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Introduction 
 

Nanoparticles (Nps) are particles that range in 

size from 1 to 100 nm. The high surface area 

to volume ratio provides Nps with quirky 

properties compared to its bulk form (Buzea et 

al., 2007). Nanostructures are predominantly 

categorized into organic and inorganic Nps, 

the last have received extraordinary attentions 

due to its ability to tolerate destructive 

processing conditions, controlled safety and 

extended shelf life (Stoimenov et al., 2002; 

Sawai, 2003; Wang, 2004). Among the 

inorganic Nps, ZnO Nps are semiconductors 

with a direct wide band gap (3.3 eV) near UV 

spectrum (Wang, 2004; Schmidt-Mende et al., 
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Nanostructures have a great potential in the area of food packaging. This study aims to 

determine the antimicrobial efficacy for zinc oxide (ZnO) nanoparticles (Nps), 

compared to bulk ZnO powder. ZnO Nps were synthesized using; co-precipitation and 

high-speed ball milling method. The synthesized powders were characterized by X-ray 

diffraction (XRD), Transmission Electron Microscope (TEM), Fourier Transform 

Infrared Spectroscopy (FTIR) and Ultraviolet-Visible Absorption Spectroscopy (UV). 

All data revealed the formation of pure nano-sized ZnO. ZnO Nps showed notable size 

and concentration-dependent antimicrobial effects. In comparison to nanosuspension, 

the antimicrobial activity of bulk ZnO was almost negligible, a strong significant 

difference was noticed between the antimicrobial activity of the bulk and that of 

prepared Nps (p<0.05). ZnO Nps exhibited a privileged ability to suppress the growth 

of foodborne pathogens in culture media and milk samples. Among the bacterial 

strains tested, Gram-positive bacteria were more sensitive to ZnO nano-treatments. 

The examination of DNA of Bacillus subtilis treated with ZnO Nps using gel 

electrophoresis, displayed a reduction in band size but the absence of DNA 

fragmentation. Transmission Electron Microscope illustrated remarkable damages in 

the cell wall and cytoplasmic membrane of Bacillus subtilis cell structure upon 

exposure to ZnO Nps. 
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2007). Several methods have been approved 

for the synthesis of ZnO Nps such as high-

speed ball milling method, co-precipitation 

method, sol gel method, hydrothermal 

technique, vapour phase strategy, mechano-

chemical procedure (Manna, 2012). The 

synthesized nano–powders are highly 

influenced by the physical and chemical 

parameters chosen for the synthesis procedure 

such as the solvent type, temperature, pH and 

the precursors used (Sirelkhatim et al., 2015). 

ZnO Nps are alluring due to their broad-

ranging applications in diverse fields. ZnO is 

categorized as a substance generally 

recognized as safe (GRAS) by Food and Drug 

Administration of the United States of 

America (21CFR182.8991) (Saldami et al., 

1996). ZnO Nps have gained remarkable 

attention worldwide due to their surprising 

antimicrobial activity against pathogenic 

bacteria and fungi (Jasim, 2015; Díez-Pascual 

et al., 2018). Recently, ZnO Nps also proved 

to exhibit a significant anti-biofilm 

activity against wide variety of 

microorganisms (Khan et al., 2014; 

Shakerimoghaddam et al., 2017; 

Bhattacharyya et al., 2018). Although the 

exact antimicrobial activity for ZnO Nps is 

still unclear (Shi et al., 2014; Sirelkhatim et 

al., 2015; Arciniegas-Grijalba et al., 2017). 

Previous studies proposed various 

mechanisms such as: release of reactive 

oxygen species (Sawai et al., 1998; Jones et 

al., 2008; Jalal et al., 2010), release of zinc 

ions (Reddy et al., 2007; Padmavathy and 

Vijayaraghavan, 2008), electrostatic 

interaction (Brayner et al., 2006; Zhang et al., 

2007; 2008), and the penetration of ZnO nano-

structures across the microbial membrane 

(Navarro et al., 2008; Zhang et al., 2008). As 

marked, the mechanism of action of ZnO Nps 

occurs mainly through the direct contact with 

the microbial cells, which increases the 

prospect that Nps would be less prone than 

antibiotics to promote resistant bacteria (Beyth 

et al., 2015). 

The antimicrobial achievements for ZnO Nps 

against foodborne pathogens prompt its 

application in food packaging and in food 

industry. The diffusion of ZnO Nps from 

packaging material into the surface of food 

can save food from spoilage, thus prolong the 

shelf life of food products (Azeredo, 2013). In 

addition to the antimicrobial activity of ZnO 

Nps, these nano-structures proved to enhance 

the mechanical strength, barrier properties and 

stability of the packaging materials (Shi et al., 

2014). 

