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ABSTRACT
We describe the synthesis, structural and morphological characteristics of cobalt and nickel 
doped zinc oxide nanoparticles (ZnO NPs) by solution combustion technique by utilizing 
lemon juice as bio-fuel. Structural parameters were confirmed by the X-ray Rietveld refinement 
method, all the compounds were crystallized in the wurtzite hexagonal structure with space 
group P63mc (No. 186). Field emission scanning electron microscopy coupled with energy 
dispersive X-ray elemental mapping results revealed agglomerated spherical shaped particles 
and dopant ions were homogeneously distributed. Antibacterial, anticancer, and reactive oxygen 
species (ROS) generation activities were studied on undoped ZnO-, Co-, and Ni-doped ZnO 
nanoparticles upon un-exposed/exposed to ultraviolet radiations at 300 nm for 1 h. 
Antibacterial studies were performed against Salmonella enterica and Clostridium perfringens. 
Anticancer activity was tested on HeLa and MCF-7 cell lines. Generation of ROS was studied in 
J744 mouse macrophage cells. Doping of cobalt or nickel in the ZnO lattice enhanced antibacter-
ial, anticancer, and oxidative response generation activities compared to undoped ZnO NPs. 
These activities were further improved upon exposure to ultraviolet radiations. Together, data 
indicate a direct activity of ZnO NPs against bacteria, cancer cells and simultaneously boosting 
host’s immunity via inducing activation of immune cells (mouse macrophage cells).
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1. Introduction

The use of ZnO nanoparticles (NPs) for anticancer and 
antibacterial treatments has been previously well demon-
strated by many researchers. ZnO NPs have received 
considerable attention in recent days for their use as 
anti-virals [1–3]. Various shapes and sizes were tried and 
some form of difference was found. However, ZnO being 
a semiconductor material, we wanted to understand how 
we could use this property to our advantage. It was found 
from the literature which showed that ZnO tetrapods 
were better able to adsorb buffer onto their surface 
when they were exposed to UV rather than when unex-
posed [4]. We wanted to understand how we could 
further increase the efficacy of these particles. Literature 
survey indicated that the best way to enhance these 
properties was by doping the particles with other transi-
tion metal ions which could enhance the UV absorption 
property.

Hence, in the present work, Cobalt (Co) and Nickel (Ni) 
have been chosen as model transition metal ions to dope 
into ZnO. There are only few reports on the antimicrobial 

and anticancer activities of Co and Ni-doped ZnO NPs. 
Recently, many complexes and nanomaterials of Co (II) 
showing antimicrobial activity have been reported [5]. 
Most of those studies were primarily focused on optical, 
electrical, and magnetic properties of Co-doped ZnO NPs 
[6]. Also few attempts to consider the antimicrobial prop-
erties of Co-doped ZnO NPs have been made in the past. 
Co-doped ZnO NPs show higher activity as an antimicro-
bial agent against Salmonella typhi, Staphylococcus aur-
eus, Bacillus cereus, Escherichia coli, Pseudomonas 
aeruginosa (P. aeruginosa), and Candida albicans (C. albi-
cans) compared to undoped ZnO NPs [7]. Ni-doped ZnO 
NPs demonstrated stronger antibacterial activity against 
P. aeruginosa and Bacillus subtilis than the undoped ZnO 
NPs [8]. Cytotoxcity of Ni-doped ZnO NPs against 
HEK293T and HEp2 cell lines has also been reported [9]. 
Experimental results have also indicated that the assim-
ilation of Ni into the ZnO matrix has a beneficial effect on 
the antimicrobial activity of ZnO NPs, and enhances the 
ability of the ZnO NPs to kill the fungi C. albicans [9].

