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ABSTRACT:

Zinc oxide (ZnO) nanoparticles (NPs) exhibit antibacterial activity against both Gram-positive
and Gram-negative bacteria. However, the antimicrobial mechanism of ZnO NPs remains
unclear. In this study, we investigated the interactions among ZnO NPs, released chemicals (Zn**
and Reactive Oxygen Species,ROS) and Escherichia coli(E. coli) cells. ZnO NPs without
contacting with bacterial cells showed strong antibacterial effect. The results of the leakage of
intracellular K and integrity of carboxyfluoresce in-filled liposomes showed that ZnO NPs have
antimicrobial activity against E. coli by non-specifically disrupting E. coli membranes. Traces of
zinc ions and hydrogen peroxide were detected in ZnO NP suspensions, but was insufficient to

cause the antibacterial effect. However, the addition of radical scavengers suppressed the



bactericidal effect of ZnO coated films against E. coli, potentially implicating ROS generation,

especially hydroxyl radicalsin the antibacterial ability of ZnO NPs.
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1. INTRODUCTION

Zinc oxide (ZnO) nanopatrticles (NPs) have received considerate attention recently ttheg to

wide applications in a variety of areas, including chemistry, physics, materials science and the
biomedical sciences. In particular, ZnO NPs have shown interesting antibacterial activities
against both Gram-positive and Gram-negative bacteria such as spores. The majority of the
studies are experimentally focused on a wide range of pathogenic and non-pathogenic

microorganisms such as Escherichia coli, Staphylococcus aureus and Bacillus [dubSjis

Several researchers have coated ZnO NPs on special substrates such as glass, paper and fibres for

antimicrobial food packaging and antimicrobial healthcare materials [[L6-22].

However to date, the antibacterial mechanism of ZnO NPs has not been elucidated. Several
possible mechanisms have been postulated on the bactericidal effect of ZnO NPs from both
physical and chemical interaction aspects. Yamamoto et aI.EB] studied the antibacterial
behavior of ZnO NPs using chemiluminescence and oxygen electrode analysis. They reported
that HO, generated from ZnO penetrated the cell membrane of E. coli, and inhibited the growth
of the cells. HO, concentrations ranging from 0.13 to 0.95 maol#re detected in ZnO powder
suspensior} [24]. However, Yang at. and Tam etal. reported that the release of*Zipns as a

result of ZnO decomposition may instead be responsible for the observed antibacterial

activity [28]. In addition, the electrostatic interaction between ZnO NPs and bacteria cell



surface may play an important rdld [2]. SEM analysis of the morphological changes of E. coli

exposed to ZnO NPs have been conducted by Zhang aI. [7]. They suggested that the
interaction of ZnO NPs and cell membrane could underlie the antibacterial effect, since treatment
with ZnO NPs appeared to prompt the damage and subsequent breakdown of E. coli

membranes..

Such a short review shows that the dominant mechanisms responsible for antibacterial activity
of ZnO NPs still remain to be established. Most of the published studies were focused on ZnO
dispersions, and few on ZnO-coated films, whose comparison was even rare. It shall be also
noted that many commercial ZnO nanoparticles were used, and the morphology of ZnO in the
liquid phase was highly dependent on the surfactants or dispersants used, which themselves
would introduce some side=-effects. A proper characterization of ZnO dispersions is of high
value to elucidate the mechanismBhis work aimed to conduct a detailed anti-bacteria
experiment using well-characterized ZnO NPs and to reveal the underneath mechanisms. The
ZnO particle size, shape , film porosity, colloidal stability and surface charge were carefully
characterized to avoid unpredictable outcomes. The antibacterial behavior of both ZnO
dispersions and ZnO-coated filmgainst both Gram-positive and Gram-negative bacteria were

investigated and the mechanisms were discussed.

