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Abstract

Nanoparticle metal oxides represent a new class of important materials that are

increasingly being developed for use in research and health-related applications.

Highly ionic metal oxides are interesting not only for their wide variety of physical

and chemical properties but also for their antibacterial activity. Although the

in vitro antibacterial activity and efficacy of regular zinc oxides have been

investigated, little is known about the antibacterial activity of nanoparticles of

ZnO. Preliminary growth analysis data suggest that nanoparticles of ZnO have

significantly higher antibacterial effects on Staphylococcus aureus than do five other

metal oxide nanoparticles. In addition, studies have clearly demonstrated that ZnO

nanoparticles have a wide range of antibacterial effects on a number of other

microorganisms. The antibacterial activity of ZnO may be dependent on the size

and the presence of normal visible light. The data suggest that ZnO nanoparticles

have a potential application as a bacteriostatic agent in visible light and may have

future applications in the development of derivative agents to control the spread

and infection of a variety of bacterial strains.

Introduction

The re-emergence of infectious diseases and the continuous

development of antibiotic resistance among a variety of

disease-causing bacteria pose a serious threat to public

health worldwide (Desselberger, 2000). Among these patho-

genic microorganisms, Enterococcus, Staphylococcus and

Streptococcus are common closely related species that cause a

wide variety of infections and diseases (Boyce, 1997; Lowy,

1998; Hancook & Gilmore, 2000). Despite antimicrobial

therapy, morbidity and mortality associated with these bac-

terial infections remain high, partially as a result of the

ability of these organisms to develop resistance to virtually

all antibiotics. New strategies are therefore needed to

identify and develop the next generation of drugs or agents

to control bacterial infections.

Since the 1980s, methicillin-resistant Staphylococcus aureus

(MRSA) has been commonly linked with hospital-asso-

ciated (HA) infections, but recently a new kind of MRSA, a

community-acquired (CA) strain, has emerged (Vandenesch

et al., 2003). CA-MRSA affects an entirely new population,

for example healthy children and adults who have none of

the risk factors found with HA-MRSA infections. The

factors that facilitate the spread of CA- or HA-MRSA

bacteria are crowding, skin-to-skin contact, sharing perso-

nal items that could be contaminated with wound drainage,

such as towels, poor personal cleanliness and hygiene,

and limited access to health care (Zaoutis et al., 2006).

Therefore, the key points in preventing staphylococcal and

related bacterial infections are good standards of hygiene,

avoidance of skin trauma, and the use of antibacterial

ointments or surface-coating agents with potential antibac-

terial properties.

Recent advances in the field of nanotechnology, particu-

larly the ability to prepare highly ordered nanoparticulates

of any size and shape, have led to the development of new

biocidal agents. Several studies have indicated that nanopar-

ticulate formulations can be used as effective bactericidal

materials (Tiller et al., 2001; Lin et al., 2002; Stoimenov

et al., 2002; Kuhn et al., 2003; Sawai, 2003; Sunada et al.,

2003; Sondi & Salopak-Sondi, 2004; Lewis & Klibanov, 2005;

Rosi & Mirkin, 2005; Ma et al., 2006; Thill et al., 2006). It has
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been shown that illuminated suspensions containing TiO2

are effective at killing Escherichia coli, a finding that spurred

research towards the development of photocatalytic meth-

ods for the killing of bacteria and viruses using TiO2 in

aqueous media (Sunada et al., 2003). The disadvantage of

using TiO2 is that UV light is required to activate the

photocatalyst and initiate the killing of the bacteria and

viruses. In recent years, visible light absorbing photocata-

lysts with Ag/AgBr/TiO2 has proved to be successful at

killing S. aureus and E. coli (Hu et al., 2006). Klabunde

et al. reported that aerogel-derived halogenated (Cl2 and

Br2) adducts of nanocrystalline metal oxides such as MgO

and CaO are effective for killing E. coli, Bacillus cereus and

Bacillus globigii as well as for decontaminating MS2 bacter-

iophage in dry powder form or as an aqueous slurry (Koper

et al., 2002; Sawai, 2003; Sondi & Salopak-Sondi, 2004). The

possibility that antibacterial formulations based on nano-

particles themselves may be effective in controlling the

outbreak of new resistant strains of bacteria such as MRSA

has also been reported (Tiller et al., 2001). However, there is

a need to develop new nanoparticulate-based formulations

that are stable, robust and durable, and that are effective in

the destruction or elimination of bacteria and viruses.

