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Zinc oxide nanoparticles as alternatives for overcoming 

antibiotic resistance in food-borne pathogenic bacteria 

 
Abhijit Maiti, Poorva Bhave and Kakuli Maiti 

 
Abstract 

Zinc oxide nanoparticles and zinc oxide nanoparticles doped with vanadium and nickel were synthesised 

by sol-gel method and their structural, morphological and antibacterial activity were studied. X-Ray 

Diffraction studies revealed that all synthesised materials were crystalline and vanadium and nickel had 

created defect sites resulting into planes by the presence of extra peaks in the doped samples. The surface 

morphology of zinc oxide nanoparticles was significantly modified by doping with vanadium and nickel. 

The absorption edge of zinc oxide had red-shifted with increase in doping concentration of transition 

metal vanadium and nickel. The antibacterial activity of the particles was quantified with MIC and MBC 

and thus bactericidal dosage using one Gram-positive and one Gram-negative bacteria. Food borne 

pathogens can be controlled by these nanoparticles and thus food packaging industry may get some 

enhancement in their armoury of anti-bacterial agents against food borne diseases. 
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1. Introduction  

ZnO is a versatile functional, promising inorganic material. It is having a unique optical, 

chemical sensing, semiconducting, electric conductivity and piezo electric properties in the 

nanometre range [1]. ZnO is a direct band gap (3.3 eV) semi-conductor with near UV 

absorption (UVA 315-400 nm and UVB 280-315 nm) region in spectrum, a high excitonic 

binding energy (60 meV) at room temperature and a natural n-type electrical conductivity [2-8]. 

The wide band gap of ZnO has a significant effect on its properties such as the electrical, 

conductivity and optical absorption. The excitonic emission and the electrical conductivity 

increases when ZnO is doped with other metals [2]. ZnO has properties, such as, durability, 

higher selectivity and heat resistance, with proven anti-bacterial, anti-fungal agent and is used 

as a UV protector in cosmetics and food industries [8] and is a preferred inorganic material [9].  

The ZnO nanoparticles (ZnO NPs) can interact with bacterial surface and/or with bacterial 

core where it enters inside the cell [10]. It is being reported in several studies that ZnO NPs are 

non-toxic to human cells [11] with good bio-compatibility to human cells and their usage as 

anti-bacterial agent noxious to microorganism holds a vast field of study [12]. Increase in 

bacterial antibiotic resistance, emergence of new bacterial mutation is a challenging problem 

as a global health hazard. Thus developing novel anti-bacterial agents against bacterial strains 

found as food pathogen such as Escherichia coli and Staphylococcus aureus.  

ZnO has intrinsic defects, such as, oxygen vacancies (Vo), zinc vacancies (VZn) and zinc 

interstials (Zni) making it a suitable material by doping with selected material for various 

applications. The transition metal doping in semi-conductor facilitates the generation of 

carrier-mediated ferromagnetism [13]. Nickel is considered to be the most capable transition 

metal dopant due to its high chemical stability and exceptional ability to tune electrical, optical 

and magnetic behaviour of ZnO nano structure [14].  

ZnO doped with vanadium showed improved optical properties [15] due to increased carrier 

lifetime, V-doped ZnO are used in optical devices like lasers, optical detectors, transparent 

conductive oxide, solar cells, and spintronic material and photo electro chemistry [16]. ZnO is 

used to treat variety of skin conditions in products, such as, baby powder and barrier creams 

(to treat diaper rash), calamine cream, anti-dandruff shampoos and anti-septic ointments [17]. It 

is also a component in tape (“ZnO tape”) used by athletes as a bandage to prevent soft tissue  
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damage during workouts [18]. When used as an ingredient in 

sunscreen lotion, ZnO sits on the skin’s surface and is not 

absorbed into the skin, which blocks UVA and UVB rays of 

ultraviolet light. It is approved for use as a sunscreen by the 

Food and Drug Administration (FDA). 

