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ABSTRACT

The current spreading of nanomaterial applications supports the search for further
possible functions of theses diminutive particles. The antibacterial potentiality of
zinc oxide (ZnO) nanoparticles (NPs), compared with conventional ZnO powder,
against nine bacterial strains, mostly foodborne including pathogens, was evaluated
using qualitative and quantitative assays. ZnO NP was more efficient as antibacterial
agent than powder. Gram-positive bacteria were generally more sensitive to ZnO
than Gram negatives. The exposure of Salmonella typhimurium and Staphylococcus
aureus to their relevant minimal inhibitory concentrations from ZnO NP reduced
the cell number to zero within 8 and 4 h, respectively. Scanning electron micro-
graphs of the treated bacteria with NPs exhibited that the disruptive effect of ZnO on
S. aureus was vigorous as all treated cells were completely exploded or lysed after only
4 h from exposure. Promising results of ZnO NP antibacterial activity suggest its
usage in food systems as preservative agent after further required investigations and
risk assessments.

PRACTICAL APPLICATIONS

Foodborne pathogen invasion is still a recurrent serious problem facing researchers
and food industry overseers. The introduction of novel powerful antimicrobial
agents is of great importance for the control of pathogenic bacteria, especially
antibiotic-resistant strains. Zinc oxide (ZnO) nanoparticle (NP) could be one of
these potential alternatives. This study focused on ZnO NP because of its increasing
presence in many marketable products and that supports its application in food
industries as a reasonably safe agent. The demonstrated antibacterial activity of ZnO
NP recommends its possible application in the food preservation field; otherwise it
can be applied as a potent sanitizing agent for disinfecting and sterilizing food indus-
try equipment and containers against the attack and contamination with foodborne
pathogenic bacteria.

INTRODUCTION

Nanotechnology offers possibilities of great advancements in
a variety of industries by manipulating materials on the
atomic or molecular level and thus obtain novel characteris-
tics and functions of smaller constructed materials; these
smaller materials are referred to as nanomaterials and defined
as a particle less than 100 nm in at least one direction (Meyer
and Kuusi 2002).

Nanotechnology is presently applied in electrical engineer-
ing, chemistry, material sciences and cosmetics/sunscreens
(Kumar 2006). Medicinal sciences are investigating the use of
nanotechnology to improve medical diagnosis and treat-
ments (Bennet and Schuurbiers 2005; Howard and Kjems
2007; Andersen et al. 2009).

Currently, metal oxide nanomaterials are among the most
highly produced nanomaterials; their available applications
include catalysis, sensors, environmental remediation and
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personal care products (Kumar 2006). Thus, zinc oxide
(ZnO) and copper oxide nanomaterials are incorporated into
a variety of medical and skin coatings because of their antimi-
crobial and/or antifungal properties. ZnO nanoparticles
(NPs) have been added as antimicrobials to wallpaper for use
in hospitals (Richards 2006). ZnO and TiO2 NPs sunscreen
formulations have an improved performance as they scatter
ultraviolet light than their respective bulk formulations
(Serpone et al. 2007). While a metal oxide such as conven-
tional titanium dioxide (E 171) is used already as a white food
coloring (E171), e.g., to whiten skimmed milk (Phillips and
Barbano 1997), ZnO has for decades been used in medicine as
a mild topical astringent (and possible antibacterial agent) in
eczema and slight excoriations, in wounds, and for hemor-
rhoids (Sweetman 2005).

There are many supporters who believe that nanotechnol-
ogy will provide great developments and advance the world
and quality of life, while there are many who regard nanotech-
nology to be too dangerous and risky for continuing research
(Woodhouse 2004). Jiang et al. (2009) reported that ZnO NPs
were the most toxic antibacterial agent among the other
examined metal oxide NPs (aluminum, silicon and titanium)
against Bacillus subtilis, Escherichia coli and Pseudomonas
fluorescens. ZnO NP could potentially be used as an effective
antibacterial agent to protect agricultural and food safety
from foodborne pathogens, especially E. coli O157:H7 (Liu
et al. 2009).