Solution combustion synthesis (SCS) is an excit-
ing technique, which involves propagation of self- 
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sustained exothermic reactions along with an aqu-
eous or sol–gel media. SCS has been utilized to 
synthesize a number of NPs such as ZnO, CuO, 
MgO, Al2O3, MgAl2O4 using numerous organic com-
pounds such as urea, oxalyl dihydrazide, citric acid, 
glycine as fuels [10–13]. SCS has many advantages 
over other methods and using plant extracts as 
reducing agents compared to chemicals being 
used as reductants [14]. Green synthesis approach 
for the synthesis of metal NPs has many different 
advantages over different strategies like it’s extre-
mely straightforward, clean, efficient, economically 
low cost as bio-resources are used which will act as 
reducer furthermore as stabilizing agent and cap-
ping agent. It is a nontoxic technique because of 
less or nonconsumption of unsafe materials on the 
surface of nanomaterials, it doesn’t want any exter-
nal ligand or capping or stabilizing agent for NPs 
[15–21]. Additionally to any or all these biosynthe-
sized NPs are usually biocompatible and extremely 
applicable for medical specialty applications [15– 
17]. Green syntheses of different NPs by plants 
extracts such as rose [22], lucerne [23], pomegra-
nate, tamarind [24], Ceraus japonica [25], cannon 
ball [26], borage [27], lemon juice [28], rosemary 
[29], Ailanthus [30], Aloe vera [31], Rieshi mushroom 
[32] etc., have been reported. In our earlier studies, 
we have reported the advantages of using lemon 
juice as a reductant over its chemical counterpart 
citric acid in SCS [33]. Hence, lemon juice has been 
employed as bio fuel to dope ZnO by SCS. Co and 
Ni metal ions at different concentrations (1 to 9 mol 
percent) were doped into ZnO by SCS using lemon 
juice as bio-fuel. All the samples were subjected to 
extensive characterization by powder X-ray diffrac-
tion (PXRD), field emission scanning electron micro-
scopy (FESEM) with energy dispersive spectroscopy 
(EDS), and inductively coupled plasma optical emis-
sion spectrometry (ICP-OES). The samples were 
tested for their antibacterial activity against 
Salmonella enterica (S. enterica) and (C. perfringens). 
Anticancer activity of the samples was tested on 
HeLa and MCF-7 cancer cell lines and normal 3T3- 
L1 cells, by 3-[4, 5-dimethylthiazol-2-yl]-2,5-diphenyl 
tetrazolium bromide (MTT) assay. Fluorescence-acti-
vated cell sorting (FACS) using 2ʹ,7ʹ-dichlorodihydro-
fluorescein diacetate (H2DCFDA) was used to assess 
the generation of ROS in J774 mouse macrophage 
cells.

2. Materials and methods

2.1. Materials

Zinc nitrate hexahydrate [Zn(NO3)2.6H2O, AR, 99% SD 
Fine], Dulbecco’s Modified Eagle’s medium [DMEM, 
Gibco], Dimethyl sulfoxide [DMSO, C2H6SO, AR, 99% 

Merck], 3-[4, 5-dimethylthiazol-2-yl]-2,5-diphenyl tet-
razolium bromide [MTT, C18H16BrN5S, 97.5%, Sigma 
Aldrich], Cobaltous nitrate hexahydrate [Co 
(NO3)2.6H2O, Fisher, AR grade], Nickel nitrate hexahy-
drate [N2NiO6.6H2O, Kemphasol, AR grade], ZnO NPs 
[Commercial, < 100 nm, Sigma], Tryptic soya broth 
[Sigma Aldrich], 2ʹ,7ʹ-dichlorodihydrofluorescein dia-
cetate [H2DCFDA, Sigma Aldrich], Mueller Hinton 
broth [MH broth, Himedia] were procured commer-
cially and fresh lemons were purchased from the local 
market.

2.2. Synthesis of undoped, Co- and Ni-doped ZnO 
NPs by SCS

Synthesis of undoped, Co- and Ni-doped NPs using 
lemon juice as bio-fuel has been carried out as 
described in our earlier report [28]. In short, filtered 
fresh lemon juice (4.5 mL) and Zn(NO3)2.6H2O 
(2.0 g) were taken in 20 mL of double distilled 
H2O and dissolved fully beneath stirring. The mix-
ture-containing crystallizing dish was put in an 
extremely preheated muffle furnace held at 
375 ± 10°C. Within a brief time the solution stewed 
to create a transparent gel followed by the fuel 
being easily combusted.

Nanocrystalline samples of Zn1-xCoxO and Zn1-xNixO 
(x = 0.01, 0.03 0.05, 0.07 and 0.09) were synthesized. All 
the samples were subjected to calcination at 600°C 
for 3 h.

2.3. Characterization techniques

Powder X-ray diffraction (PXRD) patterns for all the 
samples were recorded on a Panalytical X’Pert Pro 
MPD powder diffractometer using Ni-filtered Cu Kα 
radiation (λ = 1.5418 Å) as the source. For Rietveld 
refinement, the data were collected at a scan rate of 
2°/min with a 0.02° step size for 2θ from 10° to 80°. 
Rietveld refinement method was employed to refine 
the structural parameters using FullProf Suite-2000 
program. Surface morphology of the samples was stu-
died by FE-SEM performed on Nova Nano SEM-450. 
The EDS investigated the compositional properties of 
the ZnO, Co- and Ni-doped ZnO NPs. ICP-OES measure-
ments were carried out on Perkin Elmer Optima 5300 
to quantify the elemental concentration with the 
sample.