This work focuses on the synthesis of ZnO-Ni and ZnO-V by 

sol-gel technique and studies the effect of doping on the 

structural and morphological properties. ZnO NPs are known 

to be one of the multifunctional inorganic nanoparticles with 

effective antibacterial activity. In this study, we considered 

antibacterial activity of Ni and V doped ZnO NPs.  

 

2. Materials and Methods 

2.1 Material 

Zinc Acetate dihydrate, Oxalic acid dihydrate, nickel (ll) 

nitrate hexahydrate, Ammonium metavandate were purchased 

from Merck with 98% purity. Ethanol and double distilled 

water was used as the solvent and all the chemicals were used 

without further treatment.  

 

2.2 Synthesis 

In this study, ZnO NPs were synthesised using the sol-gel 

method. Zinc Acetate Dihydrate and oxalic acid dihydrate 

were used as precursors. Ethanol and double distilled water 

10% by volume is used as solvent and a molar ratio of 1:2 is 

found to give efficient product. Nickel Nitrate Hexa hydrate 

and Ammonium metavandate were used in required amount 

for 10 at % doping. Steps of washing with ethanol were 

followed, dried, pestered and annealed for 2 hours at 600oC.  

 

2.3 Characterisation 

All the as prepared samples were characterised using Rigaku 

Ultima IV X-Ray Diffractometer (Rigaku Corporation, 

Tokyo, Japan) by CuKα (λ = 1.5414oA) radiation, in Bragg-

Brentano (θ-2θ) configuration from 20o - 80o in a step of 2o 

per minute. The surface area of the NPs was calculated using 

Smart Sorb 93, Brunauer-Emmett-Teller (BET) surface 

analyser with liquid nitrogen in Dewar cryogenic storage for 

adsorption calibration. UV-Vis absorption spectra (in DRS 

mode) was absorbed using Carry 500 UV-Vis-NIR 

spectrophotometer in the range of 200-800nm. The surface 

morphology of all the samples was studied by Scanning 

electron microscope (SEM). JEOL, FEG, JSM 700LF, X-Ray 

photo electron spectra were acquired using a Phi 5000 Versa 

Probe II equipped with a monochromatic AlKα (1486.6 eV) 

X-Ray source and a hemispherical analyser. 

 

2.4 Antibacterial Culture 

In this part of the experiment to measure the minimum 

inhibitory concentration (MIC) for each organism, a set of 

seven tubes, one containing 2 ml of double strength Mueller 

Hinton broth (DS MH Broth) and remaining 6 tubes 

containing 2 ml of single strength Mueller Hinton broth (SS 

MH Broth) were arranged in a row. In 50 ml of distilled 

water, 1.6 gram of ZnO powder was mixed to prepare uniform 

suspension. This was used as stock solution (1600 μg/ml). 

Two ml of stock solution was added to first tube (2 ml DS 

MH broth). The solution was mixed well and 2 ml of it was 

transferred to the second tube (2 ml SS MH broth). The 

procedure was repeated till last tube and finally 2 ml was 

discarded from the last tube. In this way, serial doubling 

dilutions ranging from 1600 μg / ml to 25 μg / ml were 

obtained. Standard strains of Staphylococcus aureus and 

Escherichia coli were incubated overnight in the nutrient 

broth. To each of the set of seven tubes, 50 μl of 

Staphylococcus aureus broth matched to McFarland 0.5 

standard was added. Similarly in the second set of seven tubes 

50μl of Escherichia coli broth matched to McFarland 0.5 

standard was added. Tubes were incubated at 35°C for 24 h. 

Result was read as break point value for the minimum 

concentration at which broth showed turbidity. Minimum 

bactericidal concentration (MBC) was estimated by sub- 

culturing from broth tubes that showed no growth on solid 

media. Similar procedure, repeated for all of the samples, 

measured the MIC and the MBC, which were tabulated. 

