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A B S T R A C T

ZnO nanoparticles are well known multifunctional inorganic nanoparticles with predominant antimicrobial
potential. In the current study, ZnO nanoparticles were synthesized and characterized by UV–Vis and Fourier
transform infrared (FTIR) spectroscopy, shape and size of the nanoparticles were analyzed with the help of
electron microscope. The nanoparticles were evaluated for antimicrobial potential against Salmonella typhi-
murium and Staphylococcus aureus by kill time analysis. Further quantification of bacterial response was eval-
uated by measuring minimum inhibitory concentration (MIC) and minimum bactericidal concentrations (MBC).
UV–Vis and FTIR spectra conformed the formation of ZnO nanoparticles, whereas, the transmission electron
microscope (TEM) showed that the average size of the synthesized nanoparticles was in the range of 20 nm. ZnO
nanoparticles showed significant (p < 0.05) decrease in viability of test bacteria with increase in time duration
and complete elimination (0 Log CFU/mL) was achieved after 8 h for S. typhimurium and 12 h for S. aureus,
indicating the bactericidal effect of nanoparticles. Whereas, for the control treatments (without nanoparticles),
bacterial counts for S. typhimurium and S. aureus were 7.19 and 9.5 Log CFU/mL. Moreover, the morphological
changes observed in bacterial cells after treating with nanoparticles showed that the treated bacterial cells
became pitted and deformed. These changes resulted in simultaneous growth reduction of the test bacteria and
eventually to cell death and decomposition. ZnO nanoparticles showed antimicrobial potential against the
foodborne pathogens, indicating that ZnO nanoparticles due their safe status and cheap cost can be used for food
products as a preservative and packaging material.

1. Introduction

The advancements in nanotechnology have led to the development
of new antimicrobial compounds (Gunalan et al., 2012). The biocidal
spectrum of nanomaterials is wider than antibiotics and nanomaterials
even showed the response against different types of cells (Sungkaworn
et al., 2007). Inorganic nanoparticles exhibit novel and improved bio-
logical functions due to their size and structure (Gunalan et al., 2012).
Previous reports presented that metallic nanoparticles due to their
toxicity induced cell death in eukaryotic cells and growth inhibition in

prokaryotes (Long et al., 2006; Magrez et al., 2006). Inorganic metal
oxides (CaO, MgO and ZnO) showed considerable antimicrobial activity
due to generation of reactive oxygen species (Sawai and Yoshikawa,
2004; Raja et al., 2018). Inorganic metal oxides in addition to anti-
microbial activities provide an additional benefit by supplying essential
mineral elements to body (Padmavathy and Vijayaraghavan, 2008).
Nanocrystalline metal oxides are of interest as they can by synthesized
with high surface area suitable for biological applications. The in-
organic antibacterial agents have an advantage over organic anti-
bacterial compounds in terms of selectivity, specificity and less toxicity.
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Nanotechnology is based on materials with nano-scale size, ex-
hibiting advance physicochemical and biological functions based on
unique structural characteristics (Sahoo et al., 2007). Recently, nano-
particles gained attraction due to their unique characteristics compared
to conventional macroscopic materials. The nanotechnology showed
considerable impact in various fields of biomedical research such as
drug delivery system, tumour therapy and cell imaging are pre-
dominant biomedical applications of nanotechnology (Wang et al.,
2006; Seo et al., 2006). Among inorganic materials, ZnO nanoparticles
are of special interest due to diverse wide range of nanostructures and
biotechnological applications (Singla and Kumar, 2009; Kuo et al.,
2009; Khatami et al., 2018). ZnO is documented as safe zinc compound
by the United States Food and Drug Administration (21CFR182.8991)
(FDA, 2011). Several studies have been attributed towards the anti-
microbial potential of ZnO due to generation of free radical species on
the surface of the oxide (Sawai, 2003).