2.4. Evaluation of antibacterial activity

For the evaluation of antibacterial activity two bacteria, 
namely Salmonella enterica (S. enterica) and Clostridium 
perfringens (C. perfringens) were included in the study. 
Bacterial cultures S. enterica ATCC 14028 and C. perfrin-
gens ATCC 13124 were procured from American type 
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culture collection (ATCC). These two bacteria are 
important from the view point of human health. S. 
enterica is a Gram negative bacterium, a subsp of it S. 
typhi causes typhoid fever. Infection begins with the 
activity of contaminated food or water so salmonellae 
reach the internal organ epithelial tissue and trigger 
gastrointestinal illness. The other one C. perfringens is a 
Gram positive bacterium causes food poisoning. This 
commonly occurs when cooked food that is infected 
with the bacteria is left out, which allows rapid multi-
plication of C. perfringens. The illness is the conse-
quence of intestinal toxin development. C. perfringens 
is also known to cause other illness including infections 
of the skin and deeper tissues. The emergence of 
infectious diseases poses a significant threat to public 
health, particularly with the emergence of antibiotic- 
resistant microorganism strains. Generally, each gram 
positive and gram negative microorganism is thought 
to present a significant public pathological state.

Cell suspensions from bacterial cultures grown on 
tryptic soya broth (adjusted to 1–2 × 105 cells/mL) 
were used as inocula. Homogeneous aqueous disper-
sions of ZnO NPs of 1.953–1000 µg/mL (two-fold dilu-
tions) in MH broth were assessed against the cultures. 
75 µL of the dispersion of NPs of different concentra-
tions was mixed with 10 mL bacterial inoculum in 96- 
well plates in triplicate. 75 µL of RPMI media (MH agar) 
without NPs mixed with 10 mL inocula was used as the 
control. Treated bacterial cultures were incubated at 
35°C. The test plates were observed after 18–20 h and 
optical density was measured at 600 nm in tecan plate 
reader.

% inhibition was calculated as follows: 

½Absorbance of control untreatedð Þ� AbsorbanceðtreatedÞ�
Absorbance of control

(1) 

Minimum inhibitory concentration (MIC) was calcu-
lated as the minimum concentration of NPs with an 
OD inhibition of at least 50% compared to the control.

The same procedure was repeated by exposing the 
NPs for 1 h to UV light at 300 nm (Philips TUV 30 W 
G30T8) and then the measurements were carried out.

2.5. Evaluation of anti-carcinogenic activity and 
cytotoxicity

Anti-carcinogenic response of ZnO NPs was evaluated 
by MTT assay as explained in our previous reports on 
cervical cancer cell line HeLa and breast cancer cell line 
MCF-7 with slight modifications [28,33–37]. These cells 
(procured from ATCC) of 80% confluent were 
trypsinized.

The viable cells were plated in 96-well plates at a 
density of 2 × 105 cells/well. Cells were exposed to 
0–320 μg/mL of undoped, cobalt,- and nickel-doped 

ZnO NPs for 24 h. Following this, MTT was added in 
the wells, and plates were incubated for 3–4 h 
further. The reaction mixture was taken out and 
100 µL/well DMSO was added and mixed several 
times by pipetting up and down. The absorbance 
of plates was recorded at 590 nm. Outcomes were 
expressed as percentage of control. The percentage 
growth inhibition was calculated using the follow-
ing formula and concentration of NPs needed to 
inhibit the cell growth by 50% (IC50) values were 
generated from the dose-response curves for each 
cell line. 

% of inhibition ¼ OD of Control � OD of sampleð Þ=

OD of Control � 100

� �

(2) 

Following the same technique, the cytotoxicity of the 
samples was also assessed against normal 3T3-L1 
(fibroblast-like cells derived from mouse embryos).

The dispersions of NPs were exposed to UV light 
(300 nm) for 1 h and the same procedure was repeated.

2.6. Determination of ROS generation

ROS generation is inevitable for aerobic species, and 
occurs at a regulated pace in healthy cells. ROS pro-
duction is significantly increased under conditions of 
oxidative stress, resulting in subsequent alterations of 
membrane lipids, proteins, and nucleic acids. 
Oxidative damage to these bio-molecules is asso-
ciated with aging as well as a number of adverse 
events including atherosclerosis, carcinogenesis, 
exposure to ischemic reperfusion, and neurodegen-
erative disorder.