Preliminary studies have indicated that ZnO nanoparticles

at a concentration of between 3 and 10 mM caused 100%

inhibition of bacterial growth as a result of the intracellular

accumulation of nanoparticles (Brayner et al., 2006).

The interaction of nanoparticles with microorganisms

and biomolecules is an expanding field of research, which as

yet is largely unexplored. In this report, preliminary results

suggest that, among six nanoparticles tested, ZnO nanopar-

ticles with relatively small particle size show a wide range of

antibacterial effects on various microorganisms, including

major pathogens, under normal visible light conditions.

Materials and methods

Bacterial strains, media and materials

The following bacterial strains were used in this study:

Gram-positive methicillin-sensitive S. aureus (MSSA), a

routinely used strain RN6390 and clinical isolate UAMS-1;

sequenced MRSA strains COL and N315; CA-MRSA strain

USA400; Staphylococcus epidermidis 1487 and sequenced

RP62A strains; Streptococcus pyogenes NZ315; Enterococcus

faecalis; Bacillus subtilis 168; and Gram-negative E. coli K12.

All these strains were grown in tryptic soy broth (TSB)

except for E. coli and B. subtilis strains, which were grown in

Luria–Bertani (LB) medium. All strains were grown aero-

bically at 37 1C, in 10 mL of medium in 18 mm� 150 mm

borosilicate glass culture tubes (Fisher Scientific) with shak-

ing at 200 r.p.m. under normal laboratory lighting condi-

tions unless specified.

All metal oxide nanoparticles (MgO, TiO2, Al2O3, CuO,

CeO2, and ZnO) were purchased from Nanoscale Materials

Inc. (KS), except for zinc oxide powder (o1mm particle

size) and nanopowder or nanoparticles (50� 70 nm particle

diameter), which were obtained from Sigma-Aldrich. All

these nanoparticle metal oxides are more than 99% pure.

All metal oxide nanoparticles were resuspended in sterile

double-distilled water and briefly sonicated so that they

dispersed and formed a uniform colloidal suspension. All

the experiments were performed from a freshly prepared

colloidal suspension.

Determination of the antibacterial activity of the
metal oxide nanoparticles

In order to examine the antibacterial activity of the metal

oxide nanoparticles on various microorganisms we used

culture turbidity as a qualitative measure of cell growth, and

also performed plating assays to compare viability. To exam-

ine the bacterial growth rate and to determine growth

behaviour in the presence of the considered nanoparticles,

various microorganisms were grown in liquid medium

supplemented with nanoparticle colloidal suspensions. Cul-

tures of nanoparticle-free medium under the same growth

conditions were used as a control. To avoid potential optical

interference during optical measurements of the growing

cultures caused by the light-scattering properties of the

nanoparticles, the same liquid medium without microorgan-

isms, but containing the same concentration of nanoparticles

cultured under the same conditions as blank controls.

The overnight culture (50 mL) was inoculated into 10 mL

of the respective growth medium, which was equivalent to an

initial cell OD600 nm of 0.045–0.06 as measured by a spectro-

photometer (Spectronic 20D, Thermo Electron) for the

tested strains. Following inoculation, the OD of the cultures

was serially monitored every hour or every 2 h up to

10–12 h, with a final reading at 24 h. Cultures from some

selective concentrations and growth points were plated onto

Tryptic soy agar (TSA) plates to determine the viable cell

count. The numbers of colonies were counted after over-

night incubation at 37 1C. The minimal inhibitory concen-

tration (MIC) was calculated in TSB as well as in

Mueller–Hilton media as the concentration of ZnO nano-

particles leading to a more than 95% reduction in growth.

All assays were repeated three times in duplicate, and similar

results were obtained.