The antimicrobial potential of ZnO nanoparticles have been studied
previously but the exact mechanism of action is still not clear, however,
the release of reactive oxygen species is thought to be one of the leading
mode of antimicrobial action (Espitia et al., 2012). Food safety is a
major concern for consumers and food industries due to increased in-
cidence of food-borne illnesses in developing and even developed
countries. In Unites States of America, annually 25–81 million cases of
food-borne illnesses were reported with an estimation of 9000 deaths
due to consumption of contaminated of food (López-Gómez et al., 2009;
Jevšnik et al., 2013). The foodborne pathogens impose a considerable
burden of infection in both developed and developing countries. Among
the foodborne pathogens, S. typhimurium and S. aureus are the most
common and frequent pathogens responsible for food poisoning and
food related infections (Costa et al., 2012; Aydin et al., 2011). The
application of nanomaterials can be an alternative solution to food
safety challenges faced by food industries (Silvestre et al., 2011; Duffy
et al., 2018).

In the current study ZnO nanoparticles were synthesized and tested
against food-borne pathogens including S. aureus and S. typhimurium.

2. Materials and methods

2.1. Zinc oxide nanoparticles synthesis

Zinc oxide nanoparticles were prepared following the method of
(Jaisai et al., 2012), with slight modifications. Zinc acetate dihydrates
[Zn (CH3COO)2·2H2O] (Merck Ltd.), 4 mM solution (A) was prepared in
20mL of absolute ethanol (Sigma-Aldrich Ltd.) under vigorous stirring
at 50 °C for 1 h. The solution was further diluted by adding 20mL of
ethanol and heated for 30min at 80 °C. Sodium hydroxide [NaOH]
(Sigma-Aldrich Ltd.), 4 mM solution (B) was prepared in 20mL ethanol
at 50 °C for 1 h under continuous stirring. Solution A was mixed drop
wise with solution B under continuous stirring for 10min. The mixture
solution was then incubated at 60 °C in preheated water bath for 2 h.
The zinc oxide nanoparticles in ethanol were transferred to de-ionized
water in phase change by mixing equal amount of water to the solution
and kept at control temperature of 84 °C to facilitate the evaporation of
ethanol. The resultant transparent colloidal stock solution of zinc oxide
nanoparticles (1.33 mM) was used for further antimicrobial assays.

2.2. Characterization of zinc oxide nanoparticles

The zinc oxide nanoparticles were characterized by following Akbar
and Anal (2014), with the help of UV–Vis (UNICAM UV/Vis Spectro-
photometer, UK) and Fourier transform infrared (FTIR) spectrometer
(Perkin Elmer, USA). The morphological characteristics of nano-
particles were examined under transmission electron microscope
(TEM), (FEI, TECNAI T20, Japan).

The bacterial strains of S. aureus and S. typhimurium were acquired
from Bioprocess Technology laboratory of the Asian Institute of

Technology, Thailand and the bacterial strains were reconfirmed by
biochemical and immunological testing (Akbar and Anal, 2013).

2.3. Determination of minimum inhibitory concentration (MIC) and
minimum bactericidal concentration (MBC) of zinc oxide nanoparticles

MIC of ZnO nanoparticles was determined by following the method
of Sadiq et al. (2015), with slight modification. The colloidal stock
solution of zinc oxide nanoparticles (1.33 mM) was used in the pre-
paration of nutritional media by mixing dehydrated nutrient broth
(HiMedia, India) powder as per manufacturer instruction and heated
for 5min at 60 °C.

The ZnO nanoparticles containing nutrient were diluted to different
concentrations by mixing with nanoparticles free broth to make final
volume of 5mL in clean and dried test tubes and sterilized under
pressure at 121 °C for 15min in autoclave. Target bacteria (S. aureus
and S. typhimurium) approximately 107–108 CFU/mL were inoculated
separately in different concentrations of ZnO (NP) stock solution
(0–100%) and incubated at 37 °C for 24 h. The nanoparticles free nu-
trient broth with target bacteria inoculum was used as growth control,
whereas ZnO (NP) containing nutrient broth without target bacteria
was used as negative control. The lowest concentration of ZnO (NP)
which showed no visible growth after incubation period (24 h) was
marked as the MIC. MBC of ZnO (NP) was evaluated by standard plate
count method for bacterial enumeration by sub-culturing 1mL of test
broth (containing 0–100% stock solution of ZnO nanoparticles) over the
surface of nutrient agar plates with the help of sterile spreader, and
incubated at 37 °C for 24 h. After subsequent incubation period (24 h)
the lowest concentration that showed no visible growth on agar plates
was measured as the MBC.

