to penetrate the cell,

these processes may occur internally. Compared to

hydroxyl radicals and superoxide ions, hydrogen

peroxide is less detrimental. However, hydrogen

peroxide can enter the cell and be activated by ferrous

ion via the Fenton reaction, leading to the production

of the more damaging hydroxyl radicals (Blake et al.

1999). Since the initial actions of these ROS target the

outer surface of a cell, the rigidity and chemical

arrangements of their surface structure will determine

how effectively the photocatalytic disinfection pro-

cess functions (Blake et al. 1999).

Despite much research on the effect of TiO2 and

ZnO nanoparticles on different bacterial species,

uncertainties remain about which bacteria are more

sensitive to these compounds. Some authors have

reported an equal inactivation of both gram-positive

and gram-negative bacteria in the presence of irradi-

ated TiO2 nanoparticles (Tsuang et al. 2008). How-

ever, some authors have reported that gram-positive

bacteria are less sensitive due to their ability to form

spores (Wei et al. 1994; Rincon and Pulgarin 2005),

whilst others have found contradictory results (Adams

et al. 2006; Fu et al. 2005). There is also uncertainty

about the toxicity of TiO2 nanoparticles to bacteria

when not irradiated by UV light. Some authors have

observed that cell death occurs in the dark (Adams

et al. 2006), whereas other authors have found the

nanoparticles to be harmless under this condition

(Jones et al. 2008; Tsuang et al. 2008; Jiang et al.

2009). However, all authors agree that bacterial

inactivation by TiO2 nanoparticles is enhanced under

UV illumination. ZnO has been shown to exhibit

strong antibacterial activities on a broad range of

bacteria (Liu et al. 2009; Sawai 2003; Adams et al.

2006; Jones et al. 2008; Huang et al. 2008; Tayel et al.

2011). Although the photocatalytic generation of ROS

is considered to be one of the primary mechanisms of

ZnO nanoparticle toxicity, a number of authors have

shown these particles are toxic to bacterial cells under

dark conditions (Tayel et al. 2011; Jiang et al. 2009;

Adams et al. 2006). This suggests that penetration of

the cell envelope and disorganisation of bacterial

membrane is also likely to be a major contributing

factor (Padmavathy and Vijayaraghavan 2008; Bray-

ner et al. 2006; Liu et al. 2009; Huang et al. 2008). In

addition, the toxic role of Zn2? ions released from

dissolution of ZnO is not clear. As with TiO2,

uncertainties remain on the sensitivity of different

bacteria to ZnO nanoparticles. Some authors have

shown an equal inactivation of gram-positive and

gram-negative bacteria when employing ZnO nano-

particles (Jiang et al. 2009). However, it should be

noted that in the study by Jiang et al., gram-positive

bacteria were more sensitive than the gram-negative

bacteria to bulk ZnO. The greater sensitivity of gram-

positive bacteria to ZnO nanoparticles in comparison
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to gram-negative bacteria has been commonly

observed (Tayel et al. 2011; Sawai et al. 1995; Adams

et al. 2006; Premanathan et al. 2011). Loss of viability

has also correlated strongly with ZnO nanoparticle

concentration (Adams et al. 2006; Liu et al. 2009).

Very few studies have directly compared the toxicity

of ZnO to TiO2 under both light and dark conditions.

Under only dark conditions, Jiang et al. 2009 reported

that ZnO nanoparticles were more toxic than TiO2

nanoparticles for all three bacteria studied. A study by

Adams et al. 2006, showed a more complex scenario

with toxicity being dependent on bacterial species.

Under dark conditions, ZnO nanoparticles were more

toxic to B. subtilis than TiO2 nanoparticles, but the

reverse was seen for E. coli. Under light conditions,

the ZnO remained more toxic than the TiO2 to the B.

subtilis, but the TiO2 and ZnO were of similar toxicity

to E.coli. The concentration of nanoparticles was also

seen to affect cell toxicity, where under light condi-

tions a higher TiO2 concentration of nanoparticles was

required in comparison to ZnO for equal inactivation

(Adams et al. 2006).