Estimation of ROS generation was carried out using 
H2DCFDA [38]. The cell-permeable H2DCFDA is a chemi-
cally reduced form of fluorescein used as an indicator 
for reactive oxygen species (ROS) in cells (neutrophils 
and macrophages) by detecting the generation of reac-
tive oxygen intermediates. Upon cleavage of the acet-
ate groups by intracellular esterases and oxidation, the 
non-fluorescent H2DCFDA is converted to a highly fluor-
escent 2ʹ,7ʹ-dichlorofluorescein (DCF) with absorption/ 
emission maximum at ~492–495/517–527 nm. 
Fluorescence can be monitored using a flow cytometer, 
fluorometer, microplate reader, or fluorescence micro-
scope, using excitation sources and filters appropriate 
for fluorescein. Here, the measurements of UV-unex-
posed and UV-exposed samples were carried out in 
J774 Mouse macrophage cell line (derived from a mur-
ine reticulum cell sarcoma).

Samples used were, undoped ZnO NPs, ZnO- NPs- 
doped separately with, 9 and 1 mol percent of Co and 
Ni and ZnO procured from Sigma (USA) as a reference. 
Two-fold concentrations, from 50.0 to 0.39 µg/mL of 
all the test samples were prepared in DMEM and 
divided into two sets. One set of the samples was 
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exposed to UV radiations (300 nm) for 1 h. H2O2 0.01% 
was used as positive control. Wells containing dye 
(H2DCFDA) only, served as negative control.

ROS production was measured in Real Time for-
mat by recording the Relative Fluorescence Units 
(RFUs) up to 80 min time period at the interval of 
10 min each. Actual values were calculated by 
making auto correction by subtracting the fluores-
cence appeared in the wells having cells and dye 
only (Blanks). 0.01% H2O2 was used as a positive 
control. Effect of UV exposure on ROS generation 
by mouse macrophage cells was observed by cal-
culating the differences in RFUs by subtracting the 
values of UV-unexposed samples from the UV- 
exposed ones.

3. Results and discussion

3.1. X-ray diffraction analysis

The Powder X-ray diffraction patterns of undoped ZnO, 
cobalt, and nickel-doped ZnO NPs are shown in Figure 
1. The intense peaks revealed the crystalline nature of 
the samples. From Figure 1(a) in undoped ZnO com-
pound, all the diffraction peaks correspond to a hex-
agonal wurtzite structure having the space group 
P63mc (no. 186), which is in agreement to the standard 
Joint Committee on Powder Diffraction Standards 

(JCPDS) card No. 80–0075. Further, trivalent cobalt 
and divalent nickel ions were substituted to divalent 
zinc site in the ZnO lattice. In case of cobalt-substituted 
compounds, Co3+ and Zn2+ – ions are having almost 
same ionic radii (rCo

3+ = 0.61 Å and rZn
2+ = 0.60 Å). On 

substitution of 6-coordinated Co3+ ion (rCo
3+ = 0.61 Å) 

to Zn2+ ion (rZn
2+ = 0.60 Å), up to 5 mol % we did not 

see any impurity lines of Co3O4 in the powder XRD 
patterns. Whereas, 7 and 9 mol % of cobalt-substituted 
compounds exhibited small shoulder/peak around 2 
theta 37 and 45 in the powder XRD patterns. Whereas 
nickel doped compounds, 4-coordinated Ni2+ – ion 
having smaller ionic radii (rNi

2+ = 0.55 Å) than 4-coor-
dinated Zn2+ ion (rZn

2+ = 0.60 Å), we do observe small 
impurity lines of NiO around 2 theta 37 and 43 of 3 mol 
% nickel doped compound. On increasing nickel con-
tent, these peaks gradually increased. This indicates 
that, certain amount of Co3+ or Ni2+ – ions are substi-
tuting to Zn2+ – site in the ZnO lattice. We do observe 
around 2% impurity lines of Co3O4 and NiO in the 9 
mol % cobalt and nickel doped compounds.

The structural parameters for all the compounds 
were refined from the Rietveld method using powder 
XRD data. The refinement results confirmed that all the 
samples were crystallized in the hexagonal wurtzite 
structure with space group P63mc (no. 186) and the 
refined lattice parameters and unit cell volumes are 
summarized in Table 1. It was noted that there were 
no appreciable changes in the lattice parameters or cell 
volume for cobalt and nickel doped (up to 9 mol %) 
compounds. In Table 2, we have summarized the 
Rietveld refined structural parameters for the represen-
tative Zn0.95Co0.05O compound. Observed, calculated, 
and the different XRD patterns for (a) Undoped ZnO, 
(b) Zn0.95Co0.05O, and (c) Zn0.95Ni0.05O compounds are 
shown in Figure 2. There was a good agreement 
between the observed and calculated patterns except 
small impurity of NiO around 2 theta 37 and 43 (Figure 2 
(c)). The wurtzite hexagonal crystal structure of 
Zn0.95Co0.05O compound was modeled by using 
Visualization for electronic structural analysis (VESTA) 
program (Figure 2(d)). In the wurtzite hexagonal struc-
ture of ZnO, Zn2+/Co3+ atoms were bonded to four O2− 

atoms in tetrahedral configuration. On doping with 
cobalt and nickel ions to zinc site in the ZnO system, 
we did not observe any structural transition or modifica-
tion of wurtzite hexagonal structure. The average crys-
tallite size was calculated using the Scheerrer equation, 

