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Abstract

Owing to fascinating applications of ZnO in modern devices, it is interesting to explore
its more features for future devices. Hence, herein, we have synthesized the high quality ZnO
spherical nanoparticles (SNPs) through a facile green synthesis route and robust structural and
biomedical studies are carried out. Hexagonal phase with 93.2% crystallinity was confirmed
through XRD analysis. ZnO nanoparticles were tested for their bioactivities both in vivo (acute
cytotoxicity test) and in vitro (Anti-cancer activities on liver (HepG2) and cervical (Hela) cancer
cell lines, stimulatory/inhibitory effects on normal rat splenic cells and hemolytic effects on red
blood cells). Results showed that ZnO SNPs has no cytotoxic effects on vital organ like liver and
has no hemolytic action on red blood cells. ZnO SNPs showed inhibitory consequence on normal
rat splenic cells growth at all tested concentrations. ZnO nanoparticles showed an inhibitory
effect on HepG2 cell line. While showed stimulatory effect on Hela cell line. Current study
presents the synthesized ZnO SNPs as highly applicable in bio-optoelectronics.

Keywords: X-ray diffraction; bioactivities; cytotoxicity test; Anti-cancer activities

1. Introduction

Zinc oxide (ZnO) is an excellent semiconductor which possess high chemical stability,
biocompatibility, bio-safe, non-toxicity, environmental friendly and low cost material, and have
vast applications [1-3]. ZnO has a direct wide-energy gap of 3.37 eV and an excitation strap
energy of 60 meV at RT [4,5]. ZnO has been widely used in the radiation dosimeters, radiation
detectors [6], light emitting diodes [7], transistors [8], solar cells [9], biomedical applications
[10], catalysts [11], energy storage devices [12], memristors [13], photodetectors [14] and gas
sensors [15]. The improvement in antibacterial effect of ZnO coating on the gutta-percha cone

was reported by Alves et al. [16]. The antimicrobial activity of ZnO against Staphylococcus
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aureus, Escherichia coli and Candida albicans was reported by Raafat et al. [17]. Rajiv et al.
[18] studied on the phytotoxicity of Eichhornia crassipes assisted ZnO samples sprayed on
Helianthus annuus and reported that high amounts of ZnO cause the phytotoxicity. Pathak et al.
[19] synthesized the pure, Ag-doped and Au-doped ZnO samples, studied their antibacterial
activities against E. coli, S. aureus and E. ashbyii and showed that the pure ZnO was more
effectual against E. coli and S. aureus in comparison to the doped samples. After testing the
antimicrobial activity of ZnO against A. baumannii and P. aeruginosa cultures, Khatami et al.
[20] reported that it can be used for producing the clinical antimicrobial wound-healing bandages
in order to treat and wrap the infection receptive wounds like: burns and diabetic wounds. The
pure, polyethylene glycol- and polyvinyl pyrrolidone-assisted ZnO samples were synthesized by
Javed et al. [21], and they reported that these additives improve the antibacterial activity of ZnO.

In the present paper, we prepared high quality spherical ZnO nanoparticles through a
sample flash combustion method and determined its structural, morphological and in vivo and in
vitro bioactivities and discussed.
2. Material and Methods
2.1. Synthesis and characterization

For bio/green synthesis of ZnO, we have weighed ~ 10 g of Zinc nitrate hexahydrate
(Zn(NO3)2:6H20), procured from Sigma-Aldrich and lg of citric acid was added to it in a
ceramic crucible of 100 ml capacity. Proper mixing was carried out through a mortar and kept
inside the highly stable furnace at 450 °C for about 2 hours. After the mentioned time the furnace
was switched off to be naturally cooled down to RT. Finally, the white material was taken from
crucible and studied.

X-ray diffraction (XRD) spectrum of the as-produced ZnO in the 26 range of 10-80° was

collected using a Shimadzu XRD-6000 diffractometer, operated at 30 kV and 30mA, using CukK,
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radiation with the wavelength of 0.1543 nm. The morphology was investigated using a JEOL

7500F field emission scanning electron microscope (FESEM) operated at 20 kV.