Contradictory results are likely a reflection of differing

methodologies (e.g. exposure time and method, bacterial

species, nanoparticle manufacturer, nanoparticle size,

concentration of bacteria and nanoparticles, UV intensity

and inhibition of growth vs. toxicity).

Previously, authors investigating the photocatalytic

inactivation of TiO2 and ZnO nanoparticles on bacteria

have failed to investigate the ROS generation of the

particles. This makes it difficult to correlate killing action

with generation of ROS. ROS generation of photocata-

lytic nanoparticles is commonly assessed through the

photodecomposition of methylene blue (MB) (Lakshmi

et al. 1995; Xu et al. 1999; Kwon et al. 2004), although

other methods have also been used (Qamar and Muneer

2009). Positive correlation between the degradation of

methylene blue and inactivation of bacterial species is

expected as the formation of hydroxyl radicals under UV

illumination have been proposed as the dominant ROS

responsible for both the photocatalytic degradation of

organic compounds (Turchi and Ollis 1990) and the

inactivation of bacterial cells (Cho et al. 2004).

The aim of this study was to characterise three types

of metal oxide nanoparticle [ZnO \50 nm (ZnO50),

ZnO \100 nm (ZnO100) and TiO2] and to compare

ROS production under UV activation (365 nm)

through the degradation of MB. The photocatalytic

inactivation potential of these nanoparticles was then

assessed on four representative bacteria: two gram-

positive (S. aureus and B. subtilis) and two gram-

negative (E. coli and P. aeruginosa).

Materials and methods

Reagents

The TiO2 nanoparticles (P25 formulation) were man-

ufactured by Degussa Chemical Company (Germany).

The ZnO nanoparticles (ZnO50 and ZnO100) and

phosphate-buffered saline (PBS) (0.01 M, pH 7.4)

were purchased from Sigma-Aldrich (Gillingham,

UK). The MB powder was purchased from Fisher

Scientific (Loughborough, UK).

Analytical techniques

X-ray diffraction (XRD) analysis was carried out

using a fully automated Siemens D5000 powder

diffractometer employing copper k-alpha radiation

(wavelength = 0.15406 nm) and a secondary mono-

chromator. The sample was continuously spun during

data collection and was scanned using a step size of

0.05 degrees two theta between the range of 20–80�
two theta and a count time of 12 s per step. A generator

voltage of 40 kV and tube current of 40 mA was used

for the data acquisition. Siemens Diffrac plus (EVA

version 8.0) software was used to display diffracto-

grams and to identify the constituents.

High resolution transmission electron microscope

(HRTEM) images were obtained using a JEOL 2010

HRTEM operating at 200 kV.

Zeta potential of suspended nanoparticles was

determined using a Zetasizer Nano ZS (Malvern

Instruments Ltd., Malvern, UK). Measurements were

performed in triplicate at 25 �C with an equilibration

time of 1 min in disposable capillary cells (Malvern

Instruments Ltd., Malvern, UK) in an automatic mode.

Particle size distribution was measured using a CPS

Disc Centrifuge (Model DC24000, CPS Instruments,

Inc.), operated at a speed of 18500 rpm. A sucrose

gradient was injected into the spinning disc using

24 % (w/v) and 8 % (w/v) sucrose solutions and

subsequently sealed by injecting 0.5 ml of dodecane.

A polyvinyl chloride (PVC) standard of 0.377 lm in

deionised water solution was used for calibration.
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BET specific surface area was measured by the

nitrogen adsorption method (5 point isotherm) using a

Micrometrics Gemini VI Surface Area and Pore Size

Analyzer.

MB concentration was calculated according to the

absorption at 630 nm measured by a microplate reader

(Synergy HT, BioTek, USA). The extinction coeffi-

cient of MB at 630 nm was determined by a serial

dilution of standards with known concentrations.