The antibacterial agents currently used in the food indus-
try can be classified into two categories; organic and inor-
ganic reagents. Inorganic antibacterial agents are more stable
at high temperatures and pressures compared with the
organic materials, and the metallic oxide powders could be
suggested as powerful antimicrobial agents in this field (Sawai
2003).

Metal oxides such as ZnO have received increasing atten-
tion as antibacterial materials in recent years because of their
stability under harsh processing conditions, and also because
they are generally regarded as safe materials for human beings
and animals (Stoimenov et al. 2002; Fu et al. 2005). Many
studies have shown that some NPs made of metal oxides, such
as ZnO NP, have selective toxicity to bacteria and only exhibit
minimal effect on human cells, which recommend their pro-
spective uses in agricultural and food industries (Brayner
et al. 2006; Thill et al. 2006; Reddy et al. 2007; Zhang et al.
2007).

Today, Salmonella spp. has been considered as the most
important causal agents of a significant range of foodborne
illnesses (Ryan and Ray 2004). Salmonella species have been
identified and they are of major concern to nearly all sectors
of the food industry (Bell and Kyriakides 2002).

Staphylococcus is also a major group of the foodborne
pathogens which mostly associated with community-
acquired and nosocomial infections, and may be life threaten-

ing in immunodeficient conditions. The most important
species in the genus Staphylococcus is Staphylococcus aureus.
They are natural inhabitants of human and animal skin, but
can sometimes cause infections that affect many organs
(Bhunia 2008).

Therefore, the current study aimed to evaluate the antimi-
crobial activity, qualitatively and quantitatively, of ZnO NP
against many Gram-positive and -negative bacteria, mostly
foodborne pathogens, in comparison with ZnO powder
potentiality. Furthermore, this article aims to study the effect
on the cellular level using micrograph capturing of cells from
Salmonella typhimurium and Staphylococcus aureus treated
with ZnO NP.

MATERIALS AND METHODS

ZnO Suspension Preparation

ZnO powder (~5 mm) and nano-scaled (�50 nm) particle
sizes (PS) were purchased from Sigma-Aldrich Co. (St. Louis,
MO). Equal weights from ZnO powder and nanoparticles
(8.1 g) were initially sterilized at 160C for 3 h, and then dis-
persed in ultrapure water (Milli-Q®, Millipore Corporation,
Bedford, MA), vigorously vortexed for 10 min and addition-
ally sonicated for 30 min to avoid aggregation and deposition
of particles. The resulting suspensions (100 mL with concen-
tration of 1 M) were considered as stock solution to be diluted
and used for bacterial susceptibility evaluation.

Bacterial Strains

Nine bacterial strains including pathogens, mostly food-
borne, were examined for their susceptibility and sensitivity
toward the treatment with ZnO concentrations. The strains’
name, origin and growth preference are illustrated in Table 1.
The identity of isolated bacterial strains were recognized and
confirmed according to the reference microbiological guide-
lines (Balows et al. 1991).

Antimicrobial Testing Assay

Two different assays (qualitative and quantitative) were
carried out to evaluate the antimicrobial activity of ZnO
against examined bacterial strains. Bacterial cultures were
kept in dark throughout the assays to avoid the possible effect
of light on the antibacterial activity.

Paper Disc Diffusion Assay. Sterile paper discs
(Whatman No.1, 6 mm in diameter) were placed on the
surface of suitable media plates, freshly inoculated with bac-
terial cells, then 10 mL from ZnO stock solution was dis-
pensed onto the surface of each disc. Plates were then
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incubated for 24 h at the optimum temperature for each
strain, and diameters of the growth inhibition zones were
recorded in mm. Each experiment was made in triplicate
and the inhibition zones are given as the mean � standard
deviation.