Results

Determination of the antibacterial activity of
metal oxide nanoparticles

To identify the agents with potential antibacterial effects, six

metal oxide nanoparticles (MgO, TiO2, Al2O3, CuO, CeO2
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and ZnO) were selected for our preliminary studies in liquid

broth culture with aeration. Staphylococcus aureus strain

RN6390 was used in most of the experiments. Among the

nanoparticles tested, four nanoparticles, namely MgO, TiO2,

CuO and CeO2, did not show any significant growth

inhibition up to 10 mM colloidal suspension, whereas

Al2O3 (c. 50%) and ZnO (Z50%) showed significant

growth inhibition (data not shown). As Al2O3 is highly toxic

to most living cells, further studies were not pursued.

Interestingly, ZnO nanoparticles showed a significant

growth inhibition compared with the control (Fig. 1a and b).

Although antibacterial activities of other metal oxide nano-

particles, including MgO and CuO, have been reported with

other bacteria, for example E. coli (Kuhn et al., 2003; Sawai,

2003; Furno et al., 2004; Rincon & Pulgarin, 2004; Cioffi

et al., 2005; Thill et al., 2006), no significant growth

inhibition was detected with the used experimental setting

for Staphylococcus aureus. TiO2 is also known to kill various

bacteria, including Staphylococcus aureus, under photoacti-

vation with UV light; however, about 20% of growth

reduction in liquid growth conditions under normal labora-

tory lighting has been seen (data not shown). ZnO nano-

particles have thus been selected for further studies, as they

showed a significant growth inhibition.

Effect of size of ZnO nanoparticles on bacterial
growth inhibition

The functional activities (chemical, catalytic or biological)

of nanoparticles are heavily influenced by the size of the

particles (Lewis & Klibanov, 2005; Rosi & Mirkin, 2005).

Therefore, to determine if the size of ZnO nanoparticles was

also playing an important role in inhibiting bacterial

growth, three different ZnO materials from two different

sources were tested: ZnO ultrafine powder (4 1 mm), ZnO

nanoparticles (mean particle size c. 8 nm; Fig. 1a), and ZnO

nanopowder (mean particle size 50� 70 nm; Fig. 1b) were

used for growth inhibition assay of Staphylococcus aureus.

For ZnO ultrafine powder (data not shown) and ZnO

nanopowder (Fig. 1b), which have relatively large particle

sizes, reduced growth rates (c. 50%) were observed. How-

ever, ZnO nanoparticles, with smaller particle size, were able

to reduce c. 99% of growth colloidal suspension concentra-

tion of 2 mM (Fig. 1a). The data clearly suggest that

nanoparticles with smaller particle sizes (e.g. c. 8-nm

diameter) showed more than 95% growth inhibition at

1 mM concentration (0.008%), whereas 5 mM of ZnO

nanoparticles with relatively larger particle sizes (e.g.

50� 70 nm) showed only 40� 50% growth inhibition as

compared with the control. Similarly, there was no signifi-

cant variation of the bacterial growth inhibition as measured

by OD at 24 h as compared with that at 10 h. Growing

cultures from various time-points of growth were also plated

to count viable cells, and the viable cell numbers are

consistent with the OD of the growing cultures. The mini-

mum inhibitory concentration (MIC) for ZnO nanoparti-

cles with smaller size was calculated to be 1 mM or

80 mg mL�1 for Staphylococcus aureus in both TSB and

Muller–Hilton medium, whereas that for larger particles of

ZnO was calculated to be 15 mM or 1.2 mg mL�1.

Photoactivation of ZnO nanoparticles

ZnO is a semiconductor and can be excited by UV light. A

normal laboratory environment has fluorescent lighting,

and conventional fluorescent lamps emit �4% UV light so
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Fig. 1. The effect of ZnO nanoparticles on the

growth of Staphylococcus aureus strain RN6390.

Cultures were set up at an initial inoculum of 0.5%

dilution from overnight cultures (equivalent to

0.04–0.06 OD) in nutrient broth containing various

concentrations from 0 to 5 mM (0–0.04%; },

control 0 mM; ’, 0.5 mM; � , 2 mM; 1, 5 mM) of

ZnO nanoparticles colloidal suspension from two

different sources. Cultures were incubated at 37 1C

with constant shaking at 220 r.p.m under normal

ambient laboratory light conditions (a and b) and in

the dark (c and d). (a and c) ZnO nanoparticles with

average particle diameter c. 8 nm; (b and d) ZnO

nanoparticles with average particle diameter

c. 50�70 nm.
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there is a possibility that ZnO is ‘activated’ by this small

