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 Antibacterial activity and bio-compatibility of ZnO structures are correlated with 

structural, optical, surface and particle sizes of the particles. In this study, the structural 

morphology, optical absorption and surface potential of a ZnO structure were 
investigated. Antibacterial and cytotoxicity test were conducted on Streptococcus 

pyogenes (S. pyogenes) and L929 mouse fibroblast cell lines, respectively. ZnO 

structures contained mostly plate-structures which had widths 60-200nm. ZnO 
suspension exhibited positive zeta potential and high absorption of UV. 0.5 mM ZnO 

sample could inhibit S. pyogenes growth significantly, that is 86% of the percentage 

inhibition. The bactericidal effect was probably due to the release of toxic reactive 
oxygen species (ROS) in the mixture which could damage the bacterial cellular 

constituents. The bio-compatibility test revealed a bio-safe level of ZnO sample toward 

L929 cell line. The cell viability achieved non-toxic level (73%) after being treated by 
ZnO for 72 h. The minor toxicity induced on the cell lines was believed to be caused by 

the release of zinc ion in the mixture. Several possible mechanisms were proposed to 

explain the bacterial inhibition and cells’ toxicity. ZnO structure sample exhibited a 
remarkable antibacterial property on S. pyogenes but low toxicity effect on L929 mouse 

cell lines. 
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INTRODUCTION 

 

 The use of engineered nanomaterials was expanded in many commercial products such as cosmetics, 

electronics, catalysts, medicine, textiles and sunscreen products (Borm et al., 2006b; Ma et al., 2013; Adams et 

al., 2006). Such widespread production and usage of nanoparticles would increase the potential for their release 

to the environment intentionally or accidently. The ecotoxicity of nanomaterials is increasingly becoming a 

great concern in the world (Nel. et al., 2006; Thill et al., 2006). 

 Zinc oxide (ZnO) has been intensely studied due to its unique catalytic capacity, optoelectronic properties, 

antimicrobial activity and other characteristics which make them suitable for broad range of applications (Wang, 

2004). Recently, ZnO nanopowder is utilized in products including plastics, ceramics, rubber, lubricants, paints, 

pigments, cosmetics, sunscreens etc. ZnO had been known to exhibit promising antibacterial properties on many 

strains of bacteria, such as Staphylococcus aureus, Escherichia coli, Streptococcus agalactiae, Salmonella 

typhimurium and Pseudomonas aeruginosa (Ramani et al., 2012; Dutta et al., 2012; Wahab et al., 2010). 

Several studies have suggested that different morphologies and particle size of ZnO possess different level of 

antibacterial capabilities (Jones et al., 2008; Padmavathy et al., 2008; Ann et al., 2014).  

 On the other hand, ZnO particles are believed to be nontoxic, bio-safe and biocompatible which have 

multiple applications in daily life (Capella et al., 2002). However, information on the toxicological effects of 

ZnO nanoparticles on normal cells has been limited across all taxa. Several studies had reported the ZnO 

toxicity towards algae (Franklin et al., 2007), mammalian cell lines (Hsiao et al., 2011), crustacean (Blinova et 

al., 2009), fish (Xia et al., 2011), nematodes (Wang et al., 2009), and plants (Lin et al., 2007). Further 

investigations are needed to elucidate the impact of ZnO bulk and ZnO nanoparticles on normal cell lines.  

 In this study, a ZnO powder sample with specific morphology was investigated for its antibacterial 

activities and in-vitro biocompatibility. The antibacterial performance was conducted on Streptococcus 
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pyogenes while the cytotoxicity test showed the toxicity level on L929 mouse fibroblast cell lines. The possible 

mechanisms of the antibacterial and toxicity behaviors were discussed. They were subsequently correlated with 

the surface potential and particle size properties of the ZnO sample. 