Preparation of bacterial cells

Liquid cultures of Escherichia coli (NCTC 10418) and

Bacillus subtilis (NCTC 10400) were grown aerobi-

cally in nutrient broth (Oxoid) at 37 �C on a rotatory

platform at 120 rpm for 24 h. Liquid cultures of

Pseudomonas aeruginosa (NCTC 12934) and Staph-

ylococcus aureus (NCTC 12981) were grown aerobi-

cally in tryptone soya broth (Oxoid) under the same

conditions. Bacteria were harvested by centrifugation

at 3,0639g for 30 min, washed twice in sterile

phosphate-buffered saline (PBS) (pH 7.4) and resus-

pended in PBS. The bacteria concentrations for

experimental work were determined by a viable count

procedure on nutrient agar (E. coli and B. subtilis) or

tryptone soya agar (P. aeruginosa and S. aureus)

(Oxoid) plates after serial dilutions of the cultures in

PBS. Concentrations were chosen that would yield

approximately 100 bacterial colonies per plate. Stock

solutions of these bacterial concentrations (103 colony

forming units (CFU)/ml) were then made up and used

for all experimental work. This concentration of

bacterial cells has previously been reported to allow

substantial inactivation when employing UV-irradi-

ated TiO2 (Maness et al. 1999).

Experimental design

The photocatalytic experiments were carried out as

previously reported (Johnson et al. 2011). In brief,

stock aqueous TiO2 or ZnO nanoparticle suspensions

(20, 2 and 0.2 g/L in sterile deionised water) were

prepared and immediately sonicated for 1 h in the dark

before the photocatalytic reaction. 2 ml of each stock

suspension was then added to 100-ml sterile glass

beakers containing 38 ml of the relevant bacterial

suspension to give nanoparticle concentrations of

1, 0.1 and 0.01 g/L. A UV control was also set up

using 2 ml sterile deionised water in place of the

aqueous TiO2 nanoparticle suspension. All experi-

mental conditions were run in triplicate. The beakers

were placed on a magnetic stir plate with continuous

stirring (to ensure maximal mixing and to prevent

settling of the nanoparticles) and illuminated using a

UV lamp (LF-206.LS, UVIlite ultraviolet lamp, Uvi-

tec, UK) from above for 1 h, a duration similar to

previous studies (Tsuang et al. 2008; Wei et al. 1994;

Maness et al. 1999). The peak wavelength of the lamp

was 365 nm. UV light intensity was measured using a

low power photodetector (918 series, Newport, USA)

and picoammeter (model 6485, Keithley, USA). The

light intensity reaching the surface of the suspensions

was approximately 4.2 W/m2. The temperature of the

suspensions was taken at the first and last time point to

test that this parameter remained constant. A control

(no nanoparticles or UV) and dark control (1 g/L

nanoparticles without UV) were also set up. At each

time point (0, 20, 40 and 60 min), 100 ll of suspen-

sion was removed from the beaker and spread on

nutrient agar (E. coli and B. subtilis) or tryptone soya

(P. aeruginosa and S. aureus) (Oxoid). Three repli-

cates were produced for each plate. Plates were

incubated at 37 �C (±2 �C) for 24 h before counting.

The inactivation percentage was calculated by com-

paring the average CFU percentage change of the

treated solutions with that of the control (no nanopar-

ticles or UV).

Photocatalytic decomposition of methylene blue

(MB)

The photocatalytic activity of different concentrations

of TiO2 and ZnO nanoparticles was examined by their

photocatalytic decomposition of MB. The experimen-

tal design was set up as above, replacing the bacterial

suspension with MB solution (20 mg/L). At each time

point, 600 ll of suspension was removed and centri-

fuged (relative centrifugal force of 16,1109g for

10 min) to remove the nanoparticles from solution

before the absorbance was read. The concentration of

MB after photocatalytic decomposition was deter-

mined by the absorption at 630 nm. All experimental

conditions were carried out in triplicate. The percent-

age degradation was calculated by comparing the

average absorbance (600 nm) percentage change of

the treated solutions with that of the control (no

nanoparticles or UV).
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Results

Nanoparticle characterisation

Images acquired by TEM indicated that the TiO2

nanoparticles were 10–100 nm in diameter with

spherical or pseudo-spherical form (Fig. 1a). Particle

size distribution analysed by weight is presented in

Table 1. Particle agglomeration in solution caused a

significant amount ([80 %) of nanoparticles to have a

combined diameter [100 nm with a mean average

size of 368.2 nm (Table 1). The mean particle size of

metal oxide nanoparticles increasing once in suspen-

sion has been previously reported (Adams et al. 2006).