D ¼ kλ=βCosθ (3) 

Where D is the crystallite size, k is the Scherrer 
constant (0.9), λ is the X-ray wavelength, θ is the 
Bragg angle and β is the corrected full-width half- 
maxima of the sample. The average crystallite sizes 
were to 17 to 33 nm. The values are presented in 
Table 3. Observed, calculated and the difference XRD 
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Figure 1. Powder X-ray diffraction patterns of ZnO, Co and Ni 
doped ZnO NPs.
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Table 1. Rietveld refined lattice parameters and unit cell volume for undoped, Co and Ni doped ZnO NPs.
Compounds Lattice Parameters (Å)a c Unit cell volume (Å3)

ZnO (un-doped) 3.250(4) 5.206(1) 47.62(4)
Zn0.99Co0.01O 3.250(1) 5.206(4) 47.62(5)
Zn0.97Co0.03O 3.250(2) 5.206(6) 47.62(4)
Zn0.95Co0.05O 3.250(2) 5.206(5) 47.62(2)
Zn0.93Co0.07O 3.251(5) 5.207(6) 47.66(2)
Zn0.91Co0.09O 3.252(8) 5.208(2) 47.70(6)
Zn0.99Ni0.01O 3.250(2) 5.202(5) 47.59(6)
Zn0.97Ni0.03O 3.250(3) 5.203(6) 47.60(3)
Zn0.95Ni0.05O 3.251(5) 5.203(4) 47.62(8)
Zn0.93Ni0.07O 3.252(5) 5.204(6) 47.64(2)
Zn0.91Ni0.09O 3.249(7) 5.201(4) 47.56(4)

Table 2. Rietveld refined structural parameters for 5 mol % cobalt – doped ZnO NPs (Zn0.95Co0.05O).
Atoms Oxidation State Wyckoff notations x y z Biso Occupancy

Zn 
Co

2 
3

(2b) 
(2b)

0.3333 
0.3333

0.6667 
0.6667

0.0000 
0.0000

0.500 
0.500

0.95 
0.05

O −2 (2b) 0.3333 0.6667 0.3812(7) 0.500 1.00

Crystal system = Hexagonal, Space group = P63 mc (No. 186); 
Lattice parameters: a = 3.251(3) Å, c = 5.206(8) Å; Cell volume = 47.66(2) Å3 

R factors (%): Rp = 4.53, Rwp = 6.14, RExp. = 5.67, χ2 = 1.18, RBragg = 3.50, RF = 6.77

Figure 2. Observed, calculated and the difference X-ray diffraction patterns of (a) ZnO, (b) Zn0.95Co0.05O, (c) Zn0.95Ni0.05O and (d) 
Crystal structure of Zn0.95Co0.05O NPs.
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patterns for all the Co and Ni doped ZnO NPs are 
provided in supplementary file.

3.2. Morphology

The FE-SEM micrographs of undoped ZnO NPs, and 
Co and Ni-doped ZnO NPs are shown in Figure 3a(a- 
k). These micrographs showed the crystalline pow-
der which was shaped spherically. Aside from this, 
the powder contained several voids or holes 
together, the reason that can be due to the dis-
charge of hot gases that escape during the combus-
tion from the reaction mixture. It absolutely was 
through these pores of varied size and form the 
crystallites were interlinked to one another. SEM 
micrographs delineated that the particles were col-
lective with spongy cave-like structures. It conjointly 
indicated that sinterable tendency had hyperbolic 

Table 3. Average crystallite size of undoped, Co and Ni doped 
ZnO NPs.

