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Abstract

In this work, ZnO nanofluids were produced by a medium mill with a pH value of about 7.2 and characterized by Nano-Sizer and
SEM. After milling, ZnO nanofluids were formed with an average particle size of �198.4 nm. The ZnO nanofluids used for testing were
stored for different periods (1-, 90- and 120-day) and kept in different conditions (under the light and in the dark). The antibacterial activ-
ities of these ZnO nanofluids were evaluated by estimating the reduction ratio of the bacteria treated with ZnO. The results showed that
the ZnO nanofluid stored for 120 days under the light had the best antibacterial behavior against Escherichia coli DH5a. SEM images
suggest that an interaction between the ZnO particles and the E. coli bacteria cells caused by electrostatic forces might be a mechanism.
� 2008 National Natural Science Foundation of China and Chinese Academy of Sciences. Published by Elsevier Limited and Science in
China Press. All rights reserved.
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1. Introduction

In recent years, nanomaterials have drawn considerable
interest of both academics and industrialists due to the
functionalities unavailable to micron structured materials.
It is found that once the materials are prepared in the ultra-
fine particulate forms, significant changes could occur to
their physical, chemical and electrical properties [1–3].
Anpo and coworkers reported that photocatalytic activity
was increased as the size of the TiO2 particles became smal-
ler than �10 nm, which was resulted from the change of
electronic property of TiO2 particles with the reduction
of the size of the particles [4]. This work concerned about
the use of ZnO nanoparticles which have been shown to
have some physical properties similar to those of TiO2.

In the early 1950s, scientists had already started the
research on ZnO as an antibacterial material [5]. Most
recently, more and more researchers have embarked on

the fundamental studies on the antibacterial activities of
the metal oxides. The real move toward the use of ZnO
as an antimicrobial agent was in 1995, when Sawai and
his colleagues found that MgO, CaO and ZnO powders
had antibacterial activities against some bacteria strains
[6,7]. Many factors related to the antibacterial activities
have been explored, such as the concentrations of the metal
oxides particles [6–8], the particle size of the metal oxide
powder [8–10] and the specific surface area of the powder
[11]. These previous studies investigated the antibacterial
activity of ZnO particles against Escherichia coli, Salmo-

nella typhimurium, Bacillus subtilis, Staphylococcus aureus,
etc. The main conclusions of these studies can be summa-
rized as follows:

(1) ZnO particles are effective for inhibiting both Gram-
positive and Gram-negative bacteria. These even
have antibacterial activity against spores that are
high-temperature resistant and high-pressure resis-
tant [6,7,9,12].

(2) The antibacterial activity of MgO, CaO and ZnO
appeared very near the surface, or on the surface [6].
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(3) Smaller ZnO particles have a better antibacterial
activity [8–10].

(4) The antibacterial activity depends on the surface area
and concentration, while the crystalline structure and
particle shape have little effect. The higher the con-
centration is and the larger the surface area is, the
better the antibacterial activity is [11].

(5) High-temperature treatment of ZnO particles has a
significant effect on their antibacterial activity. Treat-
ment at a higher temperature leads to a lower activity
[9].

(6) The mechanisms of the antibacterial activity of ZnO
particles are not well understood although Sawai
et al. [12–14] proposed that the generation of hydro-
gen peroxide be a main factor of the antibacterial
activity, while Stoimenov et al. [15] indicated that
the binding of the particles on the bacteria surface
due to the electrostatic forces could be a mechanism.

However, very few detailed studies were conducted on
the relationship between the properties of ZnO nanofluids
and their antibacterial activities. This paper will report
some of our recent work on this topic. The focus will be
on the characterization of the ZnO nanofluids and their
antibacterial behavior under different conditions, such as
the storage period for the nanofluids or the method of stor-
ing the nanofluids.

2. Experimental

2.1. Raw materials

Dry zinc oxide nanoparticles from Nanostructured and
Amorphous Materials (USA), were used in this work. The
primary size of the nanoparticles given by the manufacturer
was 90–200 nm. Luria–Bertani (LB) medium used for grow-
ing and maintaining bacterial cultures was purchased from
Sigma–Aldrich (UK). E. coli DH5a strain used for the anti-
bacterial tests was kindly provided by the Department of
Biological Science of the University of Leeds.