2. MATERIALSAND METHODS

2.1. Preparation of ZnO NPs and ZnO coated films. Dry ZnO NPs (sized 90~200 nm) were
purchased commercially from Nanostructured & Amorphous Materials (USA) in this #work.

stock suspension was prepared by resuspending the NMslliQ water to produce a final



concentration of 20 g/L. The pH of the suspension was adjusted to be the same as the culture
medium, i.e. ~7.2, by using NaOH (1 M, Fisher Scientific, UK) and HCI (0.1 M, Fisher
Scientific, UK). To prepare the coated film, a master suspension with a concentration of 5.0 g/L
was prepared by mechanical milling in a Dyno-Mill (Willy A. Bachofen, Switzerland) with
Zircon based beads (diameter 0.2 um). The blank films were cleaned by ultrasonication for 5
min. The master suspension was coated uniformly using glass coater onto one side of the PVC
film. After drying at room temperature, the coated PVC films were spread on a poly methyl
methacrylate plastic substrate, and were subsequentlyroasted and pressetC dorlQ0 min.
Morphology was characterized by scanning electron microscopy (SEM) and transmission
electron microscopy (TEM). SEM analyses was conducted on a LEO Gemini 1530 field
emission SEM operating at a voltage of 5@.[7], and TEM on a Philips FEI Tecnai TF20 field
emission gun TEM operating at a gun voltage of 200 kV, fitted with an Oxford Instruments
INCA 350 EDX system/80 mm X-Max silicon drift detector and Gatan Orius SC600A charge-
coupled device camera. Characterisation by XRD was carried out using a PANalytical X Pert
diffractometeroperating with a Cu Ka radiation source (A\=1.541A). Zeta potentials of all the
samples were determined in order to obtain information on the surface charge of ZnO NPs,
measured by a Zetasizer (Malvern Instruments, UK) &C29he experiments were performed

using 50 ml polyethylene tubes and the concentrations of ZnO solutions were 2, 1, 0.5, 0.2, 0.1
g/L. The pH value of ZnO suspension was around 7.2. The samples were shakethbghaker

with a 200 rpm speed under room temperature for 48 hour. For separation, the samples were
centrifuged at 11000xg for 5 min. The clear supernatant samples were filtered by a 0.1 um Filter
(Whatman), and then the concentration of zinc ions in the solution were measured by a Varian

model Spectra atomic absorption spectrometer (Australia). The operating conditions were as



follows: wavelength, 213 nm; lamp current, 5.0 mA; acetylene flow, 1.5 L/min. Standard
solutions of 0.5 ppm, 1.0 ppm, 1.5 ppm and 2.0 ppm were used to calibrate the system prior to
use and three measurements were taken from each aliquot in order to determine the mean

concentration of zinc at each time interval.

2.2. Evaluating antibacterial activity. Culture turbidity was measured at 600nm to assess the
bacterial cell growth, and the cultures were plated onto agar to determine viable counts. To
prevent a photocatalytic effect with ZnO NPs, all experiments were performed in the dark.
Escherichia colstrain DH5a (obtained from the Faculty of Biological Sciences, University of
Leeds, UK) was cultured in Luria-Bertani (LB) broth medium (Sigma-Aldrich, UK) with a 200
rom shaking under aerobic conditions at €7 for 18 h. The culture was diluted to give
approximately 1x1910" colony forming units/ml (CFU). Three replicate tubes were prepared
for each treatment. In a typical experiment, 50 pl of the diluted culture of E. coli was inoculated
into 20 ml LB broth containing ZnO coated films. The mixture was cultured under aerobic
conditions at 3?C. Viable cell numbers were followed by plating diluted cultures onto LB agar,
incubating the plates for 48 h at 37, and then enumerating colonies. In order to determine the
antibacterial activity of zinc ions, Zn{Was employed to culture with E. coli in LB broth under

conditions described above and NaCl was used to eliminate the effect of Cl

2.3. Antibacterial mechanisms of ZnO NPs. In order to prevent the potential penetration and
physical contact between ZnO NPs and bacterial cells, ZnO NPs were firmly coated on the PVC
films. A set of tests were performed using a membrane barrier which physically separated the
ZnO coated films from the bacteria during the antibacterial tests. This membrane, whilst
preventing direct physical contact, would nonetheless allow diffusible factors (including ions or

ROS, but not bacteria or NPs) produced by ZnO NPs to pass through and mediate the



antibacterial effect. A Vivascience Vivaspin tube (Ultra 100,000MWCO), with a true pore size
<50 nm, was used. LB broth (10 ml) was added into the left part of the tube with the ZnO coated
film, while the right-hand side of the tube contained 10 ml LB and E. cdli’ (@®6U). Aliquots