2.2. Antimicrobial susceptibility testing (AST)
2.2.1. Test Microorganisms

The antimicrobial action of ZnO nanoparticles was assessed against E coli, Pseudomonas
aeruginosa (Gram negative), Staphylococcus aureus, Bacillus subtilis (Gram positive), and
Candida albicans (as a model of yeast) compared to tetracycline (30 pg) as a positive control.
Overnight cultures were kept for 24 h at 36°C = 1°C and bacterial deferment (inoculum) was
thinned with sterile saline solution to 108 CFU/ml (McFarland standard: OD= 0.5 at 600 nm).
2.2.2. Agar disk diffusion method

Agar-disk-diffusion methodology was adopted according to Shkir et al. [22] to assess the
antimicrobial activity of ZnO NPs using Muller Hinton agar media. The experiment was
conducted in triplicate.
2.3. In vitro effects of ZnO nanoparticles on splenic cells proliferation
2.3.1. Splenic cells culture preparation

The test was done as per Ibrahim et al. [23] with slight changes. Spleen of a healthy adult
male Sprague Dawley rat weighing about 0.280 kg, kindly provided by animal house at King
Khalid University, and used to obtain splenic cells. The rat was killed by cervical dislocation and
spleen was aseptically removed and transferred into Petri dishes (100 X 15 mm, Falcon) containing
serum-free complete RPMI-1640 medium (SFM) (consisting of RPMI-1640 medium (Gibco),
supplemented with penicillin/streptomycin 100 U/100 pg/ml (Gibco), 2 mM L-glutamine (Gibco), 2
mM sodium pyruvate (Seromed), 2% sodium bicarbonate (Seromed), pH 7.2 and HEPES (N-2-

hydroxyethylpiperazine-N-2-ehtanesulfonic acid) buffer (Sigma)). The spleen was minced into
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single cell suspension and passed through 70 pum mesh (Spectrum) into 15 mL centrifuge tube
(Falcon) to remove clumps. The deferral was centrifuged at 1,000 rpm for 8 min and 1 mL ACK
lysis buffer (Gibco) was added to the re-suspended cell pellet for 3 min at room temperature to
rupture red blood corpuscles. The lytic action of ACK buffer was reduced by adding SFM. Cell
viability was monitored by trypan blue dye exclusion test [24]. Cells were adjusted to 0.06X10%mL
in SFM supplemented with 10% fetal calf serum (Gibco) (culture medium). The activity of cell
culture was carried out in micro-well tissue culture plate (Techno Plastic Products, Trasadingen,
Switzerland).
2.3.2. Study of cytotoxic/proliferative effects ZnO nanoparticles

Cytotoxic (cell’s killing) or proliferative (induction of normal cell’s proliferation)
prospective which might be available in ZnO nanoparticles were tested by adding 100 pL
dissimilar concentrations of ZnO nanoparticles such as: 6, 12.5, 25, 50 and 100 pg/mL to wells
containing 100 puL of cell suspension (6000 cells/well) separately in triplicates. Cells without
ZnO nanoparticles were included as normal cell-control. Saucers containing the cells were

incubated at 37 °C for 72 hours in 5% CO, (Memmert, Gmbh) [25]. Vybrant® MTT Cell

Proliferation Assay Kit (Thermo Fisher Scientific) was used as per instructions to
calorimetrically compute the change in cell numbers of diverse treated cells [23]. The outputs
were articulated as a % of enlarge/reduce in growth, as per Oves et al. [26].
2.4. Lytic effects of ZnO nanoparticles suspension on red blood cells

The lIytic effects of ZnO nanoparticles were determined by using the method described by
Oves et al. [26] with some modifications. ZnO nanoparticles at a concentration of 1 mg/mL in
sterile phosphate buffered saline (PBS, pH 7.4) was prepared. Thirty mL of freshly obtained cow
blood was positioned in 50-mL Falcone tube having EDTA to avoid coagulation, gently grind
and then separated into numerous sterile 15 mL Falcon tubes and centrifuged for 5 min at 1000 x

5
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g. The supernatant was poured off and RBCs were washed three times with chilled (4 °C) PBS.
The washed RBCs were re-suspended in chilled PBS to get 10 % hematocrit. A 100 pL of
prepared ZnO SNPs were added to 900 pL of prepared RBCs in 1.6 mL Eppendorf tubes and
incubated for 60 min at 37 °C. 1% Triton X-100 was taken as a positive control and PBS as a
negative control. All the tubes were subjected to centrifuge for ~ 10 min at 2000 RPM and then
absorbance were measured at 576 nm (Lamda 25- Perkin Elmer).
2.5. Acute cytotoxicity study of ZnO nanoparticles