Sample Average crystallite size (nm)

ZnO (un-doped) 33.2
Zn0.99Co0.01O 28.8
Zn0.97Co0.03O 28.1
Zn0.95Co0.05O 27.7
Zn0.93Co0.07O 27.0
Zn0.91Co0.09O 24.4
Zn0.99Ni0.01O 29.7
Zn0.97Ni0.03O 25.5
Zn0.95Ni0.05O 24.6
Zn0.93Ni0.07O 22.6
Zn0.91Ni0.09O 17.1

Figure 3. FESEM images of (a) ZnO undoped, (b) Zn0.99Co0.01O, (c) Zn0.97Co0.03O, (d) Zn0.95Co0.05O, (e) Zn0.93Co0.07O, (f) 
Zn0.91Co0.09O, (g) Zn0.99Ni0.01O, (h) Zn0.97Ni0.03O, (i) Zn0.95Ni0.05O, (j) Zn0.93Ni0.07O and (k) Zn0.91Ni0.09O, EDS of (l) ZnO undoped, 
(m) Zn0.99Co0.01O, (n) Zn0.97Co0.03O, (o) Zn0.95Co0.05O, (p) Zn0.93Co0.07O, (q) Zn0.91Co0.09O, (r) Zn0.99Ni0.01O, (s) Zn0.97Ni0.03O, (t) 
Zn0.95Ni0.05O, (u) Zn0.93Ni0.07O and (v) Zn0.91Ni0.09O.
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to make the part forge agglomerates. This tendency 
could be because of increase in surface energy that 
was the thrust for sintering in combustion method 
[39]. EDS data of the NPs is given in Figure 3b(l-v) 
and Table 4. The EDS spectra showed signals of all 
the expected elements Zn, O, Co and Ni and con-
firmed the presence of Co2+ and Ni2+ ions that were 
substituting the Zn2+ ions in the Zn matrix. Hence, 

the results concluded that Co and Ni ions have 
been doped into the ZnO lattice without any impu-
rities. Elemental mapping is shown in Figure 4(a-k). 
They proved the homogenous distribution of ele-
ments Zn, O, Co, and Ni in the prepared samples. 
ICP-OES data given in Table 5 quantified the ele-
mental concentrations of Co and Ni in all the doped 
samples.

Figure 3b. (continued).
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3.3. Effect of doping and UV exposure on the anti- 
bacterial activity

Results of undoped and doped antibacterial activity of 
the ZnO NPs shown in Figure 5 Suggest that both Co 
and Ni doping increased the antibacterial ability of 
ZnO NPs against both bacterial species, e.g., S. enterica 
and C. perfringens as indicated by ≥ 2-fold reduction in 
MIC values. UV exposure further increased the antibac-
terial activity as indicated by additional 2-fold reduc-
tion (a total 4 fold reduction) in MICs as compared to 
undoped ZnO NPs. Highest increase in the anti-bacter-
ial activity was noticed with doping with Co 1 mol % 
after UV exposure, as shown by 8-fold decline in the 
MIC (15.62 µg/mL) as compared to un-doped/un- 
exposed ZnO NPs (125.0 µg/mL)

Together results suggest that doping is beneficial 
from the view point of antibacterial activity of ZnO 
NPs. UV exposure further added to this increase in 
anti-bacterial activity.

The precise mechanism of ZnO’s bioactivity is still 
being debated. Many processes related to this have 
been suggested. The two key possible mechanisms of 
the interaction between NPs and bacteria suggested 
by several investigations are (i) the production of 
increased levels of ROS, mostly hydroxyl radicals, and 
singlet oxygen [40–43] and (ii) cell membrane zinc 
toxicity by adhesion of ZnO particles inhibiting bacter-
ial growth [44,45].

3.4. Effect of doping and UV exposure on the 
cytotoxicity of ZnO NPs toward normal and cancer 
cells

Effect of UV exposure on the cytotoxicity potential 
(measured as IC50 values) of undoped or doped ZnO 
NPs toward normal and cancer cells are shown in 
Figure 6. Effects of doping and UV exposure on the 
ZnO NPs for their cytotoxicity toward Normal 3T3-L1 as 
well as cancer (HeLa and MCF-7) cells were compared 
considering the IC50 concentration of undoped and 
non-UV exposed ZnO NPs, e.g., 320 µg/mL as 100%.

In normal cell (3T3-L1): Toward normal 3T3-L1 
cells, higher declines in IC50 of ZnO NPs were 
observed with higher doping concentrations, i.e., 
9 mol %, of Ni (50%) and Co (37.5%). UV exposure 
showed only limited effect on the IC50 of ZnO NPs, 
difference in decline between Un-exposed and UV- 
exposed, in IC50 concentrations was 25% in case of 
undoped NPs and 12.5 to 25% in case of Co-doped, 
whereas no effect was observed with Ni-doped NPs. 
Results suggest that doping increased cytotoxicity 
of ZnO NPs toward normal cells. However, not 
much impact of UV exposure was observed as evi-
dent by minor lowerings (0 to 25%) in IC50 
concentrations.