amount of UV component or by the visible light prevalent

in the laboratory. In order to verify this possibility, the

growth analysis was performed under dark conditions, using

similar conditions to those described previously but with the

suspensions prepared in the dark and the cultures grown in

the dark by means of wrapping the glass culture tubes with

aluminum foil. The data shown in Fig. 1c and d for both

sizes of ZnO nanoparticles clearly suggest that the antibac-

terial activity of ZnO nanoparticles in the dark is less than

that in ambient laboratory conditions. In the case of the

nanoparticles with smaller particle sizes, only 30–50% of the

antibacterial activity is retained at 5 mM concentration up

to 10 h, and thereafter there was no significant difference in

growth inhibition. Similarly, photoactivation of both ZnO

nanoparticle suspensions was performed by exposure with

UV light at 254 nm for 30 min in a UV transilluminator, and

the growth analysis was performed with 2 and 5 mM

concentrations using similar conditions to those described

previously for the ambient laboratory conditions. Interest-

ingly, the growth inhibition patterns did not differ signifi-

cantly from the data presented in Fig. 1a and b (data not

shown). Similarly, photoactivation of TiO2 nanoparticles

was performed under the same activation conditions as used

for ZnO nanoparticles and used to determine antibacterial

activity under normal growth conditions. A significant

increase in growth inhibition was found (more than 60%)

as compared with the nonphotoactivated form (20%) (data

not shown). Therefore, the overall growth analyses suggest

that the ambient laboratory conditions are sufficient for the

optimal biocidal activity of the ZnO nanoparticles, which is

probably dependent on the size of the nanoparticles.

Antibacterial effects on other Staphylococci
strains and microorganisms

Analysis of the antibacterial effects of two ZnO nanoparti-

cles was extended to other microorganisms as mentioned in

‘Materials and methods’. Among the Staphylococcus aureus

strains tested, no significant difference in the growth inhibi-

tion was found from that seen in the case of Staphylococcus

aureus strain RN6390. In the case of MSSA strain UAMS-1

the studies indicated about 60% inhibition of growth

when compared with RN6390 (data not shown). Figure 2

shows the growth of (a) Staphylococcus aureus N315, (b)

Staphylococcus epidermidis 1487, (c) Streptococcus pyogenes

and (d) B. subtilis with various concentrations of various

ZnO nanoparticles as indicated. It is clear that even a 5 mM

(0.004%) colloidal suspension of ZnO nanoparticles with

the smaller size could inhibit more than 95% of growth for

most Gram-positive microorganisms tested in this study. In

addition, ZnO nanoparticles with relatively larger diameter

were also able to inhibit growth, but to a lesser extent (data

not shown). Similar results were found for Enterococcus

faecalis, another important Gram-positive bacterium closely

related to Staphylococcus and Streptococcus pathogenic bac-

teria, and for the Gram-negative E. coli. Thus, it is clear from

preliminary studies that nanoparticles of ZnO have signifi-

cant antibacterial effects on a wide range of microorganisms.

The size of the nanoparticles may have a greater impact on

their activity, probably because of a greater accumulation of

the nanoparticles inside the cell membrane and cytoplasm.

However, much remains unknown about the function,

specificity, toxicity and efficacy of nanoparticles – and these

topics will be the subject of future research .
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Fig. 2. Growth curves of various bacterial strains

in tryptic soya broth (a, b and c) and LB (d) media

in the presence of various concentrations of ZnO

nanoparticles with smaller particle diameter.

Cultures were set up and grown under the same

conditions as described in Fig. 1a, expect that

different concentrations were used (~, control

0 mM; &, 2 mM; m, 5 mM; �, 10 mM).

(a) Staphylococcus aureus N315; (b) Staphylococcus

epidermidis 1487; (c) Streptococcus pyogenes

NZ131 and (d) Bacillus subtilis 168.
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Discussion

The re-emergence of infectious diseases poses a serious

threat to public health worldwide, and the increasing rate

of the appearance of antibiotic-resistant strains in a short

period of time within both Gram-positive and Gram-

negative microorganisms is a major public health concern.