 

3. Results and Discussion 

3.1 Characterisation of nanoparticles 

The Brunaver-Emmelt-Teller (BET) principle of surface 

analysis of various prepared samples using the physical 

adsorption of gas molecules on the solid surface was studied 

and tabulated (Table-1). All the samples were analysed using 

standard procedure of instrument with sample weight less 

than 0.7 gram degassed for 2 hrs at 120ºC. 

 
Table 1: Size, BET surface area, Band gap of the samples. 

 

Sample 

Name 

Size 

(nm) 

Surface Area 

(m2/gm) 

Band Gap 

(eV) 

ZnO 33.84 12.5 3.20 

ZnO-10V 29.61 7.54 2.89 

ZnO-10Ni 54.32 6.29 3.18 

 

 
 

Fig 1: X-ray Diffraction graph of ZnO, ZnO-10V, ZnO-10Ni 

 

The comparative X-ray Diffraction (XRD) graph of ZnO, 

ZnO-10V, ZnO-10Ni (Figure-1) showed that all the samples 

are highly crystalline nano Xerogel. ZnO peaked at 31.79°, 

34.39°, 36.22°, 47.50°, 56.54°, 62.80°, 66.31°, 67.68°, 69.02°, 

72.52°, 76.58°, observed with peak shift towards higher angle 

with increase in doping concentration of vanadium and nickel. 

The Miller Index of the planes were (100), (002), (101), 

(102), (110), (103), (200), (112), (201), (004), (202) 

A shoulder peak was observed at 37.29° for ZnO-10Ni at 

plane (111).Other extra peaks observed were at 43.33°,72.32°, 

75.18°, 79.29° having indices (012), (104), (113), (006) 

showed that Ni and V ions had occupied different position in 

the hexagonal wurtzite lattice of zinc oxide forming defect 

planes. (DB card no. 10-080-0075, JCPDS card 37-1485 and 

others). The particle size, calculated using Debye-Scherer 

formula with FWHM, was 15nm -65nm. Lattice parameter of 

ZnO a = b = 3.254A°, c = 5.24A°, FWHM = .297, volume = 

47.359, hexagonal unit cell. Space group 186: p63mc, card no 
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01-080-0075.inter planar spacing was in the range of 1.233-

2.989A° with bond length 1.9861 A°. 

The absorption spectra measured in diffused reflectance mode 

of ZnO, ZnO-10V, ZnO-10Ni showed a red shift which 

increases with increase in doping concentration. The band gap 

energies were calculated with Kubleka Munk function and 

Tauc plot (Figures-2 & 3), thus the extrapolating the tail end 

on the photon energy axis was tabulated (Table-1).  

 

 
 

Fig 2: UV absorption of ZnO, ZnO-10v, ZnO-10Ni 

 

 
 

Fig 3: Tauc Plot of ZnO, ZnO-10V ZnO-10Ni 

 

Surface morphology of all the samples was examined using 

Scanning Electron Microscope or SEM (Figures-4, 5 & 6) 

and, they were in good agreement with the calculated 

crystallite size obtained from XRD by Scherrer formula. Most 

of the particles were spherical; some rod-like structures were 

also present with increase in doping element. The chemical 

composition and electronic structure of the ZnO and doped 

ZnO was investigated by X-ray photoelectron spectroscopy 

(XPS).  

 

 

 

 

 
 

Fig 4: SEM image of ZnO-V, ZnO, ZnO-Ni. 

 

 
 

Fig 5: SEM image of ZnO-V, ZnO, ZnO-Ni. 

 

 
 

Fig 6: SEM image of ZnO-V, ZnO, ZnO-Ni. 
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Fig 7: XPS peak of Vanadium 

 

 
 

Fig 8: XPS peak of Nickel 

 

The survey and core-shell level X-ray photoelectron 

spectroscopy (XPS) Spectra of Zn-2p, O-1s as well as valence 

band of ZnO and doped ZnO-10Ni are shown in figures-7, 8 

& 9.  
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Fig 9: XPS peak of Oxygen. 