 

The aim of the present study is to evaluate the 

activity of ZnO Nps against some bacterial 

and fungal pathogens, referring to their effects 

on the growth and structures of the tested 

microorganisms. 

 

Materials and Methods 

 

Foodborne pathogens 

 

Eleven different foodborne pathogens were 

obtained from the Microbiology lab in Beirut 

Arab University; nine bacterial species (E. coli 

O157:H7, Salmonella sp., Enterobacter 

cloacae, Citrobacter freundii, methicillin 

resistant Staphylococcus aureus (MRSA), 

methicillin resistant Staphylococcus 

epidermidis (MRSE), Bacillus subtilis, 

Bacillus cereus and Bacillus licheniformis) 

and two fungi (Aspergillus sp. and Penicillium 

sp.). They were used for the assessment of the 

antimicrobial activity of ZnO Nps. 

 

Preparation of ZnO Nps 

 

Preparation of ZnO Nps by co-precipitation 

method 

 

ZnO Nps were prepared by co-precipitation 

method (Ahamed and Kumar et al., 2016); 1 

M zinc chloride (ZnCl2, 99.9%, Sigma 

Aldrich), 4M sodium hydroxide (NaOH) and 

distilled water (H2O) as dispersing solvents 
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were used to prepare ZnO Nps. 1M ZnCl2 was 

prepared by dissolving 20 g of ZnCl2 into 146 

ml H2O. The obtained solution was then 

magnetically stirred at room temperature.4 M 

NaOH was added dropwise to different 

aliquots of the solution to adjust their pH to 

10, 11, 12 and 13 (namely P1, P2, P3 and P4, 

respectively). The stirring was extended for 2 

hours at 60°C. Afterwards, the resultant 

powder was washed thoroughly with distilled 

H2O until the pH decreased to neutral range 

(pH=7) (Parthasarathi and Thilagavathi, 2011) 

and then dried at 100°C for 18 hours. Finally, 

the dried ingots were separated and heated at 

550°C for 5 hours yielding ZnO Nps. 

 

Preparation of ZnO Nps by high-speed ball 

milling 

 

The starting material purchased ZnO (99.99%, 

Fluka) of high purity. The milling was carried 

out for the dry sample in Retshch ball mill 

machine at 200 rpm with the aid of ceramics 

balls, the mass of the balls was five times the 

mass of the powder. Pure ZnO powder was 

ball milled at different time intervals: 15, 30, 

45 and 60 minutes (namely M1, M2, M3 and 

M4, respectively). Each 15 minutes few grams 

of ZnO were taken out for characterization. 

 

Characterization of ZnO Nps 

 

The obtained nano-powders were 

characterized by X-Ray powder diffraction 

measurements at room temperature using 

Bruker D8 advance powder diffractometer 

with Cu-Kα radiation (λ = 1.54056 Å) in the 

range 25° ≤ 2θ ≤ 75°. The particle size and the 

morphology of the prepared Nps were 

determined using the Joel Transmission 

Electron Microscope JEM-100CX. FTIR 

analysis of prepared ZnO Nps was carried by 

Thermoscientifc-Nicolet is5-id1 transmission. 

UV-Visible measurements were executed 

using the ultraviolet-visible near the infrared 

(NIR) spectrophotometer V-670, the 

absorption edge was observed in the range of 

300 - 500 nm at room temperature.  

 

Preparation of ZnO nanofluid 

 

The stock ZnO nanofluid (2 mg /ml) was 

prepared using deionized water in a glass 

beaker with the help of a magnetic stirrer. 

Once particles were distributed uniformly, the 

solution was ultrasonicated for 5 minutes in 

order to suppress agglomeration (Vani et al., 

2011). The nanofluid prepared was autoclaved 

at 121 °C for 15 minutes and then tested its 

antimicrobial activity after cooling down to 

the room temperature (Zhang et al., 2007). 

 

Inocula preparation and standardization 

 

Preparation of bacterial suspension 
 

Inoculum preparation was done by 

transferring fresh colonies grown overnight on 

Müller-Hinton agar plate to 0.85% normal 

saline. Mcfarland standard (0.5) was used to 

compare visually the turbidity of the test 

suspension and adjust it to 1.5 ×10
8 

CFU/ml 

(Madigan et al., 2006). 

 

Preparation of fungal suspension 

 

Fungal inocula were prepared by growing the 

isolates on Sabouraud Dextrose agar slants. 

The slopes were flooded with sterile 0.85% 

normal saline and the suspensions were 

adjusted spectrophotometrically (A530 nm) to 

optical densities that ranged from 0.09 to 0.11. 