2.2. Formulation and characterization of ZnO nanofluids

To gain more information of the shape, size distribution
and morphology of the as-received nanoparticles, a scanning
electron microscope (SEM) was used. Fig. 1(a) shows the
SEM image of the particles obtained from the supplier. It
can be seen that ZnO particles are in the form of agglomer-
ates. Fig. 1(a) also exhibits the existence of particles that
are much larger than 200 nm, and some are even micron
sized.

As known, once the powder is dissolved in water, an
aggregate will form, as seen in Fig. 1(a). To get an ideal
ZnO nanofluid with a better size distribution, the ultrasoni-
cator (Clifton, UK) and the Dyno-Mill (Willy A. Bacho-
fen, Switzerland) were used. Zinc oxide nanofluid was
made by dissolving zinc oxide nanoparticles in distilled

water, sonicating for 30 min and milling for another 3 h.
The pH value of the ZnO nanosuspension was adjusted
to �7.2. After sonication and milling, the so-called master
ZnO nanofluid was produced, which had a concentration
of 20 g/l. The master nanofluid prepared was then auto-
claved at 121 �C for 15 min. The nanofluid was then char-
acterized after cooling down to room temperature by using
a SEM for shape, size and morphology analyses, and a
Nano-Sizer (Malvern Instruments) for size distribution
measurements.

2.3. Antibacterial tests

The numbers of the bacteria with and without the pres-
ence of different ZnO nanofluids were investigated to esti-
mate the antibacterial activities of the produced ZnO
nanofluids. All the antibacterial tests were performed in
the dark. The microorganism strain used in this study
was E. coli DH5a.

For the antibacterial tests, different amounts of the mas-
ter ZnO nanofluids were added to 5 ml autoclaved LB med-
ium to get different concentrations of 10, 8, 6, 4, 2, 0.5 and
0.1 g/l. The number of the bacteria was estimated by the
direct plate counting method. The test process was as fol-
lows: 50 ll of the overnight cultured E. coli slurry with
an approximate concentration of 106–107 colony forming

Fig. 1. SEM images of ZnO nanoparticles. (a) Before treatment; (b) after
treatment.
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units per milliliter (CFU/ml) was inoculated in a 5 ml LB
broth medium as a blank control and in a solution mixture
containing autoclaved LB broth medium and different con-
centrations of ZnO nanofluids. The cultures were grown at
37 �C under an agitation condition (200 rpm) for 24 h.
After that, 500 ll of culture from the blank control sample
and 500 ll of culture with the presence of ZnO were taken
out and diluted in 10-fold increments in the LB medium.
After dilution, 100 ll of the proper dilution was transferred
directly onto the LB agar plate. The solution was then
spread over the surface of the agar with a sterilized bent
glass rod. For statistical studies, three agar plates were used
for each dilution. After incubating at 37 �C for 48 h, the
plates having an ideal number of colonies between 30 and
300 were counted. By knowing how much the sample was
diluted prior to being plated, along with the amount of
the dilution used in plating, the concentration of the viable
cells per milliliter in the original sample was calculated. To
be comparable, the reduction ratio of the bacteria was eval-
uated by the following equation [16]: Rð%Þ ¼ A�B

A � 100%
where R is the percentage reduction ratio, A is the number
of bacterial colonies from the untreated bacteria suspen-
sion (without ZnO nanofluids) and B is the number of bac-
terial colonies from the bacteria culture treated by ZnO
nanofluids.

The same antibacterial tests were done on the master
ZnO nanofluids after the storage for 1, 90 and 120 days.
On the 120th day after the ZnO nanofluid preparation,
the antibacterial tests were done with the presence of the
ZnO nanofluids which were stored under different condi-
tions: one was stored under the light and the other was kept
in the dark.

2.4. Morphology of the bacteria

To get information on the interaction between ZnO
nanoparticles and E. coli bacteria, 100 ll bacteria samples
grown in the broth medium overnight were transferred to
10 ml of 1 g/l ZnO nanosuspension. After 5 min, one drop
of the solution was taken out, dropped onto the SEM stub
and air dried for the SEM investigation. After air drying,
SEM sample was coated with 3 nm platinum. The sample
was observed on a LEO Gemini 1530 field emission SEM
at a voltage of 5 kV.