Alternative therapeutics to control and prevent the spread of

infections in both community and hospital environments

are required (Lowy, 1998). Although various classes of

antibiotics (penicillin and derivatives) were discovered in

1940s and 1950s, in the past 40 years only two antibiotics

representing new chemical classes (namely linezolid and

daptomycin) have reached the market to treat multiple

antibiotic-resistant Gram-positive infections. Recent ad-

vances in the field of nanotechnology, particularly the ability

to prepare highly ionic metal oxide nanoparticulates of any

size and shape, may lead to the development of new

antibacterial agents.

Preliminary studies as discussed in this report have

demonstrated that ZnO among the six metal oxide nano-

particles analysed shows a significant growth inhibition

under normal laboratory lighting conditions. ZnO powder

has been used for a long time as an active ingredient for

dermatological applications in creams, lotions and oint-

ments on account of its antibacterial properties (Sawai,

2003). However, nanoparticles of ZnO are much more

effective agents in controlling the growth of various micro-

organisms; furthermore, the preliminary studies show that

the smaller the particle size, the greater the efficacy in

inhibiting the growth of bacteria. Photoactivated (e.g. by

UV light) TiO2 is known to kill various bacteria including

MRSA (Sunada et al., 1998, 2003), but nonactivated TiO2 was

not able to inhibit significantly the growth of Staphylococcus

aureus. Toxicological impact studies of ZnO nanoparticles

on E. coli were performed by plate assays and transmission

electron microscopy (TEM) analyses. The studies suggested

that synthesized ZnO nanoparticles (average particles dia-

meter c. 12 nm) are able to slow down the bacterial growth

(100% with 3 mM) as a result of disorganization of the

E. coli membranes, which increases the membrane perme-

ability leading to the accumulation of nanoparticles in the

bacterial membrane and cytoplasm regions of the cells

(Brayner et al., 2006).

Although metals and metal oxides such as ZnO are

known to be toxic to host human cells at relatively high

concentrations, they are not expected to be toxic at very low

concentrations. In fact, it has been shown that ZnO protects

against intestinal diseases by protecting intestinal cells from

E. coli (ETEC) infection by inhibiting the adhesion and

internalization of bacteria (Roselli et al., 2003). Therefore,

substantial bacterial growth at lower concentrations of ZnO

suggest that ZnO nanoparticles may not be toxic for various

tested microorganisms. This may be consistent with the

prediction that E. coli can metabolize Zn21 as an oligoele-

ment (Roselli et al., 2003). Similarly, metal-ion homeostasis

is important for bacterial life because of their involvement in

the regulation of a wide array of metabolic functions as

coenzymes, cofactors and catalysts, and as structural stabi-

lizers of enzymes and DNA-binding proteins (Gaballa &

Helmann, 1998). However, excess metal or metal ions are

toxic for bacterial cells. Therefore, certain bacteria have

developed mechanisms to regulate the influx and efflux

processes to maintain the steady intracellular concentration

of metal ions, including the Zn21 ion. The genes responsible

for the transport of zinc ions have been characterized

in several bacteria, including Streptococcus pneumoniae,

Haemophilus influenzae, Staphylococcus aureus, Synechococcus

sp. strain PCC6803, Escherichia coli, and B. subtilis (Gaballa

& Helmann, 1998; Lindsay & Foster, 2001). In Staphylococ-

cus aureus, zntA and zntR genes have been characterized, and

it has been shown that ZntA, a transmembrane protein, is

responsible for the efflux of zinc and cobalt ions and that

ZntR encodes for a Zn-responsive regulatory protein (Xiong

& Jayaswal, 1998).

Overall, the preliminary findings suggest that ZnO nano-

particles can be used externally to control the spreading of

bacterial infections. It would be interesting to determine if

any derivatives of ZnO nanoparticles with various chemical

groups or bioagents are more effective at eliminating various

microorganisms. In the prevention and control of bacterial

spreading and infections, the main target is the cell wall

structure. The cell wall of most pathogenic bacteria is

composed of surface proteins for adhesion and colonization,

and components such as polysaccharides and teichoic acid

that protect against host defences and environmental condi-

tions (Navarre & Schneewind, 1999). These components are

charged macromolecules; therefore, specific interactions to

disrupt their main function and location may be triggered by

introducing specific groups on the surface of the nanoparti-

cles. It has been reported that certain long-chain polycations

coated onto surfaces can efficiently kill on contact both

Gram-positive and Gram-negative bacteria (Tiller et al.,

2001; Berry et al., 2005). These studies have indicated that

families of unrelated hydrophobic groups are equally efficient

at killing bacteria. Therefore, in the future, ZnO nanoparticle-

containing formulations may be utilized for external uses as

antibacterial agents in ointments, lotions, mouthwashes, and

surface coatings on various substrates to prevent microorgan-

isms from attaching, colonizing, spreading, and forming

biofilms in indwelling medical devices.