Thus, inocula were ranged from 0.4 x 10
6 

to 5 

x 10
6 

CFU/ml (CLSI, M51-A, 2010).  

 

Antimicrobial Susceptibility Test (AST)  

 

Disc diffusion method 

 

Stock suspension of bulk and nano-ZnO 

prepared by the two mentioned techniques 

were tested for their antimicrobial activities by 
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the disc diffusion method. The bacterial and 

fungal inocula were swabbed on the surface of 

Müller-Hinton and Sabouraud dextrose agar 

plates, respectively. Sterile filter paper discs 

soaked with 15 µL ZnO stock solution were 

placed on the inoculated surface of the culture 

media. The plates were incubated at 5-8°C for 

2-3 hours to permit good diffusion. Then, the 

plates inoculated with bacteria were incubated 

at 35±2°C for 16-18 hours and those 

inoculated with fungi were incubated at 30°C 

for 72 hours. The experiment was made in 

triplicate and the mean diameter of inhibition 

zones were measured in millimeter.  

 

Vancomycin was used as a positive control for 

Staphylococcus species, whereas; 

ciprofloxacin was used as a positive control 

for the other bacterial strains. Clotrimazole 

was used as positive control for fungi. The 

results were interpreted according to the 

Clinical and laboratory Standard Institute 

(CLSI, M51-A, 2010; CLSI, M02-A11, 2012). 

 

Broth micro dilution Method 

 

Determination of minimum inhibitory 

concentration (MIC) and minimum 

bactericidal concentration (MBC) 

 

Bacterial strains were tested for their 

susceptibility to ZnO Nps using broth micro 

dilution method in 96 well plates (CLSI, M07-

A9, 2012). Different concentrations of ZnO 

nano-suspension were prepared using sterile 

Müller-Hinton broth; 50 µl were introduced to 

each well and inoculated with 50 µl diluted 

inocula equivalent to 1×10
6 

resulting in final 

inocula equivalent to 5×10
5 

CFU/ml.  

 

The plates were then incubated for 16 to 20 

hours at 35±2°C. The minimum inhibitory 

concentration (MIC) was determined as the 

lowest concentration of ZnO Nps that showed 

no turbidity after incubation. The MBC was 

the lowest concentration of antimicrobial 

agent needed to kill 99.9% of the final 

inoculum (CLSI, M26-A, 1999), and it was 

determined after broth micro dilution by sub-

culturing the content of every well that 

showed bacterial growth reduction on Müller-

Hinton agar plates. The plates were then 

overnight incubated at 37°C (Aamer et al., 

2014).The MIC and the MBC were recorded 

in µg/ml and repeated twice for each tested 

bacterium. 

 

The MIC index (MBC/MIC) was calculated to 

confirm whether the action of the investigated 

antibacterial agent was bactericidal 

(MBC/MIC <4) or bacteriostatic (MBC/MIC 

>4) against the bacterial strains tested (Kone 

et al., 2004). 

 

Time-kill study 

 

The determination of the killing rate of 

bacterial strains by a tested antibacterial agent 

was monitored at different time intervals. 

Time-kill curve test was done according to the 

method described in M26-A document of 

CLSI (CLSI, M26-A, 1999). The test was 

performed in flasks containing 20 ml of 

Müller-Hinton broth inoculated with 5 x 10
5 

CFU/ml and supplemented with the desired 

concentration of ZnO Nps (MIC X 1, MIC X 2 

and MIC X 4). The flasks were shaken at 150 

rpm at 37 °C (Mirhosseini and Firouzabadi, 

2015). To avoid potential optical interference 

during optical measurements of the growing 

cultures caused by the light scattering 

properties of the Nps, the same liquid medium 

without microorganisms but containing the 

same concentration of Nps cultured under the 

same conditions were used as blank controls 

(Nicole et al., 2008). 

 

Application of ZnO Nps in a milk sample 

 

Three concentrations of ZnO Nps (MIC X 1, 

MIC X 2 and MIC X 4) were used as 

antibacterial treatments in sterile milk 
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samples. Flasks (50 ml) were inoculated with 

5x10
5 

CFU/ml of MRSE or Bacillus subtilis; 

then flasks were shaken at 150 rpm at 37 °C. 

Sampling for colony counts was done at time 

zero and after 4, 8, 10, 12 and 24 hours. Serial 

dilutions were prepared and 20 µl from each 

dilution was pipetted onto blood agar plates 

and uniformly spreaded (Peck et al., 2012). 

Plates were incubated at 37 °C for 24 hours 

and colonies were counted (CLSI, M26-A, 

1999). 