 

MATERIALS AND METHODS 

 

 ZnO powder (purity > 99.7%) was synthesized using catalyst-free combust-oxidised process (Mahmud et 

al., 2006). It was synthesized in a ZnO foundry through Zn oxidation at about 1300°C with air pressure 

regulated at 1.5 bar. The structural morphology of the sample was investigated using FEI NovaNanoSEM 450 

field-emission scanning electron microscope (FESEM) and Phillips CM12 transmission electron microscope 

(TEM). Elemental atomic and weight percentages of the ZnO samples were measured through energy-dispersive 

x-ray spectroscopy (EDS) analysis. Meanwhile, optical absorption property of ZnO sample was examined using 

a Shidmazu UV-vis 1800UV spectrophotometer. Zeta potential of the sample was measured by Zetasizer Nano-

zs at room temperature. In the sample preparation for optical absorption and zeta potential,0.01 g ZnO powder 

was suspended in 100 ml distilled water. The mixture was then sonicated for 15 mintues to disperse ZnO 

aggregates. About 3ml of the mixture was transfer to a cuvette to undergo the measurements. 

 In the antibacterial test, Streptococcus pyogenes (S. pyogenes) was used as targeted bacteria to examine the 

antibacterial activity of ZnO sample. The concentration of ZnO suspension was prepared to be 0.5 mM. It was 

subsequently mixed with the bacteria in a 96 well-plate. The inoculums of bacterium 0.5 Mcfarlands was 

prepared whereby bacteria colony of 10
6
 CFU/ml was manipulated in tryptone soy broth (TSB). The growth rate 

of the bacteria was assessed using optical density (OD) measurement through a Versamax microplate 

spectrophotometer. The turbidity of bacteria which represent the bacteria growth in the broth was measured 

hourly. The antibacterial test was conducted in triplicate where average of OD readings was obtained. Besides, 

negative control (bacteria and TSB) were also prepared in the experiment. In order to distinguish the inhibition 

action of ZnO on the bacteria at 0 h and 24 h treatment, 100 µl of bacteria-ZnO mixture was spread on a blood-

nutrient agar. The amount of bacteria colony on the agar was observed after overnight incubation. 

 On the other hand, bio-compatible test was conducted to examine the toxicity effect of ZnO sample towards 

L929mouse fibroblasts cell lines. The cell lines were sub-cultured in Dulbecco’s Modified Eagle Medium 

supplemented with 10% Fetal Bovine Serum. 20,000 cells were seeded in each well of 6 well-plates. 0.5mM 

ZnO sample was added into culture media in a conical tube and treat the media for 24 h. Then, the respective 

treated media was filtered with filtering syringe to remove the insoluble ZnO particles in the media. The treated 

media was mixed with the cell lines in the 6 well-plates. Negative control (without ZnO) was also prepared in 

the experiment. The toxicity test was performed in duplicate. The morphology of the cells was observed after 24 

h and 72 h incubation through an Olympus CKX41 optical light microscope. Besides, cell counting was 

conducted to study the percentage of viable cells after 72 h incubation. The cell viability was calculated through 

the trypan blue staining, where some cells were dropped onto a Neubauer chamber and viewed under a light 

microscope.  

 

 
 

Fig. 1: (a) FESEM image; (b) FESEM-EDS spectrum; (c-d) TEM images of ZnO sample. 
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RESULTS AND DISCUSSIONS 

 

 The structural morphology of ZnO sample was shown in TEM and FESEM images in Fig. 1. The sample 

possessed micro- and nano-sized particles. Micro-sized particles consisted of plate, drum-like structures and 

irregular-shape particles whiles nano-sized particles were made up of nanorods and nanosphere. Among the 

ZnO structures, the highest quantity was plate/slab structures. These structures had 60-200 nm width and 120-

400 nm length. FESEM image (Fig. 1a) exhibits three-dimensional ZnO structures where hexagonal rod-

structures were observed. When the sample was examined under TEM imaging (Fig. 1c), the plate structures 

were found to be very thin (about 50 nm), giving rise to semi-transparent of the structure. Besides, FESEM-EDS 

analysis (Fig. 1b) shows the atomic and weight percentages of oxygen and zinc atoms under 10 kV incident 

electron energy. The relative atomic percentage ratio of oxygen to zinc (O/Zn ratio) was 1.10. 