(100 pL) of E. coli culture (10’ CFU) were transferred to the right side of the tube and cultured
under aerobic conditions at 3€. Blank PVC films were used to provide a negative control.
Viable cell numbers were followed by plating diluted cultures onto LB agar, and incubating the
plates for 48 h at 37C, before counting colonies. Hydrogen peroxide produced by ZnO NPs was
measured by Amplex Red Hydrogen Peroxide ATP Determination Assay Kit (Molecular Probes,
UK). The working solution of 100 uM Amplex Red reagent and 0.2 U/mL horseradish
peroxidise (HRP) were prepared by using the reaction buffer. A series of concentratiph,

UM, 5 uM, 2.5 uM, 1.25 uM, 0.625 uM, 0.3125 uM afd4 , was prepared using the reaction
buffer. The ZnO suspensions with different concentrations were prepared. At designated points,
50 pL of the standard solutions, ZnO suspensions, and reaction buffers were transferred to 96-
well microplates. Amplex UltraRed fluorescence then was meastitkdn excitation at 544nm

and fluorescence emission at 590nm in Fluo star optima (BMG labtech Ltd., UK). Each sample

was tested 3 times to obtain statistically meaningful results. The reaction buffer was used as the
negative control and to help correct the background of fluorescence measurements. The free
radical scavengers including vitamin E, mannitol and gluthathione were employed to quench the

release of ROS produced by ZnO NPs and block the antibacterial effect of the coated films.

2.4. Evaluating membrane damage. The effect of the ZnO NPs on the membrane integrity of
E. coli DH5a cells through the leakage of K* monitored was assessed by atomic absorption
spectroscopy. Cells were resuspended in 5mM HEPES 5mM Glucose buffer (pH 7.2), as

described previouﬁ To examine the action of ZnO NPs over a time course against E. coli



DH5a cells, we assessed the ability of the ZnO NPs to compromise the integrity of
carboxyfluorescein-filled liposomes made of a phospholipid content of E. coli CM
(approximately 70% [wt/wt] phosphatidylethanolamine, 20% phosphatidylglycerol, 10%
cardiolipin) ,]. Phospholipids were from Avanti polar lipids (Birmingham, AL). The
leakage of carboxyfluorescein from the liposomes was monitored at 485nm and the percent of
liposome integrity was calculated relative to liposomes challenged with 0.5% Triton X-100
(corresponding to 100% liposome damage [0% liposome inte DI27]. In both methods
antibiotic agents were at 4 x MIC using 5 % SDS an appropriate control for membraaged

and over a 180 minute time course, taking readings at 0, 10, 60 and 180 minutes. Each method

was carried out for at least three biological replicates.
3. RESULTSAND DISCUSSION

3.1. Characterizations of ZnO NPs and ZnO coated films. The effects of milling on the
physical properties of the ZnO powder were assessed by Transmission Electron Microscopy
(TEM) and showd in Figure 1. The results showed that the ZnO NPs were ghnprasenting

as clusters and some were in the micronmeter size range before milling (Fjgufde size
distribution decreased with increasing milling time. After milling, the particle sizes were more
homogeneous, ranging from 20 to 50 nm, with an average particle size of around 30 nm. The
inset in Figure 1b is of the cluster of particles visible in Figure 1b. The high resolution TEM
image in Figure 1b showed highly crystalline materials. Particle size distribution data obtained
by DLS for NPs suspended in water at a final solution pH of 7.2 were shov@éh Appendix

Fig. 1). There was a little differex@ with the TEM primary particles size (20-50 nm) compared

to the results of Zetasizer (ranging from 20 nm to 80 nm) due to the presence of agglomerates.

The surface morphology of ZnO NPs was observed by SEM and sho#hApgendix Fig. 2.