Determination of the Minimal Inhibitory Concentra-
tions. The modified microdilution method of Eloff (1998)
as described by Tayel et al. (2010) was applied for the determi-
nation of minimal inhibitory concentrations (MIC) of ZnO
suspension against examined bacteria. Briefly, 20 mL of
24-hour-old bacterial culture (~108 cfu/mL) was poured in
microplate 96-wells as followed by 100 mL of a ZnO suspen-
sion along with an equal volume of broth media. The ZnO
suspensions were produced by serial dilutions to give a final
ZnO concentration in the range of 1–200 mM. ZnO-free
solution was used as a control. The microplates were then
incubated overnight. p-iodonitro-tetrazolium violet aqueous
solution (20 mL; INT, Sigma-Aldrich), with a concentration
of 4% w/v, was added to all wells as an indicator of bacterial
growth by the formation of red-colored formazan produced
by biologically active cells. MIC was defined as the lowest ZnO
concentration that completely inhibited bacterial growth, i.e.,
a colorless well. As a confirmation test, after microplate incu-
bation for 24 h at the optimum temperature for each strain,
50 mL from each well were spread on solidified growth media
plates and incubated for further 24 h. Growth-free plates vali-
dated that the used concentration inhibited bacterial growth.

Effect of Exposure Time to ZnO NP on Bacterial Sur-
vival. Two milliliter of 24-hour-old bacterial culture
(~108 cfu/mL) from Salmonella typhimurium and Staphylo-
coccus aureus were inoculated in 100 mL of nutrient broth
media containing the MIC from ZnO NP and incubated at
37C. Subsequently, aliquots (100 mL) from cell suspensions
were serially diluted and 100 mL of culture dilutions was
spread on nutrient agar plates. The latest step was repeated up
to 12 h, with intervals of 1 h after treatment. Inoculated plates
were then incubated at 37C for 24 h and the colony forming

units (cfu) were counted. The survival percentage was calcu-
lated as:

No. of cfu after treatment / No. of cfu for control cul-
ture ¥ 100.

Morphological Test of the Bacterial Cells

Scanning electron microscope (SEM; S-500, Hitachi, Tokyo,
Japan) was used to examine morphological characters/
changes of bacterial cells before and after treatment with ZnO
NP (Marrie and Costerton 1984). First, cells were primarily
fixed with a fixative buffer (2.5% glutaraldehyde, 2%
paraformaldehyde in 0.1 M Na-Cacodylate buffer, pH 7.35)
for 30 min. The samples were then rinsed thrice with ultra-
pure water, followed by dehydration with a series of ethanol
solutions (10, 30, 50, 70, 90 and 99%). The dehydrated
samples were dried immediately by critical point dryer (Auto-
Samdri-815 Automatic Critical Point Dryer; Tousimis, Rock-
ville, MD), followed by mounting onto SEM stubs and
sputter-coated with gold/palladium using a cool-sputter
coater (E5100 II, Polaron Instruments Inc., Hatfield, PA). Sec-
tions were then observed under SEM at 8 kV each hour after
treatment. Captured areas were selected according to the
alteration in the morphology of treated cells.

RESULTS

Different bacterial strains (two Gram positive and seven
Gram negative) were examined for their susceptibility to ZnO
powder and nanoparticles (Table 1). Generally, the Gram-
positive strains were more susceptible to ZnO forms using
either qualitative or quantitative assay. The NP form (PS of
�50 nm) of ZnO had a more effective antibacterial activity
than powder form (PS of ~5 mm) against all examined strains
(Table 2). The diameter of growth inhibition zone increased
with the decrement of required MIC from ZnO for each
strain, but with no clear linear correlation between the used
assays. Bacillus cereus was the most sensitive strain among all
of the examined strains toward ZnO forms. On the other

TABLE 1. PARTICULARS OF EXAMINED BACTERIAL STRAINS IN THE STUDY

Strain name Gram stain ID No. Biosafety level Growth media
Optimum
temperature (C)

Bacillus cereus G + NRRL B-569 1 Nutrient agar or nutrient broth 30
Enterobacter cloacae G - ATCC 23355 1 Nutrient agar or nutrient broth 30
Escherichia coli G - ATCC 8739 1 Nutrient agar or nutrient broth 37
E. coli O157:H7 G - Clinical isolate 2 Blood agar base 37
Pseudomonas aeruginosa G - ATCC 25006 2 Blood agar base 26
Pseudomonas fluorescens G - ATCC 13525 1 Nutrient agar or nutrient broth 37
Salmonella enteritidis G - Clinical isolate 2 Nutrient agar or nutrient broth 37
Salmonella typhimurium G - ATCC 23852 2 Nutrient agar or nutrient broth 37
Staphylococcus aureus G + ATCC 12599 2 Nutrient agar or nutrient broth 37
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hand, regarding their MICs, examined Pseudomonas spp.
were the most resistant examined strains.