Owing to their small size, the TiO2 nanoparticles had a

BET specific surface area of 49.73 m2/g. X-ray

diffraction (XRD) analysis of the TiO2 nanoparticles

showed that the material was a mixture of phases with

a composition of 74.4 % anatase and 25.6 % rutile.

The average zeta potential of the TiO2 nanoparticles in

deionised water was -29.0, showing that these

particles are moderately unstable in aqueous suspen-

sion with flocculation observed to occur relatively

quickly.

In comparison, TEM showed that the ZnO50

nanoparticles were predominantly smaller than

50 nm in diameter with spherical or pseudo-spherical

form (Fig. 1b). However, some larger particles (or

agglomerates of ZnO nanoparticles) were observed.

Particle agglomeration in solution caused a significant

amount ([40 %) of nanoparticles to have a diame-

ter [ 100 nm with a mean average size of 133.7 nm

(Table 1). Despite being smaller than the TiO2

nanoparticles, the ZnO50 nanoparticles had a smaller

BET specific surface area of 22.58 m2/g. XRD

analysis showed a composition of 66.74 % Zincite,

ZnO and a mixture of phases, including Gahnite

ZnAl2O4/ZnO�Al2O3 and Willemite Zn2SiO4. The

average zeta potential of the ZnO50 nanoparticles in

deionised water was -10.0 mV indicating that these

particles are highly unstable in aqueous suspension at

neutral pH, with rapid flocculation occurring. TEM

images showed that the ZnO100 nanoparticles exhib-

ited spherical or pseudo-spherical form and were

predominantly smaller than 100 nm in diameter

(Fig. 1c). Particle agglomeration in solution caused a

significant amount ([90 %) of nanoparticles to have a

diameter [100 nm with a mean average size of

260.2 nm (Table 1). The ZnO100 nanoparticles had a

BET specific surface area of 12.09 m2/g. XRD

analysis of the ZnO100 nanoparticles showed a com-

position of 67.67 % Zincite, ZnO and a mixture of

phases, including Gahnite ZnAl2O4/ZnO�Al2O3 and

Willemite Zn2SiO4. The average zeta potential of the

ZnO100 nanoparticles was -22.0 mV. This result

suggested that the ZnO100 nanoparticles are more

stable in solution than the ZnO50 nanoparticles. The

colloidal stability of the ZnO nanoparticles at neutral

pH is relatively weak.

Degradation of methylene blue (MB)

The results indicate that the higher the concentration

of nanoparticle, the greater the decomposition of MB

(Table 2). The 1 g/L TiO2 nanoparticle suspension

with UV resulted in a 76 % reduction in absorbance

after 1 h, indicating that these particles generate a

large amount of ROS during UV activation. However,

Fig. 1 TEM image of a TiO2 nanoparticles—100 nm scale, b ZnO50 nanoparticles—50 nm scale, c ZnO100 nanoparticles—100 nm

scale
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it should be noted that although only one tenth the

concentration, the 0.1 g/L UV illuminated TiO2

nanoparticle suspension degraded a very similar

concentration of MB over the experimental period

(74 %). The greater amount of solids in the 1 g/L TiO2

nanoparticle suspension may therefore have increased

UV shading to the point of inhibiting photocatalytic

activity, as has been previously reported (Maness et al.

1999). The 0.01 g/L TiO2 suspension resulted in only

a small percentage reduction in MB absorbance

(22 %). The largest MB degradation occurred between

0 and 20 min (69, 55 and 16 % for the 1, 0.1 and

0.01 g/L respectively). A comparison of the ZnO

nanoparticles showed that the ZnO100 suspension

degraded a higher percentage of MB than the ZnO50

suspension for all concentrations tested (Table 2).

However, both types of ZnO nanoparticle produced a

lower amount of ROS than that of equal concentra-

tions of the TiO2 nanoparticles. There were no

significant changes in the control (no nanoparticles

and no UV), dark control and UV control MB solution

absorbance, indicating that nanoparticles not activated

with UV did not generate ROS. In addition, UV alone

did not degrade MB.