 

 
 

Fig 10: XPS peak of Zn 

 

The characteristics intense peaks were centred at 1021.06 eV 

(Zn2p3/2) and 1044.70 eV (Zn2p1/2) from Spectra of Zn 2p 

in Figure-11, clearly indicating that the oxidation states was 

+2 in the form of ZnO on the surface [19]. In the survey scan, 

spectrum Zn, O, Ni, C peaks were characterized (Figure-10). 

The carbon present in the samples was presumably due to 

acetate vestige and / or carbon adsorption process present in 

ambient condition [20, 21].  

The splitting of Zn-2p states was about 23 eV, which was 

induced from the powerful spin-orbit coupling. These 

numbers were different from the binding energy quantity of 

stoichiometric ZnO (1045.1 eV for Zn (2p1/2) and 1022.1 eV 

for Zn (2p3/2)), which can be attributed to the change of 

charge transfer Zn2+ to O2- due to existence of vacancies [22]. 

By comparing the O-1s curve of all the samples and 

asymmetric curve was observed in the samples, by fitting 

these in Gaussian peaks the different types of Oxygen groups 

in the samples were ranging from 2-4 peaks. The 

stoichiometric peaks assigned were at 530.50 eV, which was 

dedicated to O2- ions of Zn-O bonding at crystal lattice [23].
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Fig 11: General scan of ZnO-Ni. 

 

The remaining peaks were related to the hydroxyl group 

adsorption due to structural defects [20] and carbonate species 
[24, 25].With nickel doping, Os1 peak got deconvulged to one at 

lower binding energy of 527.08 eV and 532.89 eV which was 

reported as 1s peak of NiO of Oxygen and 532.89 eV was O 

in 1s of Ni(OH)2 - NIST database. The peaks of Zn 2p shifts 

towards higher binding energy with Nickel doping at 854.09 

eV, 857.08 eV and 860.78 eV were observed, expressing the 

formation of defects and thus various energy levels above the 

valence band. 

 

3.2 Antibacterial activity of nanoparticles 

The antibacterial agent is considered as “bactericidal” if it 

kills bacteria or as “bacteriostatic” if it inhibits their growth. 

The broth dilution method was used, followed by colony 

count, through plating serial culture broths dilutions which 

contained ZnO-NPs and targeted bacteria in agar medium. 

Gram-positive bacteria have one cytoplasmic membrane with 

multilayer of peptidoglycan polymer [26], and a thicker cell 

wall (20-80nm). Whereas, Gram-negative bacteria wall is 

composed of two cell membrane, an outer membrane and a 

plasma membrane with a thin layer of peptidoglycan [26] with 

a thickness of 7-8nm. NPs with size within such ranges can 

readily pass through the peptidoglycan and hence the cell 

membranes are highly susceptible to damage. The overall 

charge of the bacterial cell walls is negative. The ability of 

NPs to rupture the bacterial cells depends upon the size, 

shape, surface area, surface defects and surface charge as their 

surface contains numerous edges and corners, which are 

potential reactive sites.  

The decrease in particle size increases the antibacterial 

activity has been evaluated [27]. Larger the surface area, better 

is the anti-bacterial activity [28]. Other factors on which 

antibacterial activity depends are concentration and crystalline 

structure of ZnO-NPs [29].  

Since ZnO with defects can be active by both UV and visible 

light, electron-hole pairs (e- h+) can be created. The hole split 

H2O molecules (from the suspension of ZnO) into OH- and 

H+. Dissolved oxygen molecules are transformed to super 

oxide anions (*O2
-), which in turn react with H+ to generate 

(HO2*) radicals, which upon subsequent collision with 

electrons produce hydrogen peroxide anions (HO2
-). They 

then react with hydrogen ions to produce molecules of H2O2. 