The crystallite and primary particle sizes here were consistent with TEM results. Figure 2
showed the XRD patterns for the ZnO NPs after milling with the Miller indices of the planes
indicated above each peak. The peaks in the pattern were consistent with that of the JCPDS
reference file for the hexagonal-close-packed wurtzite structure of zincite (ref: 01-079-0206).
The XRD results indicated clearly that the main crystalline phase was hexagonal zincite
structure. No diffraction lines associated with impurities were detected. The average crystallite
size, which was estimated from the peaks using the Debye-Scherer formula, was 43 + 8 nm. The
zeta-potential of ZnO suspension was approximately +40 mV at pH value of 7.2. There is no
significant difference before and after milling in terms of the surface chatgeppendiy. The

coated films were prepared as described above. The ZnO NPs were found to be firmly coated on
the surface of films. There were no big cracking sign on the surface of zinc oxide coated films,
namely the NPs were evenly distributed on the surface. The sizes of particles embedded on the

surface ranged from 30 nm to 80 nm due to the presence of aggreg§attgrpéndix Fig. 3

3.2. Antibacterial activity of ZnO NPs without physical interaction The membrane barrier

with 50 nm pore size were employed to separate the organisms from the ZnO coated films.
Figure 3 showed that whilst ZnO coated films with the membrane barrier retained some degree
of antibacterial activity, the antibacterial effect was diminished compared to experiments run in
the absence of the membrane barrier. Because ZnO NPs have been firmly coated on the surface
of films and totally separated by membrane barrier, there was no physical interaction between
ZnO NPs and bacterial cells. These results suggested that the antibacterial activity of ZnO coated
films was blocked at least in part by the membrane barrier. It indicated physical interactions

between ZnO NPs and cell had partial contribution to the antibacterial behavior of ZnO NPs.



Furthermore, the results implied that due to the killing by diffusible factors, some chemicals

released by ZnO coated films passed through the membrane barrier and killed the bacteria.

3.3. Membrane damage: To confirm that ZnO NPs caused cell death through membrane
damage, we performed an assay which assessed this property further by quantifyiricaties lea

of the intracellular component rom whole E. coliDH5a cells resuspended in SmM HEPES

5mM Glucose (pH7.2) buffer. This allowed us to evaluate the E. coli bacterial membrane
integrity, not just the cytoplasmic membrane (Figure 4). After 60 minutes with ZnO NPs, the
percentage of Kremaining was zero, suggestiagomplete loss of membrane integrity. For the
negative control Tetracycline, 100%" Kvas remained after 180 minutes, indicating no
membrane damage. It is of note that 5% SDS also had an extensive effect on tidrtoashe

cells over 180 minutes but the loss was much slower than ZnO NPs. Such evidence indicates
clearly that ZnO NPsantimicrobial activity against E. coli was through non-specifically
disrupting the E. coli membranes. As mentioned previously the leakage of carboxyfluorescein
from liposomes was monitored at 485 nm, and the percentage of liposome integrity was
calculated relative to liposomes challenged with 0.5% Triton X-100 (corresponding to 100%
liposome damage [0% liposome integrity]).[27]. Over a 180 minute time course, ZnO NPs led to
>65% loss of integrity, compared to the negative control Tetracycline, which maintained 100%
integrity. Whilst as expected, the positive control 5% SDS had full loss of integrity after 60
minutes (Figure 5). These findings sugigd that ZnO NPs caused cell death by directly
interacting with the phospholipid bilayer of the membrane, causing loss of membrane integrity

as shown by the leakage of trapped carboxyfluorescein dye

Several possible mechanisms were proposed to explain the attachment of ZnO NPs to the

bacterial surface: Van der Waals forces, electrostatic, hydrophobic and receptor-ligand



interaction]. In this work, ZnO NPs were positively charged (+40 mV) on the surface at
pH 7.2. In contrast, the bacterial cell envelope had an overall negative charge (-33.9 mV) due to
the presence of Iiopolysaccharid[SO]. It would be plausible that the electrostatic attraction
between negatively charged bacterial cells and positively charged ZnO NPs were resfansible
the attachment. It can be concluded that the antimicrobial ability of the ZnO NPs was closely
related to the disruption of the membrane integrity through the direct contact with bacterial cell.
The intrinsic toxic properties of ZnO played an important role, causing structural changes and

degradation of cell.