2.4. Kill time assay

Kill-time analysis was used to estimate the bactericidal effects of
ZnO nanoparticles, following the method of Joray et al. (2011) with
slight modifications. The stock solution of ZnO nanoparticles (1.3 mM)
was used to prepare nutrient broth. The kill-time curves were estab-
lished by inoculating S. aureus and S. typhimurium (107 −108 CFU/mL)
in broth containing ZnO nanoparticles. Nutrient broth containing test
bacteria without nanoparticles was used as control. The samples were
taken from tested bacterial culture at selected time intervals (0, 2, 4, 8,
12, 16, 20 and 24 h), serially diluted in sterile water and incubated in
plate count agar. The bacteria were counted (CFU/mL) after 24 h of
incubation at 37 °C. Moreover, the effect of nanoparticles was observed
on test bacteria at selected time intervals by measuring the optical
density (OD600) with the help of UV–Vis spectrophotometer (UNICAM
UV/Vis Spectrophotometer, UK) and standard plate count techniques.

2.5. Determination of bacterial morphological changes by TEM

The interactions and effects of ZnO nanoparticles on morphological
characteristics of target bacteria were studied under TEM (FEI, TECNAI
T20 Japan) (Akbar and Anal, 2014).

Fresh test bacterial culture (107–108 CFU/mL) was inoculated in
nutrient broth supplemented with ZnO nanoparticles (1.3 mM stock
solution) and incubated at 37 °C for 10 h, whereas, ZnO nanoparticles
free nutrient broth was used as a control. Following the incubation
period, bacterial cells were harvested by centrifugation (1500 g for
10min), washed three times and resuspended in glutaraldehyde (2.5%
w/v) in 0.1M sodium cacodylate buffer pH (7.2–7.4) at 4 °C for over-
night. The treated bacterial cells were fixed with osmium tetroxide
(1.0%) in sodium cacodylate buffer (0.1M) at 4 °C for 1 h. Finally, the
bacterial cells were dehydrated with different concentration of ethanol
(30%, 50%, 70%, 80%, 90%, 95% and 100%) at 4 °C, twice for 15min
each, followed by staining and observed under TEM (FEI, TECNAI T20,
Japan) at acceleration voltage 120 kV.
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2.6. Statistical analysis

All experiments were conducted in triplicates and one-way analysis
of variance (ANOVA) was performed to estimate the significant differ-
ences (p < 0.05) between means by using SPSS statistical software
package (SPSS, version 17.0, Inc., Chicago, IL, USA).

3. Results and discussion

3.1. Zinc oxide nanoparticles synthesis and characterization

The shift in UV–Vis spectrum from 370 to 385 nm and FTIR peaks
(Fig. 1) at 593 cm−1 and shifting from 650 to 786 cm−1 confirmed the
formation of ZnO nanoparticles (Akbar and Anal, 2014; Raja et al.,
2018). Based on previously published studies, the absorption peaks in
the range of 400–700 cm−1 could be attributed to the Zn-O stretching

Fig. 1. Fourier transform infrared spectrum of zinc oxide nanoparticles.

Fig. 2. Transmission electron micrograph of ZnO nanoparticles, showing average size equal to 20 nm in all A, B and C images.
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modes (Djaja et al., 2013). The Fig. 2 shows the particle size distribu-
tion and morphology, studied under TEM. The average particles size
was in the range of 20 nm with spherical in shapes, predominantly.