In cancer cells: In case of cancer cells, doping with 
higher concentrations (9 mol %) of both Co and Ni, 
caused 75% decline in IC50 concentration toward HeLa 

Table 4. EDS data of undoped, Co and Ni doped ZnO NPs.
Sample Element Weight %

ZnO (un-doped) O 22.16
Zn 77.84

Zn0.99Co0.01O O 26.55
Co 1.33
Zn 72.11

Zn0.97Co0.03O O 16.49
Co 1.76
Zn 81.75

Zn0.95Co0.05O O 25.32
Co 4.71
Zn 69.97

Zn0.93Co0.07O O 20.15
Co 3.67
Zn 76.19

Zn0.91Co0.09O O 17.39
Co 5.52
Zn 77.09

Zn0.99Ni0.01O O 30.20
Ni 3.31
Zn 66.49

Zn0.97Ni0.03O O 16.43
Ni 3.29
Zn 80.27

Zn0.95Ni0.05O O 18.32
Ni 2.73
Zn 78.95

Zn0.93Ni0.07O O 21.95
Ni 3.33
Zn 74.72

Zn0.91Ni0.09O O 23.83
Ni 4.02
Zn 72.15
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Figure 4. Elemental mapping of (a) ZnO undoped, (b) Zn0.99Co0.01O, (c) Zn0.97Co0.03O, (d) Zn0.95Co0.05O, (e) Zn0.93Co0.07O, (f) 
Zn0.91Co0.09O, (g) Zn0.99Ni0.01O, (h) Zn0.97Ni0.03O, (i) Zn0.95Ni0.05O, (j) Zn0.93Ni0.07O and (k) Zn0.91Ni0.09O.

Table 5. ICP-OES data of undoped, Co and Ni doped ZnO NPs (calculated and observed values).

Sample Element

Weight %

Calculated Observed (Instrumental value)

ZnO (un-doped) Zn 80.33 79.99
Zn0.99Co0.01O Co 0.72 0.7819

Zn 79.62 79.75
Zn0.97Co0.03O Co 2.17 2.34

Zn 78.11 77.8
Zn0.95Co0.05O Co 3.63 3.87

Zn 73.62 74.75
Zn0.93Co0.07O Co 5.09 5.91

Zn 75.13 74.52
Zn0.91Co0.09O Co 6.56 6.608

Zn 73.63 72.42
Zn0.99Ni0.01O Ni 0.72 1.13

Zn 79.6 78.91
Zn0.97Ni0.03O Ni 2.16 2.44

Zn 78.12 78.92
Zn0.95Ni0.05O Ni 3.62 4.14

Zn 76.63 77.18
Zn0.93Ni0.07O Ni 5.077 5.15

Zn 75.14 74.88
Zn0.91Ni0.09O Ni 6.539 6.08

Zn 73.65 72.98

Element symbol wavelength of Zn: 206.2 nm, Co: 228.616 nm and Ni: 231.604 nm
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cells and 68.75% (Co) and 62.50% (Ni) toward MCF-7 
cells. UV exposure further lowered down IC50 concen-
trations of NPs doped with lower concentrations (1 mol 
%) of Co and Ni. Effect of UV exposure was more 
prominent with MCF-7 cells, where doping with Ni at 
both concentrations (1 and 9 mol %) has not shown 
any effect on IC50 concentrations. Results suggest a 
higher impact of doping as well as UV exposure in 
lowering IC50 concentrations of ZnO NPs toward can-
cer cells. Impact of UV exposure was more obvious 
with MCF-7 cells.

Together, results, suggest that, the exposure of 
UV radiations lowered the IC50 of undoped ZnO 
NPs toward normal cells only by 25%, whereas 
reduced IC50 concentrations by 50% and 68.75%, 
respectively, toward HeLa and MCF-7 cells. Among 
the doped NPs, those doped with 1 mol % of Ni 
showed minimum reduction in IC50 toward Normal 
cells (25%) compared to higher reductions in case 
of cancer cells, e.g., 50% for Hela cells and 62.5% 
for MCF-7 cells. Finally, it can be concluded, that, 
UV exposure played important role in enhancing 

cytotoxicity as evident by significant lowering in 
IC50 concentrations of both undoped or doped 
ZnO NPs toward cancer cells, whereas doping did 
not appear to enhance cytotoxicity of ZnO NPs.