Table 1 Size distribution of particles by weight (% fraction), determined by CPS disc centrifuge

Nanoparticle

type

0–93 nm 93–142 nm 142–219 nm 219–336 nm 336–516 nm 516–793 nm 793–1874 nm Mean

average

particle

size (nm)

TiO2 13.94 18.81 15.88 12.39 13.57 12.24 11.94 401.8

14.37 19.78 16.50 12.87 14.30 12.28 9.65 352.2

14.40 20.04 16.39 12.78 14.63 12.29 9.11 350.6

Average

(n = 3)

14.24 19.54 16.26 12.68 14.17 12.27 10.23 368.2

ZnO50 51.46 30.12 12.43 3.12 1.75 0.86 0.23 126.4

46.67 30.04 15.8 4.23 2.1 0.90 0.24 135.4

43.16 31.85 17.2 4.58 2.14 0.86 0.19 139.3

Average

(n = 3)

47.10 30.67 15.14 3.98 2.00 0.87 0.22 133.7

ZnO100 5.21 15.23 33.91 32.24 10.9 1.98 0.53 256.5

4.42 13.79 32.76 35.82 10.86 1.61 0.66 263.4

4.40 12.58 31.87 38.6 10.87 1.25 0.42 260.7

Average

(n = 3)

4.68 13.87 32.85 35.55 10.88 1.61 0.54 260.2

Table 2 Summary of results for degradation of methylene blue employing different concentrations of TiO2 and ZnO nanoparticles

under UV light (365 nm)

% methylene blue degraded after 1 h exposure

Nanoparticle concentration (g/L) TiO2 ZnO50 ZnO100

1 76 (4) 18 (3) 29 (6)

0.1 74 (2) 7 (2) 16 (2)

0.01 22 (6) 1 (1) 2 (1)

UV control 0 0 0

Dark control 0 0 0

UV control—UV exposure without nanoparticles. Dark control—1 g/L nanoparticles without UV exposure

Values in parentheses are standard deviation, n = 9
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Impact of TiO2 nanoparticles (with

and without UV) on the survival of 4 representative

bacterial strains

Results for E. coli showed that UV alone and TiO2

nanoparticles without UV activation had no negative

impact on cell viability (Table 3). However, 1, 0.1 and

0.01 g/L TiO2 nanoparticle concentrations with UV

illumination resulted in 100, 100 and 27 % inactiva-

tion, respectively. The largest inactivation occurred

between 0 and 20 min (71, 71 and 21 % respectively),

corresponding to the MB degradation experiment.

Although only one tenth the concentration, the 0.1 g/L

UV illuminated TiO2 nanoparticle suspension inacti-

vated a similar percentage of bacterial cells as the

1 g/L suspension over the experimental period. The

greater amount of solids in the 1 g/L TiO2 nanopar-

ticle suspension may therefore have increased UV

shading to the point of inhibiting photocatalytic

activity, as has been previously reported (Maness

et al. 1999). Owing to lower cost of using a lesser

concentration of nanoparticles, 0.1 g/L is selected as

the optimum concentration for inactivation of E. coli

cells in a water purification system.

Results for S. aureus showed that no loss of

viability occurred with TiO2 nanoparticles without

UV activation (Table 3). However, 1, 0.1 and 0.01 g/L

TiO2 nanoparticle concentrations with UV illumina-

tion resulted in a 90, 80 and 51 % inactivation,

respectively, of the S. aureus cells. Although only one

tenth the concentration, the 0.1 g/L UV-illuminated

TiO2 nanoparticle suspension inactivated a similar

percentage of bacterial cells as the 1 g/L suspension,

which can once again be attributed to UV shading by

the greater nanoparticle concentration. Interestingly,

UV (365 nm) alone killed 31 % of the bacterial cells,

indicating that S. aureus cells were more sensitive to

UV than the E. coli cells.