By the evaluation of exposure time effect (h) on the sur-
vival and cell counts of Salmonella typhimurium and S.
aureus after treatment with ZnO NP, at the corresponding
MIC values, it was verified that Salmonella typhimurium cells
(Fig. 1A) had almost double required time for S. aureus cells
(Fig. 2A) for complete death to occur (8 h versus 4 h, respec-
tively). After 1 h from the exposure to ZnO NP, the reduction
in Salmonella typhimurium cell count was 27%, whereas for
Staphylococcus aureus the recorded reduction percentage was
74%. The complete disappearance of live Staphylococcus
aureus cells was evidenced after 4 h from the exposure to
ZnO NP, at which time the remaining live cells from Salmo-
nella typhimurium was 19% out of the control total number.
The scanning electron micrographs of the treated bacterial
cells with the MIC from ZnO NP displayed that, for S. Typh-
imurium, NPs were attached to the bacterial cells with a high
frequency after 1 h of exposure time (Fig. 1B 1). The bacte-
rial cell walls of Salmonella typhimurium had been softened
and broadened after 4 h of exposure; many cells were lysed
and their internal components began to release (Fig. 1B 2).
After 7 h of exposure, most of the treated Salmonella typh-
imurium cells were lysed and the few remaining intact cells
were seen in a pond of released internal cell components
(Fig. 1B 3).

Regarding the impact of Staphylococcus aureus’ exposure to
ZnO NP on the morphology of its cells, it was exhibited that
the bacterial cells had a smooth unified structure at the begin-
ning of exposure (Fig. 2B 1); no observable ZnO particle
could be detected adhering to the cells at this phase. The effect
of ZnO NP was extremely vigorous on the cells after 2 h of
exposure (Fig. 2B 2); most of the cells were lysed and liberated
their internal contents and the other intact cell walls were
specified with enlarged soft appearance and attached with
noticeable amounts of ZnO NPs. At the end of exposure
period (4 h), all of the treated Staphylococcus aureus cells were

fully exploded or lysed, and the only observable fractions
were their released internal contents combining with ZnO NP
(Fig. 2B 3).

DISCUSSION

For the broad investigation of ZnO antimicrobial capability,
nine bacterial strains, from both Gram positives and nega-
tives, were used in this study. The examined strains included
many foodborne pathogenic strains to increase the factuality
and applicability of the study. The inhibition of bacterial
growth, by the treatment with ZnO, was recorded in both
solid (qualitative assay) and broth (quantitative assay) media,
which give more probability for the usage of ZnO in different
application conditions.

Metal oxide nanomaterials increased cell death with
increasing concentrations, affected mitochondrial function,
induced lactate dehydrogenase leakage and generated abnor-
mal cell morphology at concentrations as low as 50–100 mg/L
(Hussain et al. 2005; Jeng and Swanson 2006; Chen et al.
2007).

The antibacterial activity of ZnO NP was much stronger
than that of ZnO powder. This could be simply explained as
smaller particles normally have a larger surface to volume
ratio which provides a more efficient mean for antibacterial
activity (Baker et al. 2005). The generation of hydrogen per-
oxide (H2O2) presents another elucidation of the antibacterial
activity of ZnO; H2O2 that generates from the surface of ZnO
is considered as an effective mean for the inhibition of bacte-
rial growth (Yamamoto 2001). It can be assumed that the con-
centration of H2O2 generated from the surface increases with
decreasing particle size, because the number of ZnO powder
particles per unit volume of powder slurry increases with par-
ticle size decreasing. Another possible mechanism for ZnO
antibacterial activity is the release of Zn2+ ions. It is well
known that ZnO normally becomes unstable in the solution,