 

Gel electrophoresis of DNA of Bacillus 

subtilis treated with ZnO Nps 

 

DNA was extracted from Bacillus subtilis 

cells cultivated overnight in a nutrient broth 

medium at 37 °C for 24 hours in a rotary 

shaker (150 rpm), medium lacking ZnO Nps 

was used for the cultivation of control cells.  

 

DNA extraction was carried using Gene Elute 

Bacterial Genomic Kit according to 

manufacturer’s instructions; the steps of 

extraction were performed according to the kit 

Manual. DNA integrity was checked by 

agarose electrophoresis.  

 

DNA extracts were stained with ethidium 

bromide and loaded on the agarose gel (1 %). 

The gel was electrophoresed at 90V for 25 

minutes. DNA bands were visualized by a UV 

light source and documented by ChemiDoc 

Imaging System. 

 

Transmission electron microscopy 

 

On the basis of MIC values and time-kill 

curve study, Transmission Electron 

Microscope was used to examine the 

morphological changes of Bacillus subtilis 

cells before and after overnight treatment with 

ZnO Nps (MIC X 4). Electron micrographs 

were taken using a Transmission Electron 

Microscope (JEM-1400 Plus), the 

magnification used for the investigated 

samples was 15000 x. 

 

Statistical analysis  

 

The data of disc diffusion method were 

presented as mean ± standard deviation. A 

Kruskal-Wallis test was performed to 

determine a significant difference between the 

mean ranks of at least one pair of groups. 

Dunn’s pairwise tests were carried out for all 

pairs of groups. All tests were performed 

using SPSS software. P-values <0.05 were 

considered statistically significant. 

 

Results and Discussion 

 

Characterization of ZnO Nps 

 

X-ray diffraction (XRD) 

 

The XRD patterns for ZnO Nps, synthesized 

using co-precipitation and high-speed ball 

milling methods at different pHs and various 

ball milling times are shown in Figure 1 (A) 

and (B), respectively. The XRD spectra 

revealed the formation of hexagonal ZnO as 

per JCPDS (card no. 01-79-0206) standards. 

Figure 1 shows 9 dominant diffraction peaks 

(100), (002), (101), (102), (110), (103), (200), 

(112) and (201), which matched with 

commercially procured ZnO nanopowders 

(Dutta et al., 2012). The sharpness and 

intensity of the peaks are quite an indication of 

the well crystinality nature of the synthesized 

Nps. No characteristic peaks of impurity 

phases were observed. The average crystallite 

sizes were calculated using Scherrer equation 

and demonstrated in Table 1.  

 

 
 

is the average crystallite size in nanometers, 

 is a constant equivalent to 0.9,  is the 

wavelength of the X-ray radiation,  is the 
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peak width at half maximum intensity and is 

the peak position. The calculated average 

crystalline sizes are inversely proportional to 

the elevation of pH values and ball milling 

time. In the co-precipitation method, the 

average particle size showed a decreasing 

trend from 100 nm to 41.9 nm as the pH 

increased from 10 to 13. The possible 

phenomenon responsible for obtaining smaller 

crystalline size with the increase in pH values 

is the supersaturation. Supersaturation is a 

driving force for crystal nucleation and 

growth. At high pH values, supersaturation 

during co-precipitation was higher, promoting 

nucleation over growth, thus giving smaller 

particle sizes (Mullin, 2001; Mascolo et al., 

2013). The impact of ball milling time on 

average particle size is also demonstrated, in 

the current study particles breakage started to 

occur after 15 minutes of grinding period and 

maximum particle fracture was observed after 

30 minutes of grinding time. Extending time 

to 45 minutes and 60 minutes caused a very 

slight mean particle size reduction that seemed 

to be almost negligible. This finding coincides 

with other studies that investigated the impact 

of ball milling time on the mean particle size 

of ZnO Nps (Kong and Tsuru, 2010; Luo et 

al., 2017). 

 

Transmission Electron Microscope (TEM) 

 

TEM images for samples prepared by co-

precipitation and high-speed ball milling 

methods are shown in Figures 2 and 3, 

respectively. The particle sizes obtained from 

TEM were in good agreement with the 

crystalline sizes calculated using XRD 

technique (Table 1). The nano-structures 

prepared by co-precipitation method (P1, P2 

and P3) had no definite shape, except for P4 

that exhibited a needle shaped particle. This 

finding is consistent with the results obtained 

by Vaseem et al., (2010) since the reaction 

was performed out in dry air, the produced 

ZnO Nps lack defined shape. The absence of 

definite shape may reveal destructions in 

recrystallization of ZnO lattice occurred 

because of high temperature heating process 

(Look, 2001).  