The results indicated that P.aeruginosa cells were

highly resistant to inactivation by UV-activated TiO2

Table 3 Summary of results for bacterial inactivation employing different concentrations of TiO2 and ZnO nanoparticles under UV

light (365 nm)

% bacterial cells inactivated after 1 h exposure

Bacterial species Nanoparticle concentration (g/L) TiO2 ZnO50 ZnO100

E. coli 1 100 30 (9) 35 (2)

0.1 100 21 (9) 24 (6)

0.01 27 (6) 18 (5) 20 (10)

UV control 0 0 0

Dark control 0 21 (8) 24 (4)

S. aureus 1 90 (2) 34 (5) 47 (12)

0.1 80 (6) 23 (6) 32 (6)

0.01 51 (2) 22 (10) 28 (10)

UV control 31 (3) 27 (7) 26 (4)

Dark control 0 0 0

P. aeruginosa 1 0 0 0

0.1 0 0 0

0.01 0 0 0

UV control 0 0 0

Dark control 0 0 0

B. subtilis 1 100 100 100

0.1 100 87 (4) 90 (2)

0.01 96 (1) 82 (2) 84 (4)

UV control 67 (3) 70 (5) 68 (3)

Dark control 0 100 100

UV control—UV exposure without nanoparticles. Dark control—1 g/L nanoparticles without UV exposure

Values in parentheses are standard deviation, n = 9
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nanoparticles. No significant loss of viability was

observed over the duration of the experiment with any

nanoparticle concentration (Table 3).

For B. subtilis, no bacterial inactivation occurred

with TiO2 nanoparticles without UV activation

(Table 3). However, 1, 0.1 and 0.01 g/L TiO2 nano-

particle concentrations with UV illumination resulted

in 100, 100 and 96 % inactivation, respectively. UV

alone inactivated 67 % of the bacterial cells, indicat-

ing that out of the four bacterial species tested,

B. subtilis cells were the most sensitive to UV light

intensity.

In all experiments, the temperature of the suspen-

sions remained constant throughout the 60-min illu-

mination period, showing that an increase in

temperature was not responsible for any loss of

bacterial viability.

Impact of ZnO50 nanoparticles (with

and without UV) on the survival of 4 representative

bacterial strains

Results for E. coli showed that no cell inactivation

occurred with UV light alone. However, 1, 0.1 and

0.01 g/L ZnO50 nanoparticle concentrations with UV

illumination resulted in a 30, 21 and 18 % inactivation,

respectively. Interestingly, 21 % of the E. coli cells were

inactivated by the ZnO50 dark control, showing that

these particles were toxic to bacterial cells even without

UV activation. The bacterial toxicity of ZnO nanopar-

ticles under dark conditions has been previously

reported (Tayel et al. 2011; Jiang et al. 2009; Adams

et al. 2006). In comparison to the TiO2 nanoparticle

results, under UV activation, the ZnO50 nanoparticles

inactivated significantly less E. coli cells. This can be

attributed to them producing less ROS, as observed in

the MB degradation experiments.

S. aureus cells were relatively resistant to UV

activated ZnO50 nanoparticles. UV alone inactivated

27 % of the bacterial cells with only a small increase in

cell kill observed in the presence of 1 g/L ZnO50

nanoparticles (Table 3). This is an unusual result, as a

high sensitivity of S. aureus to ZnO nanoparticles has

been previously reported (Tayel et al. 2011; Premana-

than et al. 2011; Jones et al. 2008). However, in previous

studies, the ZnO has either been used for growth

inhibition rather than for direct inactivation or toxicity

has been assessed over exposure times greater than 1 h.

The results indicated that P. aeruginosa cells were

highly resistant to inactivation by both UV- and non-

UV-activated ZnO50 nanoparticles. No significant

inactivation was observed over the duration of the experi-

ment with any nanoparticle concentration (Table 3).

Results for B. subtilis showed that no loss of

viability occurred in the control (Table 3). This

bacterial species once again showed high sensitivity

to the UV light with a 70 % inactivation being

observed in the UV control. Interestingly, 100 %

B. subtilis cells were inactivated immediately after 1 g/L

nanoparticles were added (1 g/L and dark control),

indicating that B. subtilis cells were highly sensitive to

ZnO50 nanoparticles. The 0.1 and 0.01 g/L ZnO nano-

particle concentrations with UV illumination resulted in

an 87 % and 82 inactivation, respectively, of the B.

subtilis cells, but this is attributed mostly to the effect of

the UV and toxic effect of the ZnO nanoparticles, rather

than through generation of ROS.