TABLE 2. ANTIBACTERIAL ACTIVITY OF ZnO
POWDER AND NANOPARTICLES AGAINST
BACTERIAL STRAINS MEASURED AS DIAMETER
OF INHIBITION ZONE AND MINIMAL
INHIBITORY CONCENTRATION (MIC)*

Bacterial strain

ZnO powder ZnO nanoparticle

Zone diameter* MIC (mM) Zone diameter MIC (mM)

Bacillus cereus 18 � 1.1 17 35 � 1.6 7
Enterobacter cloacae 14 � 0.9 74 19 � 1.4 21
Escherichia coli 12 � 0.8 68 21 � 1.3 16
E. coli O157:H7 13 � 0.6 64 18 � 1.1 17
Pseudomonas aeruginosa 11 � 0.4 72 17 � 1.2 26
Pseudomonas fluorescens 9 � 0.3 80 18 � 1.1 24
Salmonella enteritidis 11 � 0.5 54 22 � 1.2 20
Salmonella typhimurium 12 � 0.6 66 21 � 1.4 22
Staphylococcus aureus 17 � 1.2 19 31 � 1.4 10

* Inhibition zone (mm) include the paper assay disc diameter (6 mm), which carried 10 mL from 1 M
ZnO suspension. The diameter of inhibition zones are means of triplicate � standard deviation.
1 mM of ZnO =81 mg/mL.
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and when H2O2 is produced, the Zn2+ ion concentration is
increased as a result of ZnO decomposition (Doménech and
Prieto 1986).

The obtained data, regarding the bacterial sensitivity to
ZnO, indicated that Gram-positive bacteria were more sensi-
tive than Gram-negative bacteria to ZnO powder and NPs;
this could be explained as the antibacterial action of ZnO is
suggested to occur through its interaction with specific cell
compounds; these compounds may be found or increased in
Gram-positive rather than in Gram-negative bacteria.

Potential contenders of these compounds are the outer
thick peptidoglycan layer and its amino acid constituent,
surface proteins (e.g., adhesions) and teichoic acids plus
lipoids (forming lipoteichoic acids), which act as chelating
agents and also execute certain types of adherence.

Another hypothesis is some components found in Gram-
negative bacteria, and not in Gram positives, which can

oppose ZnO attachment onto cell walls; the possible
nominees include the extra outer membranes and the
pathogen-associated molecular patterns which include
lipopolysaccharide (consisting of lipid A, core polysaccha-
ride and O antigen), porins and particular fragments of
peptidoglycan.

The third supposition is that the Gram-negatives cell wall,
according to its structure and thickness, may prevent ZnO
from penetrating into the cells and interacting with their
internal components. However, further studies are required
to investigate the definite interactions between ZnO particles
and each individual cell component to clarify the exact anti-
bacterial mechanism.

It was proposed (Leone et al. 2007) that carboxyl, amide,
phosphate, hydroxyl groups and carbohydrate-related moi-
eties in the bacterial cell wall may provide sites for the
molecular-scale interactions with the oxide NPs.

FIG. 1. ALTERATION IN SALMONELLA TYPHIMURIUM CELL COUNTS (A) AND MORPHOLOGY (B) AFTER EXPOSURE TO THE MINIMAL INHIBITORY
CONCENTRATION FROM ZnO NANOPARTICLES (22 mm) FOR 1, 4 AND 7 H (B-1, 2, 3, RESPECTIVELY), WITH MAGNIFICATION OF ¥15,000
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Also, it was demonstrated (Tam et al. 2008) that ZnO was
more effective for killing Gram-positive than Gram-negative
bacteria because they have simpler cell membrane structure.

Tsao et al. (2002) stated that the exposure of Gram-positive
bacteria to carboxyfullerene NP resulted in the puncturing of
the bacteria and cell death. Another proposed way in which
the membrane can be compromised is the alteration of mem-
brane lipid components (Koch et al. 2005).