To test hepatic toxicity which may be found ZnO nanoparticles, 5 adult healthy rats (200-
250 g) were injected with a mono dose regimen of 100 pg/mL ZnO nanoparticles [26]. The rats
were left for 24 h and then sacrificed and sera were obtained from their blood. Liver function
was tested by assaying the levels of serum aspartate aminotransferase (AST) and alanine
aminotransferase (ALT) colorimetrically according to the Reitman and Frankel method using
Randox Kit (UK).
2.6. Effects of ZnO nanoparticles on Hela and HepG2 cancer cell lines

HepG2 and HeL a cell lines (Sigma-Aldrich) were cultured separately in DMEM (Sigma)
supplemented with 10% fetal calf serum (Gibco BRL), penicillin/streptomycin (100 U/ml/100
mg/ml, Gibco BRL) and 2 mM L-glutamine (Gibco BRL) at cell density of 5000 cells/well in 96-
well tissue culture plate (Falcon). Plates were incubated at 37 °C under 5% CO; and 90%
humidity for 24 h. The media was removed from each plate and replaced with 200 pL/well fresh
media containing 100 or 50 pg/mL ZnO nanoparticles separately. Cells with media only served
as control culture. The cultures were continued for more 24 h at the same conditions described
above. Cell viability assay was done according to Ibrahim et al. [23] using Vybrant® MTT Cell
Proliferation Assay Kit (Thermo Fisher Scientific) with little modifications. The media in

microwell plates were changed with 100 uL fresh culture medium and 10 pL of 12 mM MTT
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were add to each well and left for 3 h. Then, to each well 100 uL of 0.1% acidified sodium
dodecyl sulphate (SDS) were added to each well and the absorbance was read at 570 nm.
The outputs are presented ar % of manage at end of every incubation stage [27].
3. Results and discussion
3.1. XRD analysis

The XRD pattern of as-synthesized ZnO is shown in Fig. 1a. This pattern is matched with
the reported one for the wurtzite structure of ZnO having the hexagonal crystal structure (JCPDS
PDF No: 79-0205) [28, 29]. The as-observed peaks of the planes of (100), (002), (101), (102),
(110), (103), (200), (112), (201), (004) and (202) indicate the polycrystalline structure of the as-
produced ZnO sample. There is no impurity phase detected, that is, the purity of the as-
synthesized ZnO is 100%.

The crystallinity percent (Xc%) was computed according to Ref. [30], and this value was
calculated to be 93.2%, indicating the high crystallinity.

The lattice constants (a and ¢) and cell volume (V) of ZnO sample were estimated from

Egs. (1) and (2), respectively [31]:

L 4( R +hk+k*) P
d* 3

az +cz ] (1)

V =0.866a’c, Q)
where d is the distance for two adjacent plane and 4, k and / are known as the Miller indices.
The as-calculated values are a=0.324268 nm, ¢=0.519762 and ¥=0.047329 nm>.

The crystallite size (Ds) was attained from following Scherrer's and Williamson-Hall
(Dwn) rules, correspondingly [32]

D, = 0.9 , 3)
P cosO
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where f is FWHM, 6 is Bragg angle, 4 is wavelength, which equals to 0.1543 nm for Cu Ka
radiation and ¢ is lattice strain. The Dyy and ¢ were calculated from the [ cosé vs. 4sinf plot
shown in Fig. 1b. The ¢ value was found to be 0.476x103. The Ds and Dyx were estimated to be

21.17 and 23.58 nm, respectively.

The Young's modulus (Y) value for each Miller indices was calculated by [32]

)
3 c
Y = — 4 — 5)
s,,[h2+(h +32k) ] +s33[al) +(2313+S44)[h2 +7(h +32k) ][Cd]
C

C

where the elastic compliances of s;;, 513, 533 and s44 have been reported in the literature to be
7.858x10712, —2.206x10712,6.940x10 2 and 23.570x10 > m> N ™!, respectively.
Using the Y values for each Miller indices observed on the XRD pattern of the as-

produced ZnO, the stress (o) in the surface and energy density (1) were estimated by [32]:

B cos 0 = 0.94 N 40 sin 6 , 6)
W Y
1/2
BcosO :%+4sin 9(%] , )
D,, Y

The o and u values were estimated from the Scos@ vs. 4sinfY~' and p,, cosf,, vs.