Impact of ZnO100 nanoparticles (with

and without UV) on the survival of 4 representative

bacterial strains

Results for E. coli showed that UV light alone had no

negative effect on bacterial viability (Table 3). How-

ever, 1, 0.1 and 0.01 g/L ZnO100 nanoparticle con-

centrations with UV illumination resulted in a 35, 24

and 20 % inactivation, respectively. Similar to the

ZnO50 nanoparticles, 24 % of the E. coli cells were

inactivated by the ZnO100 dark control (1 g/L),

showing that these particles were toxic to bacterial

cells even without UV activation. In comparison to the

TiO2 nanoparticle results, under UV activation, the

ZnO100 nanoparticles inactivated significantly less

E. coli cells. However, the ZnO100 and the ZnO50

nanoparticles inactivated a similar percentage of

bacterial cells (35 and 30 %, respectively).

No loss of S. aureus cell viability occurred without

UV light. However, 1, 0.1 and 0.01 g/L ZnO100

nanoparticle concentrations with UV illumination

resulted in a 47, 32 and 28 % inactivation, respectively

(Table 3). 26 % of S. aureus cells were killed by UV

alone. In comparison to the ZnO50 nanoparticle

results, ZnO100 nanoparticles inactivated a higher

percentage of S. aureus cells under UV activation,

likely due to the greater production of ROS.

P. aeruginosa cells were highly resistant to inac-

tivation by UV activated ZnO100 nanoparticles. No
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significant loss of viability was observed over the

duration of the experiment with any nanoparticle

concentration.

Results for B. subtilis showed that no bacterial

inactivation occurred in the control (Table 3). Similar

to the previous two experiments, this bacterial species

showed high sensitivity to the UV light with a 68 %

inactivation being observed in the UV control. 100 %

of the B. subtilis cells were inactivated immediately

after addition of 1 g/L nanoparticles (1 g/L and dark

control), indicating B. subtilis cells were also highly

sensitive to ZnO100 nanoparticles. The 0.1 and 0.01 g/L

ZnO nanoparticle concentrations with UV illumina-

tion resulted in a 90 and 84 % inactivation, respec-

tively, of the B. subtilis cells, but this is attributed

mostly to the affect of the UV and toxic effect of the

ZnO nanoparticles, rather than through generation of

ROS.

Discussion

Despite having a larger mean particle size in solution

than both ZnO nanoparticles, the TiO2 nanoparticles

generated more ROS, corresponding to a greater

photocatalytic killing of three of the four species of

bacteria examined. Greater ROS production by TiO2

nanoparticles in comparison to ZnO nanoparticles has

been previously reported (Qamar and Muneer 2009).

This is likely because of the vulnerability of ZnO

nanoparticles to photocorrosion leading to a decrease

of ZnO photocatalytic activity in aqueous solutions

(Hariharan 2006). The MB decomposition results

correlated well with the bacterial inactivation results

with the 0.1 and 1 g/L TiO2 nanoparticle suspensions

producing similar amounts of ROS and killing a like

percentage of bacterial cells. Although 0.01 g/L TiO2

nanoparticles were able to only produce a small

amount of ROS (*22 % reduction in MB absor-

bance), this concentration of nanoparticle also led to

bacterial photocatalytic kill up to 27 % in the case of

the E. coli cells. Positive correlation between the

degradation of methylene blue and inactivation of

bacterial species is likely to have been observed

because of the dominant role of hydroxyl radicals in

both the photocatalytic degradation of organic com-

pounds (Turchi and Ollis 1990) and the inactivation of

bacterial cells (Cho et al. 2004). The TiO2 nanopar-

ticles were not toxic without UV activation, as

previously reported (Jones et al. 2008; Tsuang et al.