 

Most ZnO particles that were ball milled for 

only 15 minutes had a hexagonal shape; 

however, following ball milling, samples lost 

their initial hexagonal shape and they were 

converted into irregular shapes (Mukhtar et 

al., 2013; Uzun et al., 2016). The obtained 

irregular particle morphology could be due to 

energy generated in the milling machine 

randomly de-agglomerate ZnO particles into 

smaller fragments with different morphology 

(Kong and Tsuru, 2010). 

 

Fourier Transform Infrared Spectroscopy 

(FTIR)  

 

The FTIR spectra of ZnO Nps prepared by co-

precipitation method at different pHs and 

high-speed ball milling method at diverse ball 

milling times and illustrated in Figure 4 (A) 

and (B), respectively were in the range of 

4250–250 cm
_1

. The FTIR spectra of the Nps 

contained number of peaks from 1000 to 4000 

cm
-1

 corresponding to carboxylate (COO-) and 

hydroxyl (O-H) impurities in the materials 

(Shah et al., 2016).The peak in the region 

between 433 and 510 cm
_1

belonged to Zn–O 

(Yuvakkumar et al., 2015). This result 

indicates the successful production of ZnO 

Nps. The peaks lying from 1500 to 1700, 2300 

to 2700 are representing the functional groups 

corresponding to C-O symmetric, anti 

symmetric stretching mode and C-H stretching 

mode, respectively (Kulkarni and Shirsat, 

2015). The absorption tape in the 703-1029 

cm
-1

 range represented the lattice vibration of 

CO3
-2

 (Wang et al., 2010). The broad band 

around 3500 cm
-1

 appearing in samples 

prepared by high-speed ball milling method 

assigned to O-H stretching mode of hydroxyl 

group, which represented the presence of 

water molecule on the surface of ZnO Nps. 
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The small peaks present in M3 sample 

between 2830 and 3000 cm
-1

were assigned to 

C-H stretching vibration of alkane groups 

(Getie et al., 2017). 

 

Ultraviolet -Visible Absorption 

Spectroscopy (UV-vis)  

 

The Ultraviolet- visible absorption spectra of 

the ZnO Nps prepared by co-precipitation 

method at different pHs and high-speed ball 

milling method at different ball milling 

periods are demonstrated in Figure 5 (A) and 

(B), respectively. A broad absorption peak 

was observed in each spectrum at 375-381 nm, 

no other peaks were observed in the spectrum, 

which prove the pure synthesis of ZnO Nps. 

Ultraviolet-Absorption Spectroscopy (UV) 

analysis showed symmetrical shift in the 

absorption edge towards the lower wavelength 

or higher energy region with the decrease in 

particle size. The blue shift observed in the 

UV-Vis spectrum with the decline in particles 

size, was documented in several previous 

studies (Soosen et al., 2009; Swaroop et al., 

2015). 

 

Antimicrobial activity of ZnO Nps 

 

Disc diffusion method 

 

The antimicrobial activity for bulk and nano-

ZnO suspensions was investigated towards 

various bacterial and fungal pathogens by disc 

diffusion method; the results are demonstrated 

in Table 2. The presence of an inhibition zone 

clearly proves the antimicrobial effect of ZnO 

Nps. Interestingly; the size of the inhibition 

zone varied according to the type of pathogen 

and ZnO Nps synthesis method. ZnO Nps 

prepared by co-precipitation method at pH=13 

(P4) showed the highest antimicrobial activity 

followed by ZnO Nps ball milled for 60, 45 

and 30 minutes (M4, M3 and M2, 

respectively), then ZnO Nps prepared by co-

precipitation method at pH=12 (P3), 

afterwards ZnO Nps ball milled for 15 

minutes (M1), and finally ZnO Nps prepared 

by co-precipitation method at pH=11 and 

pH=10. Amusingly, the size of the inhibition 

zone increased considerably with decreasing 

ZnO particle size. Our results proved that the 

antimicrobial efficiency of ZnO Nps was size-

dependent and the antimicrobial activity was 

inversely proportional to the particle size. 

These results are consistent with large number 

of studies that investigated the impact of 

particle size on the antimicrobial activity of 

ZnO Nps. ZnO Nps having small size could 

promote better interactions between their 

particles and microbial cells (Jeong et al., 

2014; da Silva et al., 2019), penetrate easier 

into bacterial membranes, dissolution of 

higher concentration of Zn
+2 

(Sirelkhatim et 

al., 2015), and also generate higher 

concentration of active oxygen species 

released from the surface of ZnO (Padmavathy 

and Vijayaraghavan, 2008). 

 

Regardless of the particle size, the 

considerable antimicrobial activity of ZnO Np 

prepared in the current study by co-

precipitation method at pH=13 (P4) could be 

also due to the needle shaped of ZnO Nps. The 

morphology of the nanostructures can control 

their mechanism of internalization into the cell 

wall of bacteria, rods and needles can easily 

penetrate the cell wall as compared to 

spherical ZnO Nps (Yang et al., 2009).  