Acknowledgements

The authors thank Drs Mark Smeltzer, Paul Fey, Frank

DeLeo and Michael Chaussee for strains Staphylococcus

FEMS Microbiol Lett 279 (2008) 71–76 c� 2007 Federation of European Microbiological Societies
Published by Blackwell Publishing Ltd. All rights reserved

75Antibacterial activity of ZnO nanoparticle suspensions

D
ow

nloaded from
 https://academ

ic.oup.com
/fem

sle/article/279/1/71/499797 by guest on 23 April 2024



aureus UAMS-1, Staphylococcus epidermidis 1487, Staphylo-

coccus aureus USA400 and Streptococcus pyogenes NZ315,

respectively. This work was supported by the 2010-initiative

start-up and SD BRIN funds awarded to A.C.M. K.T.R

acknowledges support from an 2010 Individual Research

Seed grant to pursue this work.

References

Berry V, Gole A, Kundu S, Murphy CJ & Saraf RF (2005)

Deposition of CTAB-terminated nanorods on bacteria to form

highly conducting hybrid systems. J Am Chem Soc 127:

17600–17601.

Boyce JM (1997) Epidemiology and prevention of nosocomial

infections. The Staphylococci in Human Disease (Crossley KB &

Archer GL, eds), pp. 309–329. Churchill Livingstone, New York.

Brayner R, Ferrari-Iliou R, Brivois N, Djediat S, Benedetti MF &

Fievet F (2006) Toxicological impact studies based on

Escherichia coli bacteria in ultrafine ZnO nanoparticles

colloidal medium. Nano Lett 6: 866–870.

Cioffi N, Torsi L, Ditaranto N, Tantillo G, Ghibelli L, Sabbatini L,

Bleve-Zacheo T, D’Alessio M, Zambonin PG & Traversa E (2005)

Copper nanoparticle/polymer composites with antifungal and

bacteriostatic properties. Chem Mater 17: 5255–5262.

Desselberger U (2000) Emerging and re-emerging infectious

diseases. J Infect 40: 3–15.

Furno F, Morley KS, Wong B, Sharp BL, Arnold PL, Howdle SM,

Bayston R, Brown PD, Winship PD & Reid HJ (2004) Silver

nanoparticles and polymeric medical devices: a new approach

to prevent infection. J Antimicrob Chemother 54: 1019–1024.

Gaballa A & Helmann JD (1998) Identification of a zinc-specific

metalloregulatory protein, Zur, controlling zinc transport

operons in Bacillus subtilis. J Bacteriol 180: 5815–5821.

Hancook LE & Gilmore MS (2000) Pathogenicity of Enterococci.

Gram-Positive Pathogens (Fischetti VA, Novick RP, Ferretti JJ,

Portnoy DA & Rood JI, eds), pp. 251–258. ASM Press,

Washington, DC.

Hu C, Lan Y, Qu J, Hu X & Wang A (2006) Ag/AgBr/TiO2 visible

light photocatalyst for destruction of azodyes and bacteria.

J Phys Chem B 110: 4066–4072.

Koper OB, Klabunde JS, Marchin GL, Klabunde KJ, Stoimenov P

& Bohra L (2002) Nanoscale powders and formulations with

biocidal activity toward spores and vegetative cells of Bacillus

species, viruses, and toxins. Curr Microbiol 44: 49–55.

Kuhn KP, Chaberny IF, Massholder K, Stickler M, Benz VW,

Sonntag HG & Erdinger L (2003) Disinfection of surfaces by

photocatalytic oxidation with titanium dioxide and UVA light.

Chemosphere 53: 71–77.