3. Results and discussions

3.1. Characterization of ZnO suspensions (ZnO nanofluids)

Fig. 1 shows the SEM images of the ZnO nanoparticles
with a magnitude of 100,000�. Fig. 1(a) is the SEM image
of the ZnO particles before sample preparation, and (b) is
the SEM image of the ZnO particles after ultrasonication
and milling. The size of the ZnO nanoparticles given by
the supplier is between 90 and 200 nm. However, the
SEM image (Fig. 1(a)) suggested that the size of the origi-
nal ZnO powder was obviously larger than the supplied

reading. In Fig. 1(a), some ZnO particles are of approxi-
mately 800 nm in length. It was also indicated that some
ZnO particles were rod-like shaped and some irregularly
shaped. After the sample preparation, the size of the ZnO
particles in the suspension was dramatically dropped.
Fig. 1(b) exhibits that the size of most of the ZnO particles
is below 100 nm. It can be seen that the use of ultrasonica-
tion and medium milling was effective in breaking down the
particles and the nanoparticle agglomerates. Both the SEM
images depicted in Fig. 1 suggest that the use of Dyno-Mill
reduced the particle size significantly.

ZnO particles in the ZnO suspension after milling were
also analyzed using Malvern Nano-Sizer for the particle
size distribution and average size (see Fig. 2). After sample
preparation, the average size of the ZnO particles in the
ZnO suspension was about 198.3 nm. The size distribution
of the ZnO nanoparticles suggested that the ZnO particles
in the nanofluids were not uniform. There were still some
‘‘large particles”, which might be the aggregates of the
nanoparticles, that existed in the nanofluids. The average
particle size measured by Malvern Nano-Sizer was bigger
than the one found in the SEM image (Fig. 1(b)). It is
because that the particle size measured by the Malvern
Nano-Sizer is the hydrodynamic diameter, which is based
on the Stokes–Einstein equation and expected to be larger
than the actual size.

The average particle sizes of the samples with different
storage periods were also tested by Malvern Nano-Sizer.
The average size readings and pH values of the nanofluids

Fig. 2. Size distributions of ZnO nanoparticles by volume (a) and by
intensity (b).
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are shown in Table 1. After the nanofluids preparation, the
average size of the ZnO particles was about 198.4 nm. The
average size of the ZnO particles in the nanofluids
increased to approximately 223.1 nm after a 90-day storage
and to around 225.9 nm after a 120-day storage. This kind
of change was believed to be induced by the aggregation of
the ZnO particles.

3.2. Antibacterial tests

Antibacterial tests were carried out on the nanofluids in
various storage periods (1-, 90- and 120-day) and in differ-
ent storage conditions (under the light and in the dark).
The antibacterial effect of the nanofluids on the Gram-neg-
ative bacteria E. coli DH5a is presented in Figs. 3 and 4,
and Tables 2 and 3.

Fig. 3 and Table 2 show the results of the antibacterial
behavior of the samples with different storage periods.
The antibacterial behaviors of ZnO nanofluids against
E. coli bacteria are exhibited. In Fig. 3, it is shown that
the number of the bacterial colonies dropped with the
increasing concentration of ZnO particles. For 1-day sam-
ple, the decreasing trend in the number of the bacterial col-
onies displayed a lag phase, where 2, 4 and 6 g/l of ZnO
particles were presented in the growth medium. The
decreasing trends were quite similar between 90- and 120-
day samples. The number of the bacteria colonies grown
in 90- and 120-day samples decreased more sharply than
the one grown in 1-day sample. For 1-day sample, the pres-
ence of 10 g/l ZnO nanofluids led to 100% inhibition of the
bacterial growth. The 100% inhibition concentration came
to around 4 g/l in both 90- and 120-day samples. Table 2
shows the reduction ratios of the E. coli bacteria cells with

the presence of the ZnO nanofluids with different periods of
storage. The data exhibited that treatment for 24 h with
ZnO nanofluids resulted in the E. coli being killed by
99.99% at the concentration of 2 g/l, no matter which sam-
ple was used. However, when it came to the lower concen-
trations, which were 0.1 and 0.5 g/l, the reduction ratios of
the bacteria cell were different with the presence of different
ZnO nanofluids samples.