 

In comparison to nanosuspensions, a strong 

significant difference was noticed between the 

antimicrobial activity of the bulk and that of 

the prepared nanoparticles (p<0.05). The 

difference was assessed between bulk ZnO 

and M2, M3, M4 and P4 (p<0.05). There was 

no evidence of a difference between the bulk 

ZnO and the other prepared Nps (p>0.05). The 

antimicrobial activity for bulk ZnO was 

almost negligible. MSRE was the only tested 

microorganism showing inhibition zone (12 

mm) and only growth reduction was noticed 
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for Bacillus subtilis. The reduced effect of 

bulk ZnO could be due to the fact that most 

microorganisms have gained resistance against 

bulk ZnO (Yusof et al., 2019). A study done 

by Emami-Karvani and Chehourazi (2011) 

proved that ZnO bulk powder showed no 

considerable antibacterial activity against E. 

coli and S. aureus. Our results are in 

agreement with other studies that manifested 

the enhanced antimicrobial efficiency of ZnO 

Nps as compared to ZnO bulk powder 

(Padmavathy and Vijayaraghavan, 2008; 

Tayel et al., 2011). 

 

Among bacterial strains tested, Gram-positive 

bacteria were more sensitive against ZnO Nps 

treatment as compared to Gram-negative 

bacteria. MRSE was the most susceptible 

Gram-positive bacterium, followed by 

Bacillus subtilis, MRSA, Bacillus 

licheniformis and Bacillus cereus. Minimal 

inhibitory effects were recorded for Gram-

negative bacteria; among them, Enterobacter 

cloacae were the most affected followed by 

Citrobacter freundii and Salmonella sp.  

 

However; ZnO Nps had no effect against E. 

coli O157:H7. This finding was in conformity 

with other investigators, who investigated 

ZnO Nps antimicrobial capability against 

different bacterial strains belonging to the two 

groups (Tam et al., 2008; Emami-Karvani and 

Chehourazi, 2011; Dobrucka et al., 2018). The 

probable reason behind the variation in ZnO 

Nps susceptibility against Gram-positive and 

Gram-negative bacteria is the difference in 

their cell wall structure (Yu et al., 2004; Tayel 

et al., 2011; Sirelkhatim et al., 2015). 

 

The antifungal activity of ZnO Nps was 

investigated against Penicillium sp. and 

Aspergillus sp. Our findings were supportive 

to Gunalan et al., (2012), who stated that ZnO 

Nps exhibit a promising antifungal activity in 

addition to their antibacterial effect.  

Minimum inhibitory concentration (MIC) 

and minimum bactericidal concentration 

(MBC) of ZnO Nps 

 

ZnO Nps synthesized by co-precipitation 

method at pH=13 (P4) was selected to conduct 

further experiments due to their highest 

antibacterial effectiveness compared to other 

prepared Nps. Minimum inhibitory 

concentration (MIC) and Minimum 

bactericidal concentration (MBC) were 

determined for 4 bacteria that were the most 

susceptible against the prepared Nps. The 

MIC of ZnONps (as shown in Table 3) 

recorded for MRSA, MRSE, Bacillus subtilis 

and Bacillus licheniformis was found to be 

19.53 μg/ml, 9.76 μg/ml, 19.53 μg/ml and 

156.25μg/ml, respectively. Concerning the 

MBC, it was found equivalent to the MIC in 

the case Staphylococcus spp. and Bacillus 

subtilis. However, in case of Bacillus 

licheniformis, the MBC was double the MIC. 

According to the calculated MIC index, the 

action of ZnO Nps on the tested pathogens 

was proved to be bactericidal, and not 

bacteriostatic. The bacteriocidal action of ZnO 

Nps was also proved by Xie et al., (2011) and 

Azam et al., (2012). 

 

Time kill study 

 

Three concentrations of ZnO Nps were 

selected as the antimicrobial treatments in 

Müller-Hinton broth (MIC X 1, MIC X 2 and 

MIC X 4). Growth pattern in Müller-Hinton 

broth lacking ZnO Nps was used as a control 

for each bacterium under investigation. 