3.4. Possible antibacterial mechanism of Zn®* released from dissolution of ZnO NPs. One

of an early study suggested that the antibacterial activity of ZnO NPs could result from
dissolved metal ions from oxide [ref]. To check on this point, welyfirdetermined the
antibacterial behavior of zinc ions. Cell experiments using Za€la source of zinc ions were
performed, which showed that there was no cell death observed for the zinc ion concentration up
to 10 mg/L 6! Appendix Fig. % Secondly, the amount of Znreleased from ZnO NPs was
measured by an atomic absorption spectroscAgy5]. Figure 6 showed that the concentration

of Zn?* released from ZnO NPs at concentration of 0.2wé# around 1.25 mg/L. Even the
concentration of ZnO NPs was increased to 2 g/L, the concentration of released zinc ions would
be still much smaller than the needed 10 mg/L to produce any cell death However consistent
with previous resu], we have shown hat the MIC of ZnO NPs against E. coli was 0.2 g/L
Clearly the chemical interactions between zinc ions and bacterial cell are unlikelyao be

plausible antibacterial mechanism of ZnO NPs against E. coli.

3.5. Possible antibacterial mechanism of the generation of reactive oxygen species (ROS).

The generation of ROS has been known to contribute to ZnO NPs antibacterial ity [31]. In

10



this study, radical scavengers (Mannitol, Vitamin E and Glutathione (O&ie employed to
indirectly assess whether radical formation was responsible, , because they can alter the kinetic
profile of the reaction. Figure 7 showed that the addition of radical scavengers suppressed the
level of the bactericidal effect of ZnO coated films against E. coli. The survival number of E. coli
with scavengers in the absence of ZnO coated films was almost the same as the negative control,
indicating that scavengers themselves had no effect on cell viability. The results also showed that

the antibacterial ability of ZnO NPs was inhibited by the quenching agents.

In this assay, the amounts of hydrogen peroxide in ZnO solution were measured by
Amplex Red Hydrogen Peroxide Assay Kit. For ZnO NPs with average size of 1000 nm, the
concentration of kD, was observed to increase from 1.25 to 4.5 pM/L as ZnO concentration
was increased from 0.1 g/L to 0.4 g/L (FigureH®wever, separated experiments on the
susceptibility determinations with hydrogen peroxide against E. coli showed that the MIC value
was 0.5 mM/L &1 Appendix Fig. % which is two orders of magnitude higher than those
released from ZnO. Clearly ZnO NPs did not produce sufficient amount of hydrogen peroxide

even at high concentrations of ZnO NPs to have produce any bactericidal effect..

There are other potential ROS that could be produced by ZnO NPs such as hydroxyl
radical and superoxide anion. Superoxide anion radical is unlikely to cause any bactericidal
effect as it is less toxic and is poorly permeating to cell memb39
However hydroxyl radical is the most reactive oxygen radical known. It would react very

quickly with almost every type of molecule found in living cells by the recombination of two

‘OH radicals, forming hydrogen peroxidﬂ, 32-39]. Therefordét may be suggested that

regarding the ROX effect, hydrogen peroxide and superoxide anion production from ZnO NPs

11



would not produce salient antibacterial effect. Instead, the hydroxyl radicals may contribute to

the antibacterial properties of ZnO NPs.

4. CONCLUSION

This work reported the potential antibacterial mechanisms of ZnO NPs against E. coli cells. The
antibacterial results of ZnO NPs without contacting bacterial cells showed that both physical and
chemical interactions contributed to the antibacterial behavior of ZnO NPs. The results of the
leakage of intracellular K and integrity of carboxyfluoresce in-filled liposomes showed that
ZnO NPs caused cell death by directly interacting with the phospholipid bilayer of the
membrane, causing loss of membrane integrity. Furthermore, the addition of radical scavengers
suppressed the bactericidal effect of ZnO coated films against E. coli, potentially implicating the
ROS generation in ZnO NPs played an important role in the antibacterial properties of ZnO NPs.
Certain concentrations of zinc ions and hydrogen peroxide were detected in ZnO NP
suspensions. However, the concentration of zinc ions and hydrogen peroxide were insufficient to
cause any antibacterial effect. It is suggested that hydroxyl radicals maybe the main contributor

to the antibacterial properties of ZnO NPs.

ASSOCIATED CONTENT

The supporting information mainly focused on the characterization of ZnO NPs by using DLS
measurement, SEM and AAS. The MIC of hydrogen peroxide has been described in this section

as well. This material is available free of charge via the Internet at http://pubs.acs.org.
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