These results indicated that there was a higher efficiency
of the antibacterial activities in the ZnO nanofluids with
longer storage period. This behavior is likely due to the
production of the active oxygen species, such as O2

�,
hydrogen peroxide (H2O2), singlet oxygen (1O2) and hydro-
xyl radical (�OH) [12–14]. These active oxygen species are
toxic to the bacteria cell because they are very reactive
and powerful oxidizing agents [14]. With longer storage
period, there is more chance for the ZnO nanofluids to pro-
duce more amount of active oxygen, such as H2O2.

The antibacterial behavior of the ZnO nanofluids was also
compared between the samples stored under the light and in
the dark. The results are shown in Fig. 4 and Table 3. With

Table 1
The average size of the ZnO particles

Storage time Average size (nm) pH value

1-day 198.4 7.2
90-day 223.1 7.2
120-day 225.9 7.2

Fig. 3. Number of bacteria cells treated with ZnO samples with different
storage period.

Fig. 4. Number of bacteria cells treated with ZnO samples with different
storage way.

Table 2
Reduction ratio of E. coli bacteria cell (%)

Sample Concentration (g/l)

0.1 0.5 2 4 6 8 10

1-day 28.77 98.37 99.99 99.99 99.99 99.99 100
90-day 22.58 99.59 99.99 100 100 100 100
120-day 34.81 99.87 99.99 100 100 100 100

Table 3
Reduction ratio of E. coli bacteria cell (%)

Sample Concentration (g/l)

0.1 0.5 2 4 6 8 10

Under the light 34.81 99.87 99.99 100 100 100 100
In the dark 5.70 99.51 99.99 99.99 100 100 100
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the increasing concentration of ZnO nanofluids, the number
of the E. coli bacteria cells decreased (Fig. 4). This dropping
trend of the number of bacterial cells in the sample stored
under the light showed steeper than the one in the sample
stored in the dark. With the presence of the same amount
of ZnO nanofluids the number of bacteria cells grown in
the ZnO sample in the dark was higher than that in the
ZnO sample kept under the light. The data shown in Table
3 demonstrated that the reduction ratios of the E. coli bacte-
ria cells in the ZnO nanofluids stored under the light were
higher than the one kept in the dark at the concentrations
between 0.1 and 2 g/l. When the concentration of the ZnO
sample presented in the culture medium reached 2 g/l, ZnO
nanofluids, both under the light and in the dark, killed
99.99% bacteria cells. With the treatment by 6 g/l ZnO nano-
fluids stored in the dark, there was not any bacterium in the
culture medium after 24 h culture at all. This 100% killing
effect happened in the ZnO sample under the light with the
presence of the concentration of 4 g/l. These differences in
the antibacterial activities between ZnO stored under the
light and kept in the dark are presumably due to the photo-
catalytic reactions of the ZnO particles. When the ZnO
nanofluids are stored under the light there is more chance
to have certain photocatalytic reactions than the one kept
in the dark. During the photocatalytic reactions, the active
oxygen species which act as the oxidizing agent that causes
the death of bacteria [17,18] were introduced. The produc-
tion of the active oxygen species can be promoted in the
ZnO sample kept under the light.

3.3. SEM investigation

The interaction between the bacteria cell and the ZnO
particles was studied by SEM. Fig. 5 shows the SEM image
of 1 g/l ZnO nanofluids in contact with E. coli bacteria
cells. The ZnO particles used at this concentration are seen
to form aggregates. The ZnO nanofluids were made at
�pH 7, at which the zeta potential of ZnO is approxi-
mately +24 mV [8]. The overall E. coli surface is negatively
charged at pH 7 due to the polysaccharides of lipopolysac-
charide, which predominate over the amide [10]. Hence, the
surface interaction of ZnO with E. coli is favoured mainly

by the electrostatic forces. This suggested that part of the
ZnO antibacterial activity is via contact with the bacterial
membrane and the production of the active oxygen species
close to the membrane.

4. Conclusions

The work presents the preliminary studies on the anti-
bacterial activities of the ZnO nanofluids with different
storage periods and conditions. The results have demon-
strated that the ZnO nanofluids, which were stored for
120 days under the light, had the best antibacterial behav-
ior against E. coli DH5a bacteria. The better antibacterial
activities were believed to be caused by the photocatalytic
properties of ZnO particles. SEM investigation suggested
that there is an interaction between the bacteria cells and
the ZnO particles, which is presumably due to the electro-
static forces.
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