The majority of previous studies suggested that the mecha-
nism of NP toxicity may be related to its photosensitivity and
production of reactive oxygen species (ROS) under specific
wavelength high-intensity light; therefore, nanomaterials that
generate ROS can indirectly damage cell membranes. The cell
membrane architecture could be impaired through lipid
peroxidation by ROS. Damage and disorganization in the
cell wall were observed in the bacteria exposed to MgO
(Stoimenov et al. 2002) and ZnO (Brayner et al. 2006) NPs.

In the current investigation, all of the assay steps were
carried out under dark conditions to avoid the possible effects

of released ROS from ZnO NP. This indicates the probable
production of free radicals under dark conditions as was pre-
viously suggested (Green and Howman 2005), or other toxic-
ity mechanisms additional to ROS production.

Two different assays were applied in the current investiga-
tion; growth inhibition zone assay expressed both the bacte-
riostatic and bacteriocidal actions of ZnO, whereas the
determination of MIC accompanied by INT staining focused
on the bactericidal action of the NPs.

Following the general evaluation of ZnO antibacterial
level, Salmonella typhimurium and Staphylococcus aureus
were chosen as models to investigate the antibacterial mode of
action of ZnO NP, because they exhibited relatively high resis-
tance to ZnO concentrations and because of their significant
risk as serious foodborne and zoonotic pathogens.

In the current study, the high MIC applied from ZnO
to inhibit Salmonella typhimurium (22 mM), compared
to the concentration applied for Staphylococcus aureus
(10 mM),increasedNPsprobabilityof attachingtoSalmonella

FIG. 2. ALTERATION IN STAPHYLOCOCCUS AUREUS CELL COUNTS (A) AND MORPHOLOGY (B) AFTER EXPOSURE TO THE MINIMAL INHIBITORY
CONCENTRATION FROM ZnO NANOPARTICLES (10 mm) FOR 0, 2 AND 4 H (B-1, 2, 3, RESPECTIVELY), WITH MAGNIFICATION OF ¥12,000
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typhimurium further than Staphylococcus aureus cells, at the
beginning of exposure.

It was proposed that nanomaterials that can physically
attach to a cell can be bactericidal if they come into contact
with this cell (Jeng and Swanson 2006). If the membrane of a
bacterium is compromised, the cell may repair itself or, if the
scratch is severe, the cell component may release and eventu-
ally the cell will die (Lyon et al. 2007).

It was demonstrated that ZnO NPs possess antimicrobial
activities against Listeria monocytogenes and Salmonella enter-
itidis in liquid egg white and culture media, and E. coli
O157:H7 in culture media (Jin et al. 2009); Jin et al. (2009)
recommended several approaches (powder, PVP capped, film
and coating) for the incorporation of ZnO into food system.
Tam et al. (2008) revealed that ZnO nanorod in the liquid
phase leads to bacterial cell death which occurred because of
cell membrane damage.

The impact of nanomaterials on living cells, including bac-
teria, can also be elucidated by the interactions between the
nanomaterial and the individual cell components. The first
interaction between a material and a cell is at the membrane
interface; some nanoparticles were suggested to embed them-
selves in the cell membrane (Jang et al. 2003).

Liu et al. (2009) indicated that ZnO NP may distort and
damage bacterial cell membrane, resulting in a leakage of
intracellular contents and eventually the death of bacterial
cells; the inhibitory effects against E. coli O157:H7 increase as
the concentration of ZnO NP increased. However, there is still
a current lack of exact information regarding the interaction
of NPs with the bacterial cell wall and possible permeation of
the NPs into the bacterial cells (Jiang et al. 2009).

We can conclude, regarding the obtained results, that ZnO
NP could be proposed as an effective and powerful antibacte-
rial agent against both Gram-positive and -negative bacteria.
The treatment with ZnO NP resulted in bacterial cell explo-
sion or lysis, and its antibacterial action was more vigorous
in Gram-positive bacteria. The application of ZnO NP could
be recommended as a preservative agent against foodborne
pathogens, in food production and processing, after confirm-
ing either its biosafety or toxicity.
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