2°sin@,,Y,, " plots shown in Figs. (1c&1d), and found to be 37.227 MPa and 9.707 kJ m?,
respectively. These results are in well accord to prevous results (28 MPa and 8.65

kJ.m) given in the literature for ZnO sample prepared using methanol by Thandavan et al [33].

The following relation was used to calculated the bond length (L) between Zn and O [32]:
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a a Y
L= ?+C 025—? . (8)

The L value was computed to be 0.197375 nm, and this is very close to the reported one
(0.19767 nm) [34]. Atomic packing factor (APF%) was computed from the following relation

[35]:

APF% =2 100, )

34/3¢
The APF% of the sample was found to be 75.401 %. This is so close to the reported result for the
pure ZnO (75.302 %) by Birajdar et al [36].
3.2. SEM observations
SEM micrographs captured at magnifications of x25,000 and 40,000 are exposed in Fig.
2. It is obvious from figure that the prepared ZnO is composed of the stacked-spherical
nanoparticles (SNPs) with the particle size distribution ranging from 90 nm to 147 nm.
3.3. Antimicrobial potential
Our findings reported that ZnO nanoparticles exhibited a considerable antimicrobial
potential against E coli, Pseudomonas aeruginosa (Gram negative), Staphylococcus aureus, Bacillus
subtilis (Gram positive), and Candida albicans (yeast) compared to tetracycline (30 pg) as a

positive control as shown in Fig. 3 and Table 1.

Many mechanisms described the antimicrobial activity od ZnO-NPs. The straight contact
of ZnO-NPs with bacterial cell walls may results in the devastation of bacterial cell integrity [37-
39]. The other expected mechanism is the liberation of antimicrobial ions mainly Zn*" ions [40,41]

and the formation of reactive oxygen species (ROS) [42-45].
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Though, the mechanism of toxicity differ in a range of medium as the species of liquefy Zn might

alter as per the medium components besides the physico-chemical chattels of ZnO-NPs [41].

3.4. Effects on rat splenic cells proliferation

The cytotoxic or stimulatory properties that may be found in the ZnO nanoparticles were
studied at different concentrations. The results showed that there were cytotoxic/inhibitory
effects of ZnO nanoparticles on normal splenic cells at all tested concentrations (Fig. 4, 5 &
Table 2).
ZnO is known to be slightly soluble and capable of releasing Zn*" in solution. It is believed that
dissolved Zn?" played an important role in the toxicity of ZnO-NPs [46] and some researchers
inferred that toxic effects of ZnO-NPs on cultured cells may be due to the dissolution of Zn**
[47]. Deng et al.11 found that ZnO-NPs and zinc chloride (ZnCl,) had alike toxic consequence
on mouse. Moreover, no content of dissolved Zn>" was determined.
Many works have demonstrated the selectivity and toxicity of ZnO-NPs against cancer cells [48-
49] indicating its usefulness in cancer fight. However, the therapeutic use of ZnO-NPs may
change host immune defences which may have beneficial or deleterious effects. The good side
may be represented in that ZnO-NPs increase metallothionein (protein involved in phagocytosis)
[50], macrophages antigen presentation [51], and inflammatory responses [52]. In contrary, ZnO-
NPs also comprise the prospective to decrease the viability of some immune cells like
macrophages [53].
3.5. Lytic effects of ZnO nanoparticles suspension on red blood cells

The cytotoxicity was premeditated by exploratory haemolytic activity alongside cow red
blood cells (RBCs) using Triton X-100 as constructive control. The % lysis estimated through

comparing the sample absorbance and Triton X-100. The +ve manage demonstrate about 100%

10
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lysis, while the phosphate buffer saline (PBS) displayed no lysis effects on RBCs. The as-
prepared ZnO nanoparticles showed no lytic effect on RBCs (Fig. 6(a).
Many workers tested the effects of ZnO-NPs on RBCs but most of them reported the absence of
hemolytic effects of ZnO-NPs on RBCs [54-56].
3.6. Acute cytotoxicity study of ZnO nanoparticles