 

 
 

Fig. 2: (a) Absorption spectra of ZnO; (b) Zeta potential of ZnO. 

 

 Fig. 2a shows the optical absorption of ZnO sample. The absorption spectrum exhibits a steep edge at 397 

nm which indicates an intense absorption of ultra-violet. Optical bandgap of ZnO sample was calculated through 

the equation: 




hc
Eg                (1) 

 where Eg is the bandgap energy, h is the Planck’s constant, c is the light speed and λ is the light wavelength. 

The strong absorption in UV region revealed a good crystallinity of ZnO powder sample. However, the optical 

bandgap obtained (Eg =3.13 eV) was slightly lower than that of the ZnO bulk (Eg =3.37 eV), presumably due to 

defects in the crystalline structures. The possible presence of native defects were singly/doubly ionized oxygen 

vacancies and zinc interstitials (Wang, 2003). 

 The zeta potential of ZnO suspension was shown in Fig. 2b. The zeta potential reading ranged from 20 mV 

to 40 mV with the average potential centered at 31.2 mV. The positive sign of the potential indicated a 

preferential positively charged of the ZnO suspension. This state was believed to be caused by the release of 

zinc ion (Zn
2+

) when ZnO powder was dispersed in distilled water.  

 

 
 

Fig. 3: (a) OD readings of ZnO-bacteria mixture; S. pyogenescolony on blood agar after (b) 0 h and (b) 24 h  

incubations. 
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 Fig. 3(a) shows the OD readings of S. pyogenes growth after being treated with ZnO sample. The higher 

OD readings indicated a higher turbidity of bacterial growth in the media. The bacteria control exhibited an 

exponential growth between 6 h to 10 h of incubation. However, the ZnO-treated bacteria only showed a little 

growth compared to bacteria control. The percentage inhibition of S. pyogenes was calculated from the equation: 

%100
OD

OD
1InhibitionPercentage

control

cellsviable













            (2) 

 After 10 h incubation, ZnO sample inhibited the S. pyogenes growth by 86%. The remarkable inhibition by 

ZnO sample revealed a possible bactericidal/killing effect on the bacteria. Besides, the bacteria colonies forming 

on the blood agar after 0 h and 24 h treatment were shown in Figs. 3(b-c). The results deduced a highly 

reduction of bacteria colonies after 24 h treatment with ZnO samples. ZnO particles inducedacute toxicity to the 

bacteria which might disrupt the bacteria cells within 24 h.  

 

 
 

Fig. 4: Light microscope images of bacteria control (a-b) and ZnO-treated bacteria (c-d). 

 

 On the other hand,in-vitro bio-compatibility of the ZnO sample was examined through cytotoxicity test on 

L929 mouse fibroblast cell lines. Fig. 4 shows the light microscopy images of the cell lines after being treated 

with 0.5 mM ZnO. The cell lines were able to grow and proliferate healthily after 24 h and 72 h incubation, as 

shown in the bacteria control images in Figs. 4(a-b). When ZnO sample was added into the cell lines, some of 

the cell lines were affected. The dead cells appeared to be “dull” and shrink, as indicated by red arrows in the 

image. Conversely, the healthy and live cells appeared to be “shiny” and extended proliferation, as labeled with 

green arrows. From Figs. 4(c-d), many of the cells (about 80%) were found to be able to grow and maintain 

healthy after 24 h and 72 h incubation.  

 In order to understandexplicitlythe percentage of viable cells after the cells were treated with ZnO sample, 

cell counting was performed on Neubauer chamber grid after 72 h incubation. The cell viability was calculated 

from the equation: 

%100
Control

cellsViable
viabilityCell              (3) 

 The non-toxic level of nanoparticle was set to be higher than 70% after 72 h incubation (Lozano et al., 

2011). In this study, the average cell viability was 73% which was above the non-toxic level. Thereby, using 0.5 

mM of ZnO sample would not induce high toxic effect onto L929 cell lines.  
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Table 1: Summarized data from TEM images, optical absorption, zeta potential, antibacterial and cytotoxicity tests. 