Literature shows that ZnO NPs induce toxicity in 
associate extremely cell-specific and proliferation 
dependent manner by rapidly dividing cancer cells 
being the foremost prone and quiescent cells being 
the least sensitive [46,47]. Rasmussen et al. (2016) have 
summarized the mechanisms of various medical appli-
cations of ZnO nanomaterials particularly against neo-
plasm, and cancer together with brain tumor, breast, 
bone, colon, and cancer and lymphomas [48]. The sur-
face chemistry of ZnO NPs might have made them 
targeting specific proteins or chemical groups in 
tumor cells instead of normal ones. This high degree 
of selective killing of cancer cell found to be depen-
dent on the proliferation status of cells, with rapidly 
dividing cells being the most susceptible [48].

[Difference in IC50 value due to UV exposure or 
doping and results of the effect of UV exposure 
tested at different time intervals by carrying out 
the MTT assay are provided in supplementary file].

3.5. Effect of doping and UV exposure on the ROS 
generation by J774 mouse macrophage cells

Results of ROS generation are depicted in Figure 7. 
Data showed the effect of exposure of UV radiations 
on the capacity of ZnO NPs, both undoped as well as 
doped ones, on the ROS generation by the murine 
macrophage cells. Data suggested that UV-exposed 
undoped ZnO NPs induced increased ROS generation 
as compared to UV-unexposed samples at 50.0 µg/mL 
followed by a drastic fall at lower concentrations, e.g., 
25.0 and 12.5 µg/mL.

NPs doped with 9 and 1 mol % Co showed higher 
RFUs as compared to undoped NPs at all the tested 

Figure 5. Effect of doping (with Co or Ni) and UV exposure on 
the Inhibitory potential (MICs) of ZnO NPs on the bacteria, S. 
enterica and C. perfringens.

Figure 6. Effect of doping (with Co or Ni) and UV exposure on the cytotoxicity of ZnO NPs on normal (3T3 L1) and cancer (HeLa and 
MCF-7) cells.
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concentrations. Among the two doping concentra-
tions, 9 mol % showed only marginally higher ROS 
generation at 50.0 and 25.0 µg/mL concentrations. 
However, at 12.5 µg/mL doping with 1 mol % Co was 
found greater than that doped with 9 mol % Co sug-
gesting better doping with lesser concentration of 
Cobalt, i.e. 1 mol %.

Similarly, doping with Ni also increased the poten-
tial of ZnO NPs toward inducing ROS generation by 
macrophage cells as compared to undoped NPs. At 
50.0 µg/mL concentration doping with lesser Ni, i.e., 
1 mol % showed higher difference (2723) than its 
higher doping, i.e., 9 mol %. However, at lower test 
concentrations, e.g., 25.0 and 12.5 µg/mL, doping with 
higher Ni, i.e., 9 mol % showed higher induction in ROS 
generation.

Together results revealed that, doped ZnO NPs 
enhanced the oxidative response of mouse macro-
phage cells by increasing the ROS generation. 
Importantly, doping of NPs caused a slow and steady 
fall in ROS generation unlike undoped ones which 
showed sudden fall, on sequential (2 fold) decrease in 
the test concentrations. Also, doping with cobalt was 
found better than the nickel in inducing such effect.

4. Conclusions

The present research was conducted to assess the 
anti-bacterial, anti-cancer, and oxidative response 
generation activities of undoped, Co- or Ni-doped 
ZnO NPs prepared by the combustion synthesis 
using a bio fuel as reductant. We wanted to under-
stand the underlying mechanism behind enhanced 
activity. We understood that UV radiations active 
materials can have elevated oxygen vacancies 
which can induce ROS generation in biological sys-
tems and therefore, tested the Un-doped/doped 
ZnO NPs for the same activities after UV exposure. 
Experimental results indicated that the 

incorporation of Co and Ni into the ZnO NPs matrix 
increased their antibacterial activity against S. enter-
ica and C. perfringens and cytotoxic effect on HeLa 
and MCF-7 cells as compared to undoped ZnO NPs. 
Further, it was also observed that, UV-exposed ZnO 
NPs had the highest antibacterial and anticancer 
activity as compared to UV-unexposed ones. 
Further, results also revealed that, doped ZnO NPs 
induced the enhanced oxidative response in mouse 
macrophage cells as evidenced by the increased 
ROS generation. Importantly, doping of NPs caused 
a slow and steady fall in ROS generation unlike 
undoped ones which showed sudden fall, on 
sequential (2 fold) decrease in the test concentra-
tions. Further experiments will resolve the under-
standing regarding how these particles can behave 
in biological (in-vivo) system. However, data of this 
study indicate that on one side ZnO NPs showed 
direct activity against bacteria and cancer cells, 
whereas on the other hand, capable of boosting 
host’s immunity via inducing activation of immune 
cells as evident by increased ROS generation by 
mouse macrophage cells.
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