The generated H2O2 can penetrate the cell membrane and kill 

the bacteria [30, 31]. Thus, the formation of reactive oxygen 

species (ROS): 

 

ZnO+ hγ→ e-+ h+  

h+ + H2O → *OH + H+  

e- + O2→ *O2
- 

*O2
- + H+

→ HO2*  

HO2
- + H+ + e-

→ H2O2 

 

Since the hydroxyl radicals and super oxides are negatively 

charged particles, they cannot penetrate into the cell 

membrane and must remain in direct contact with the outer 

surface of the bacteria; however H2O2 can penetrate into the 

cell [32]. Thus, the cell membrane ruptures and the lipid flows 

out killing the cell. The generation of H2O2 depends on the 

surface area of ZnO, which, results in more oxygen species on 

the surface and the higher antibacterial activity of the smaller 

NPs. Therefore the bulk ZnO showed less bacterial activity 

than the NPs. When the particles are small more number can 

accumulate on the bacteria, killing it faster than the bigger 

particle. This is the chemical explanation. The other cause 

may be the physical structure due to which the abrasive 

surface may rupture the cells leading, it to the fatal damage 
[33-35]. 

The enhanced bioactivity of smaller particles is attributed to 

the higher surface area to volume ratio, resulting in more 

generation of active oxygen species, killing bacteria more 

effectively than the bulk. The dominant mechanism is found 

to be either or both the abrasiveness that is the physical 

interactions between the NPs and biological cells and the 

chemical interaction between the hydrogen peroxide and cell 

membrane. The MIC and MBC of the ZnO-NPs doped with 

metals of various concentrations on Gram-positive and Gram- 

negative bacteria have been measured and tabulated (Table-
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2). This study can be used as toxicity of metal oxide 

nanoparticles as biocides and disinfectants. The MIC, MBC 

and zone of inhibition of the doped samples provide 

information on the dosage for a particular application along 

with an antibacterial agent. 

 
Table 2: MIC, MBC of ZnO, ZnO-10V, ZnO-10Ni. 

 

Sample Bacteria MIC (μg/ml) MBC (μg/ml) 

ZnO 
E.coli 400 800 

S.aureus 200 400 

ZnO-10V 
E.coli 400 800 

S.aureus 400 400 

ZnO-10Ni 
E.coli 1600 1600 

S.aureus 800 800 

MIC = Minimum Inhibitory Concentration; MBC = Minimum Bactericidal Concentration 

 

 
 

Fig 12: MIC of ZnO with E. coli & S. aureus 
 

 
 

Fig 13: MIC of ZnO-V with E. coli & S. aureus. 
 

 
 

Fig-14: MIC of ZnO-Ni with E. coli & S. aureus. 

 

 

In ZnO-Ni, the incorporation of Ni as an extrinsic impurity 

into the ZnO matrix, oxygen vacancies were generated which 

leads to empty oxygen sites. Thus, the interstitial occurrence 

of zinc and nickel ions will promote the ionic conductivity. 

This may lead to have either shallow or deep level donors in 

the band gap of ZnO [36, 37]. 

 

4. Conclusion 

Antibiotic-resistant bacteria are increasing every year and 

thus, a new approach using nanoparticles, may be a 

compelling alternative. The importance and significance of 

ZnO-NPs, which possess unique properties in the nano range, 

by improved particle size, concentration, morphology and
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surface modification using dopants can emerge as 

breakthrough in biomedicine, catalysis and food industry. The 

excellent stability of ZnO-NPs with long shelf-life in 

comparison with organic-based disinfectants makes it a novel 

antimicrobial agent. Vanadium as dopant has reduced the 

band gap resulting in shift in absorption in the visible region. 

The MIC and MBC were quantified on Gram-positive and 

Gram-negative bacteria using these particles. Additional 

research would be required to investigate the exact toxicity 

mechanism to elucidate the sensitivity of bacteria to ZnO NPs 

and with dopants. 
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