3.2. Determination of MIC and MBC of zinc oxide nanoparticles

MIC and MBC of ZnO nanoparticles were found to be 80% and 90%
of the stock solution (1.33 mM) respectively, for both S. typhimurium
and S. aureus. MIC (80% in ZnO nanoparticles stock solution) was de-
termined by evaluating the lowest concentration at which there was no
visible turbidity in the test tubes with lowest CFU/mL in SPC for the test
pathogens. MBC was determined by plate count method and there was
significant (p < 0.05) reduction of bacterial count with increase in the
concentration of nanoparticles (Fig. 3). After treatment with 80% na-
noparticles stock solution the bacterial counts were 1.21 CFU/mL and
1.043 CFU/mL for S. aureus and S. typhimurium, respectively. After
treatment with 90% of nanoparticles stock solution there was no viable
growth observed for both the test bacteria, hence 90% of the nano-
particles stock solution was considered MBC. The results were in ac-
cordance with Duffy et al. (2018), who reported that the antibacterial
effect of ZnO nanoparticles was increased against foodborne pathogens

with increase in concentration.
ZnO nanoparticles showed strong antimicrobial effect against both

gram positive and gram-negative bacteria (S. aureus and S. typhimurium
respectively), which was in accordance with the previous research re-
ports (Premanathan et al., 2011). Gunalan et al. (2012), reported
0.8 mM concentration of ZnO nanopartilces as MIC and MBC value
against S. aureus which was in accordance with the current investiga-
tion. Padmavathy and Vijayaraghavan (2008), reported bacteriostatic
effect of ZnO nanoparticles at concentration of 1mM solution against
gram negative bacteria (E. coli), however they reported the bactericidal
effect at a concentration of 5mM. The bacteriostatic and bactericidal
concentrations in the current study were lower than reported by them,
the reported difference might be due to different strain of gram nega-
tive bacteria and test conditions (Sadiq et al., 2017).

3.3. Kill time analysis

The test pathogens showed significant (p < 0.05) decrease in via-
bility with passage of time when compared with control treatment
(bacterial incubations without nanoparticles). The effects nanoparticles
on viability of test pathogens are shown in Fig. 4. Antimicrobial agent
was considered bacteriostatic at the lowest concentration that reduced
the original inoculum size 0–3 log CFU/mL and bactericidal if, in-
oculum size was reduced by> 3 log CFU/mL (National Committee for
Clinical Laboratory Standards, 1992).

S. typhimurium when treated with ZnO nanoparticles showed sig-
nificant decrease in viability from 7.97 log CFU/mL to 1.825 log CFU/
mL after 4 h of incubation. After 2 h of incubation there was decrease in
S. typhimurium viability from 7.97 log CFU/mL to 4.84 log CFU/mL. The
observed decrease in bacterial count was more than 3 log CFU/mL in-
dicating bactericidal action of nanoparticles within 2 h of incubation.
Whereas, in case of S. aureus the bactericidal effects were observed after
4 h of incubation period as the observed decrease in bacterial count was
more than 3 log CFU/mL. The complete bacterial elimination was ob-
served after 8 h of incubation of S. typhimurium with nanoparticles,
whereas, for S. aureus the complete elimination was found after 12 h.

Moreover, the kill time analysis was studied by measuring the op-
tical density (OD600) of ZnO nanoparticles treated bacteria (Fig. 4 C and
D). A similar time kill pattern, like plate count was observed for both
the test bacteria. During kill time analysis, S. typhimurium and S. aureus
treated with ZnO nanoparticles for 24 h showed the optical densities of
0.15 and 0.35 respectively, whereas, the control treatments for S. ty-
phimurium and S. aureus optical densities were 0.699 and 0.657 re-
spectively after 24 h of incubation.

When S. typhimurium was treated with nanoparticles, initially there
was slight increase in optical density after 2 h of incubation followed by
no significant change in optical density throughout the incubation
period (24 h). The kill time analysis by optical density method was in
accordance with the plate count method as bactericidal effects were
observed after 2 h of incubation for S. typhimurium. S. aureus treated
with nanoparticles showed significant increase in the optical density till
8 h of incubation followed by approximately stable optical density till
24 h, compared to control treatment. This was in accordance with plate
count method indicating the delayed elimination of S. aureus compared
to S. typhimurium.