Ultimate growth characteristics were 

recognized in control flasks containing 

medium lacking ZnO Nps. Figure 6 

demonstrates the effect of MIC X 1, MIC X 2 

and MIC X 4 ZnO Nps on the growth of (A) 

MRSA (B) MRSE(C) Bacillus licheniformis 

and (D) Bacillus subtilis. Monitoring the 

bacterial growth in culture media 

supplemented with different concentrations of 

ZnO Nps clearly showed that the bacterial 
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growth was almost completely inhibited. All 

tested concentrations were effective in 

inhibiting bacterial growth; however, among 

the three concentrations; MIC X 4 was the 

most potent antibacterial treatment followed 

by MIC X 2 then MIC X 1. Thus, these data 

revealed that the antibacterial activity of ZnO 

Nps was concentration-dependent. Several 

previous studies confirmed the concentration–

dependent effect of Nps in liquid media 

(Mirhosseini and Firouzabadi, 2013; 2015). 

 

 

 
Figure.1 XRD pattern of ZnO Nps prepared by co-precipitation method at different 

pH values (A) and high-speed ball milling method at various ball milling time (B) 
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Table.1 Average particle size for ZnO Nps prepared by co-precipitation and high-speed 

ball milling methods 

 

Crystalline size (nm) 

Characterization 

Method 

Co-precipitation method High-speed ball milling method 

P1 P2 P3 P4 M1 M2 M3 M4 

XRD 100.0 92.5 61.8 41.9 70.1 53.7 53.6 52.0 

TEM 101.0 93.6 62.8 43.0 73.0 58.3 58.0 56.0 

 

 
Figure.2 Transmission Electron Microscope images for ZnO Nps prepared by precipitation 

method, at P1 (A), P2 (B), P3 (C) and P4 (D). 

(A) (B) 

(C)       (D) 
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Figure.3 Transmission Electron Microscope images for ZnO Nps prepared by high-speed ball 

milling method, M1 (A), M2 (B), M3 (C) and M4 (D) 

 

 

(A) (B) 

(C)     (D) 
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Figure.4 FTIR for ZnO Nps prepared by co-precipitation method under different pH values (A) 

and high-speed ball milling method with various ball milling times (B). 
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Figure.5 UV-visible absorption spectra for ZnO Nps prepared by co-precipitation 

Method under different pH values (A) and high-speed ball milling method with 

various ball milling times (B). 
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Table.2 Mean diameters of inhibition zones recorded for microorganisms treated with bulk and 

ZnO Nps prepared by co-precipitation and high-speed ball milling methods. 

 

 

Mean diameters of inhibition zones (mm) 

 

Microorganism 

Co-precipitation method 

(pH) 

Ball milling method 

Time (minutes) 

Bulk 

ZnO 

Positive 

control 

P1 P2 P3 P4 M1 M2 M3 M4   

MRSA 11.5 12 16 22 14 17 17 17.5 --- 15 

MRSE 16 17 21 27 19 24 24 24.5 12 17 

Bacillus cereus --- --- 12 16 10 13 13 13 --- 29 

Bacillus subtilis 14 14 17 25 16 21 21 21 Gr 31 

Bacillus licheniformis 10 10 14 19 12 15 15 15 --- 31 

Enterobacter cloacae --- --- --- 13 --- 11 11 11 ---- 28 

Salmonella sp. --- --- --- 11 --- 9 9 9 --- 30 

EcoliO157:H7 --- --- --- --- --- --- --- --- --- 30 

Citrobacterfreundii --- --- --- 12.5 --- 10 10 10 --- 23 

Aspergillus sp. 10 10 14 18 12 15 15 15 --- 26 

Penicilliumsp. --- --- 11 15 10 13 13 13 --- 33 

 

 
 

Figure.8 Gel Electrophoresis for DNA of Bacillus subtilis, untreated and treated with 

ZnO nanosuspension 
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Figure.6 Effect of MIC X 1, MIC X 2 and MIC X 4  of  ZnO Nps synthesized by co-

precipitation method at pH=13 (P4)on the growth of MRSA(A1 & A2), MRSE(B1 & B2), 

Bacillus licheniformis (C1 & C2)and Bacillus subtilisD1 & D2) in the MHB at 37 ºC during 

different time intervals. 
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Figure 6: Continued 
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Figure.7 The effect of MIC X 1, MIC X 2 and MIC X 4 ZnONps synthesized by co-precipitation 

method at pH=13 (P4)on the growth of Bacillus subtilis (A) and MRSE (B) in sterile Candia 

milk during different time intervals. 
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Figure.9 TEM images for Bacillus subtilis, untreated (A) and treated with 

nanosuspensions (B, C and D). 

(A) 
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Table.3 Minimum inhibitory (MIC) and minimum bactericidal (MBC) concentrations of  

ZnO Nps synthesized by co-precipitation method at pH=13 (P4) and tested against some 

bacteria. 