Sample Particles’ width 

size (nm) 

Optical bandgap (eV) Zeta potential 

(mV) 

Percentage inhibition 

S. pyogenes (%) 

L929 cell viability (%) 

ZnO 60 – 200 3.13 31.2 86 73 

 

 Table 1 summarizes the structural, optical, surface potential, bacterial inhibition and cell viability of ZnO 

sample. Based on the results obtained, possible mechanisms involved in the antibacterial action and cell toxicity 

were discussed. S. pyogenes was found to be largely destroyed (86%) when ZnO sample was added into the 

respective bacteria mixture. This phenomenon was possibly due to generation of reactive oxygen species (ROS), 

such as hydrogen peroxide (H2O2), superoxide anion (O2
ˉ
 ), and hydroxyl radicals (OH•) (Ann et al., 2014). 

These toxic ROS could damage the cellular constituents of the bacteria, such as DNA, lipids, protein and 

membrane (Storz et al., 1999). Typically, S. pyogenes does not release any catalase which can detoxify the ROS 

and protect the bacteria cell. Consequently, S. pyogenes tended to exposed to ROS toxicity that exist in ZnO 

suspension, and the bacteria were intensely disrupted after several hours of treatment. Besides, deposition of the 

ZnO particles on the surface of bacteria or accumulation of particles in the periplasmic region was another 

possible mechanism which could disrupt the cellular functions (Brayner et al., 2006). ZnO particles were 

suggested to improve the membrane permeability, giving rise to accumulation of particles in the S. pyogenes 

membrane and cytoplasmic regions.  

 The electrostatic effect of ZnO particles could enhance the bacterial inhibition on S. pyogenes. Zeta 

potential result (Fig. 2b) showed that the ZnO suspension could exhibit positive potential. This state of potential 

would promote the contact between ZnO particles with bacteria cells because the surface membrane of bacteria 

tends to possess negative charges (Baszkin et al., 2000). The ZnO-bacteria contact leads to abrasion between 

ZnO structures and bacterial membrane, underlying the distortion of membrane structures. The nano-sized ZnO 

structures, particularly nanorods might enter bacterial cells through the disrupted membranes. This mechanism 

was also suggested by other study (Stoimenov et al., 2002) who revealed the changes of charges and 

electrostatic effects could alter the interaction of the particles on the cell. 

 On the other hand, ZnO sample was found to have low toxicity impact on L929 mouse fibroblast cell lines 

in the bio-compatibility test. The toxicologicalmechanisms of ZnO were probably caused by Zn
2+

 release and 

ROS generation. The amount of zinc ions depends on the concentration of ZnO dispersed in the distilled water. 

0.5 mM ZnO samples might produce low amount of Zn
2+

 ions and induced low toxicity effect on the cell lines. 

The cell viability achieved a non-toxic level where many cell lines could grow and proliferate. Some nano-sized 

ZnO particles also could contribute to the toxicity because the larger particles’ surface area would potentially 

release more Zn
2+

 into the suspension. Besides, the ROS likely would be another contributing agent that 

potentially affected the cell lines growth.  
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Conclusion: 

 ZnO structures possessed particle sizes of 60-200 nm. Plate/slab structures were dominant in the ZnO 

sample. 0.5 mM ZnO sample could exhibit promising antibacterial inhibition on S. pyogenes. Meanwhile, the 

ZnO particle only induces low toxicity impact on L929 mouse cell lines. The generation of ROS in ZnO 

suspension and the electrostatic effect were possible mechanisms causing bactericidal action on the bacteria 

cells while release of zinc ions and ROS was responsible for the minor toxicity effect on the mouse cell lines. 
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