The complete elimination of test pathogens was obtained at much
lower concentration of ZnO nanoparticles (1.33 mM) compared to
previously reported by Gunalan et al. (2012), who reported inhibition
of bacterial growth at concentration of 8 and 16mM of ZnO nano-
particles by measuring optical density (OD595). Jones et al. (2007)
studied the effect of various metallic nanoparticles on bacterial viability
and found that only ZnO nanoparticles showed significant reduction in
bacterial viability compared other metallic nanoparticles. Ren et al.
(2009) studied the antimicrobial potential of CuO and ZnO nano-
particles and found that both the metallic nanoparticles showed the
bactericidal activity in the same range of concentration. ZnO is bio-safe,

Fig. 3. Determination of minimum bactericidal concentration (MBC) of ZnO
nanoparticles against S. typhimurium (A) and S. aureus (B) by plate count
method. Different letters (a-h) above the bars indicated significant (p < 0.05)
difference among mean observations and one-way analysis of variance
(ANOVA) was performed to estimate the significant differences (p < 0.05)
between means.
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Fig. 4. Kill time analysis of S. typhimurium and S. aureus by plate count method (A and B) and by measuring the optical density (OD600) (C and D). one-way analysis of
variance (ANOVA) was performed to estimate the significant differences (p < 0.05) between means.

Fig. 5. TEM images (A = control, B and C = Bacteria treated with ZnO nanoparticles) for morphological changes in Salmonella typhimurium after treatment with ZnO
nanoparticles.
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biocompatible and the main application of ZnO nanoparticles is the
utilization of them as an effective drug delivery system (Mirzaei and
Darroudi, 2017). Kim et al. (2016) reported ZnO nanoparticles as safe
by evaluating acute dermal toxicity, dermal irritation and corrosion,
and skin sensitization. ZnO nanoparticles have an additional applica-
tion in food science as they are the source of Zn which is one of the most
essential trace elements for humans (Wang et al., 2013). ZnO nano-
particles are reported by several studies as non-toxic to human cells
(Colon et al., 2006). Khatami et al. (2018), reported that the bandages
impregnated with ZnO nanoparticles showed antibacterial effect
against Acinetobacter baumannii and Pseudomonas aeruginosa.

3.4. Bacterial morphological changes by TEM

The treated S. typhimurium became pitted and deformed as com-
pared to control bacterial cells (Fig. 5). A similar pattern was observed
for S. aureus after treatment with ZnO nanoparticles (Fig. 6). The
electron micrographs clearly showed that the ZnO nanoparticles exhibit
direct effect on the cell wall of bacteria resulting in the rupturing and
death of the cells. The effects of the nanoparticles on cells surface af-
fecting the cell wall is clear in the electron micrographs. The physio-
logical and morphological changes in treated bacterial cells supported
the results of kill time analysis, indicating the bacterial cell death by
possible interactions of ZnO nanoparticles with cell walls and plasma
membranes.

4. Conclusion

In this study ZnO nanoparticles were synthesized and evaluated for
antimicrobial potential against S. typhimurium and S. aureus. The
average size of synthesized nanoparticles was in the range of 20 nm.
The nanoparticles showed potent antimicrobial effect against tested
bacteria and significant (p < 0.05) decrease in viability in concentra-
tion dependent manner. The trend of using natural antimicrobials is
becoming an attractive approach in the field of food preservation and
safety because synthetic antimicrobials are associated with various

health hazards. ZnO nanoparticles might be an alternate approach as
antimicrobial agents or preservatives in food and pharmaceutical in-
dustries because of their safety, relatively low cost and effectiveness
against various pathogens. However, further purification and stability
of nanoparticles should be estimated in the final food and pharma-
ceutical formulations.
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