2008; Jiang et al. 2009). This shows that the produc-

tion of ROS by the irradiated TiO2 nanoparticles was

the main action of inactivation. The ZnO100 nanopar-

ticles were shown to be less photocatalytic than the

TiO2 nanoparticles, but more photocatalytic than the

ZnO50. This is interesting, as a smaller particle size

would be expected to be more reactive. However, the

ZnO50 nanoparticles were of lower purity than those of

the ZnO100 and contained 6 % Al as a dopant, both of

which could have affected the photocatalytic poten-

tial. The difference in ROS generation between the

ZnO nanoparticles corresponds with a higher inacti-

vation percentage being achieved for S. aureus with

the ZnO100 nanoparticles. However, the inactivation

percentages for both types of ZnO nanoparticle were

shown to be similar for both B. subtilis and E. coli.

This is likely because the particles were toxic to these

bacterial strains even without UV activation, meaning

that the impact of ROS generation on cell inactivation

was less significant. Cell inactivation by ZnO nano-

particles under dark conditions has previously been

shown to increase as the nanoparticle size decreases

(Padmavathy and Vijayaraghavan 2008). However, in

this study the inactivation percentage of E. coli cells

was the same for both ZnO nanoparticles. This may

again be attributed to the lower purity of the ZnO50

nanoparticles in comparison to that of the ZnO100. The

B. subtilis was more sensitive to the presence of ZnO

nanoparticles under dark conditions than the E.coli, as

has been previously reported (Adams et al. 2006).

Results under UV irradiation are difficult to compare

due to the B. subtilis being sensitive to UV light.

Interestingly, despite both gram-positive bacteria

being sensitive to ROS production, in this study, no

correlation between cell wall type and ROS-influ-

enced bacterial inactivation was observed. An exam-

ple of this is the large difference in inactivation rate

between the gram-negative E. coli and P. aeruginosa.

Despite both being gram-negative, the E. coli was

effectively inactivated by the TiO2 nanoparticles

during UV excitation, whereas the P. aeruginosa cells

were highly resistant. This is an interesting result and

shows that bacterial resistance to ROS generation is

due to other factors. Although not assessed in this

research, a potential factor could be the production of

protective EPS. A recent study has shown that capsular

EPS produced by P. aeruginosa provides a protective

role for bacterial cells against regulatory residual
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disinfectants by reducing membrane permeabilization

(Xue et al. 2013). Thus, this EPS could act to protect

this species of bacteria against ROS damage or

membrane damage by ZnO nanoparticles. The resis-

tance of this treatment by P. aeruginosa highlights a

potential limitation to the application of these nano-

particles for water treatment. However, a higher UV

intensity or longer exposure time is likely to generate

more ROS which may lead to more significant kill of

resistant bacteria. No correlation between cell wall

type and bacterial inactivation was observed in the

presence of ZnO nanoparticles, where both gram-

negative E. coli and gram-positive B. subtilis were

killed by the ZnO nanoparticles without UV activation

and gram-positive S. aureus and gram-negative

P. aeruginosa were not affected. Also interesting is

that both gram-positive bacterial species were sensi-

tive to UV (365 nm) light under experimental condi-

tions. Despite this sensitivity, the S. aureus still had a

lower inactivation rate in the presence of irradiated

TiO2 nanoparticles in comparison to E. coli.

Conclusions

TiO2 and ZnO nanoparticles have been extensively

characterised and a range of concentrations tested for

degradation of MB (ROS generation) and correlated

photocatalytic kill of four representative bacterial

species (two gram-positive and two gram-negative).

TEM analysis revealed that the particles were of

similar size to that advertised. However, the mean

particle size of the tested nanoparticles increased once

in suspension, attributed to their low zeta potential and

consequential instability in solution at neutral pH.

Results showed that out of the three nanoparticles

tested, the TiO2 nanoparticles generated more ROS

than the ZnO nanoparticles, corresponding to a greater

photocatalytic killing of three of the four species of

bacteria examined. The MB decomposition results

correlated well with the bacterial inactivation results

with higher TiO2 nanoparticle concentrations leading

to greater ROS production and superior inactivation.

Although less photocatalytic, the ZnO nanoparticles

were toxic to two of the bacterial species even under

dark conditions. In this study, no correlation between

cell wall type and bacterial inactivation was observed

for any of the nanoparticles tested although both gram-

positive bacteria were sensitive to ROS production.

P.aeruginosa cells were resistant to all types of

treatment and highlight a potential limitation to the

application of these nanoparticles for water treatment.
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