 

Bacterium MIC (μg/ml) MBC (μg/ml)      MIC index 

(MBC/MIC) 

MRSA 19.53 19.53 <4 

MRSE 9.76 9.76 <4 

Bacillus subtilis 19.53 19.53 <4 

Bacillus licheniformis 156.25 312.50 <4 
 

 

Application of ZnO Nps in milk samples 

 

Milk is exceedingly susceptible to spoilage by 

microorganisms (Gunasekera et al., 2002). In 

sterile milk samples inoculated with Bacillus 

subtilis and MRSE(The most susceptible 

tested microorganisms),three concentrations of 

ZnO Nps (MIC X 1, MIC X 2 and MIC X 4) 

were introduced as antimicrobial agents. A 

sterile milk sample was used as a negative 

control. Treatments with various 

concentrations of ZnO Nps had a significant 

lethal effect on MRSE as well as on Bacillus 

subtilis during 24 hours of incubation, 

compared to the control (Figure 7). MIC X 4 

was the most effective compared to other ZnO 

Nps concentrations tested against both 

bacterial strains. After 24 hours of incubation, 

complete growth disappearance was observed 

for Bacillus and Staphylococcus cells treated 

with all tested concentrations of ZnO Nps. 

 

The finding of the current study revealed that 

ZnO Nps exhibits a preferential ability to 

suppress and reduce Bacillus subtilis and 

MRSE cells in milk. Emamifar et al., (2011) 

also investigated the antimicrobial activity of 

ZnO Nps in orange juice inoculated with 8.5 

log CFU/ml of Lactobacillus plantarum. The 

results proved that ZnO Nps remarkably 

reduced the rate of microbial growth. 

Mirhosseini and Firouzabadi (2013) 

investigated the efficiency of ZnO Nps against 

E. coli and S. aureus in milk samples, the 

study suggested that ZnO Nps could be 

effective antibacterial agent in food 

preservation. ZnO Nps were used for 

controlling Listeria monocytogenes and 

Bacillus cereus contaminations in milk 

samples collected in Iran, the study proved 

that ZnO nanostructures had the potential for 

being applied in food systems to prolong the 

durability of milk (Mirhosseini and 

Firouzabadi, 2015). 

 

Gel Electrophoresis for DNA of Bacillus 

subtilis treated with ZnO Nps 

 

The effect of ZnO Nps on bacterial DNA was 

assessed by gel electrophoresis. Bacillus 

subtilis was the chosen bacterial strain for the 

study since Bacillus spp. were noted by many 

researches as the most widespread foodborne 

pathogen (Zhou et al., 2008; Bang et al., 

2017). The MIC X4 of ZnO Nps, which 

showed the most compelling effect, was used 

as a selected concentration. No degradation in 

the DNA of B. subtilis cells treated with ZnO 

Nps was observed. However, thicker DNA 

band of untreated cells compared to the DNA 

of treated cells, was noticed although same 

volumes were loaded on the gel, which could 

be due to the inhibition of bacterial growth 

leading to lowering DNA yield (Figure 8). 

This result was in conformity with Ghasemi 

and Jalal (2016), who proved that no bacterial 



Int.J.Curr.Microbiol.App.Sci (2019) 8(11): 2000-2025 

2021 

 

DNA fragmentation was observed after ZnO 

nano-treatment.  
 

Transmission Electron Microscope (TEM)  

 

TEM microscopy was performed to visualize 

the morphological changes in cells of Bacillus 

subtilis upon exposure to ZnO Nps. The 

shape, the cell wall and the intracellular 

structures of untreated cells were intact 

(Figure 9A). On the contrary, the micrographs 

clearly illustrate that the treated Bacillus cells 

with ZnO Nps were damaged, disintegration 

of cell wall, cytoplasmic membrane and 

protoplasm were noticed (Figure 9B, C and 

D). Leakage of protoplasm was also remarked 

in Figure 9(D). These observations were 

reported by many investigators (Liu et al., 

2009; Padmavathy and Vijayaraghavan, 2011) 

and suggest that ZnO Nps interact with 

biomolecules causing cell apoptosis leading to 

cell death (Siddiquah et al., 2018). Moreover, 

the probable suggestion for the membrane 

damage is the electrostatic interaction between 

ZnO Nps and cell surfaces causing cellular 

internalization of ZnO Nps (Stoimenov et al., 

2002; Fu et al., 2005; Márquez et al., 2018). 

 

Recently, the need for novel technologies to 

control foodborne pathogens is increasing, due 

to the alarming increase in fatalities and 

hospitalization worldwide. The current study 

revealed the sensitivity of some foodborne 

pathogens against ZnO Nps. Based on our 

findings, ZnO Np can be recommended as 

antimicrobial agents which may be 

incorporated in active food packaging but, 

after confirming their biosafety. Future 

research is required for low-cost preparation 

of ZnO Nps having smallest particle sizes of 

high purity. 
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