Lewis K & Klibanov AM (2005) Surpassing nature: rational

design of sterile-surface materials. Trends Biotechnol 23:

343–348.

Lin J, Qiu S, Lewis K & Klibanov AM (2002) Bactericidal

properties of flat surfaces and nanoparticles derivatized with

alkylated polyethylenimines. Biotechnol Prog 18: 1082–1086.

Lindsay JA & Foster SJ (2001) zur: a Zn21 -responsive regulatory

element of Staphylococcus aureus. Microbiol 147: 1259–1266.

Lowy F (1998) Staphylococcus aureus infections. N Engl J Med

339: 520–532.

Ma D, Guan J, Normandin F, Denommee S, Enright G, Veres T &

Simard B (2006) Multifunctional nano-architecture for

biomedical applications. Chem Mater 18: 1920–1927.

Navarre WW & Schneewind O (1999) Surface proteins of Gram-

positive bacteria and mechanisms of their targeting to the cell

wall envelope. Microbiol Mol Biol Rev 63: 174–229.

Rincon AG & Pulgarin C (2004) Bactericidal action of illuminated

TiO2 on pure E. coli and natural bacterial consortium: post-

irradiation events in the dark and assessment of the effective

disinfection time. Appl Catal B 49: 99–112.

Roselli M, Finamore A, Garaguso I, Britti MS & Mengheri E

(2003) Zinc oxide protects cultured enterocytes from the

damage induced by E. coli. J Nutr 133: 4077–4082.

Rosi NL & Mirkin CA (2005) Nanostructures in biodiagnostics.

Chem Rev 105: 1547–1562.

Sawai J (2003) Quantitative evaluation of antibacterial activities

of metallic oxide powders (ZnO, MgO and CaO) by

conductimetric assay. J Microbiol Methods 54: 177–182.

Sondi I & Salopak-Sondi B (2004) Silver nanoparticles as

antimicrobial agent: a case study on E. coli as a model for

Gram-negative bacteria. J Colloid Interface Sci 275: 177–182.

Stoimenov PK, Klinger RL, Marchin GL & Klabunde KJ (2002)

Metal oxide nanoparticles as bactericidal agents. Langmuir 18:

6679–6686.

Sunada K, Kikuchi Y, Hashimoto K & Fujishima (1998)

Bactericidal and detoxification effects of TiO2 thin film

photocatalysts. Environ Sci Technol 32: 726–728.

Sunada K, Watanabe T & Hashimoto K (2003) Disinfection of

surfaces by photocatalytic oxidation with titanium dioxide and

UVA light. J Photochem Photobiol A 156: 227–233.

Thill A, Zeyons O, Spalla O, Chauvat F, Rose J, Auffan M & Flank

AM (2006) Cytotoxicity of CeO2 nanoparticles for Escherichia

coli. Physico-chemical insight of the cytotoxicity mechanism.

Environ Sci Technol 40: 6151–6156.

Tiller JC, Liao CJ, Lewis K & Klibanov AM (2001) Designing

surfaces that kill bacteria on contact. Proc Natl Acad Sci USA

98: 5981–5985.

Vandenesch F, Naimi T, Enright MC et al. (2003) Community-

acquired methicillin- resistant Staphylococcus aureus carrying

Panton–Valentine leukocidin genes. Emerg Infect Dis 9:

978–984.

Xiong A & Jayaswal RK (1998) Molecular characterization of a

chromosomal determinant conferring resistance to zinc and

cobalt ions in Staphylococcus aureus. J Bacteriol 180:

4024–4029.

Zaoutis TE, Toltzis P, Chu J, Abrams T, Dul M, Kim J, McGowan

KL & Coffin SF (2006) Clinical and molecular epidemiology of

community-acquired methicillin-resistant Staphylococcus

aureus infections among children with risk factors for health

care-associated infection: 2001–2003. Pediatr Infect Dis J 25:

343–348.

FEMS Microbiol Lett 279 (2008) 71–76c� 2007 Federation of European Microbiological Societies
Published by Blackwell Publishing Ltd. All rights reserved

76 N. Jones et al.

D
ow

nloaded from
 https://academ

ic.oup.com
/fem

sle/article/279/1/71/499797 by guest on 23 April 2024