To test hepatic and renal toxicities which may be found in ZnO nanoparticles, adult
healthy rats (200-250 g) were injected with a single dose regimen of 100 pg/ml ZnO
nanoparticles. After the rats were left for 24 h, their sera were separated from the blood. The
serum aspartate aminotransferase (AST) levels and alanine aminotransferase (ALT) showed non-
significant increase (1.33 and 1.10 folds respectively) than that of normal group.
We have used an acceptable ZnO-NPs for injection, bur other workers showed
hepatocytotoxicity after injecting high dose (50 mg/kg) in rat [57].
3.7. Effects of ZnO nanoparticles on Hela HepG2 cancer cell lines
ZnO nanoparticles showed an inhibitory effect on HepG2 cell line. This effect decreased with the
decrease in ZnO nanoparticles concentration (Fig. 6(a)). In contrary, ZnO nanoparticles showed
stimulatory effect on Hela cell line. This stimulatory effect was dose dependent as it decreased
with the decrease in ZnO nanoparticles concentration (Fig. 6(b)). The mechanisms that cause the
toxicity of ZnO may comprise the participation of the generation of ROS and as well as
induction of apoptosis [49]. From the all the above cytotoxicity studies we can say that the
associated cytotoxicity may be choosy for those cells that construct larger levels of ROS show
rapid separating such as immune cells [48], cancer cells [49] and bacteria [58].
4. Conclusions

High quality spherical nanoparticles (SNPs) of ZnO has been synthesized by a simple

flash combustion route and explore its possible applications in biomedical field. XRD approved
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its single phase of high degree of crystallinity (i.e. 93.2 %). The average value crystallite size
was found ~ 21.17 and 23.58 nm obtained through Scherrer's and Williamson-Hall equations.
Further several other parameters have been determined through XRD data. Moreover, SEM
study reveal the grains size in range from 90 nm to 147 nm. The key studies on ZnO SNPs was
done as bioactivities both in vivo (acute cytotoxicity test) and in vitro (Anti-cancer activities on
liver (HepG2) and cervical (Hela) cancer cell lines, stimulatory/inhibitory effects on normal rat
splenic cells and hemolytic effects on red blood cells). These typical studies revealed that ZnO
SNPs has no cytotoxic effects on vital organ like liver and has no hemolytic action on red blood
cells. ZnO SNPs showed inhibitory consequences on normal rat splenic cells growth at all tested
concentrations. ZnO SNPs showed an inhibitory effect on HepG2 cell line. While showed
stimulatory effect on Hela cell line. On the basis of obtained results it is found that ZnO SNPs
are highly applicable in biological applications.
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Figure Captions:

Fig. 1: A) XRD pattern, B) cos@ vs. 4sin@, C) Bcos@ vs. 4sin@Y ' and D) B, cosh,,, vs.

"? plots of the as-produced ZnO nanostructured.

2°%sin @, thf]
Fig. 2: SEM images of the as-produced ZnO nanostructured.

Fig. 3: Antimicrobial activity of ZnO nanoparticles against (A) Candida albicans and (B)
Staphylococcus aureus and (C) E coli.

Fig. 4: Percent normal splenocytes inhibition after treatment with different concentrations of ZnO
nanoparticles.

Fig. 5: Effects of ZnO nanoparticles on normal splenic cells; A: normal control splenic cells; B-
F: normal splenic cells treated with 100, 50, 25, 12.5 and 6 pug/mL ZnO nanoparticles
respectively.

Fig. 6: (a) Cytotocity test of ZnO nanoparticles on cow RBCs, where tube ZnO: ZnO
nanoparticles, tube N: Negative control (PBS) and tube P: Positive control (1% Triton-X100) and

(b) Percent stimulation/inhibition of cancer cell lines after treatment with different

concentrations of ZnO nanoparticles.
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Table Captions:

Table. 1. Antimicrobial potential of ZnO nanoparticles

Test microorganism Inhibition Zone (mm)

ZnO Tetracyclin (30)
Staphylococcus aureus 20 17
Bacillus subfilis 12 20
Pseudomonas aeruginosa | 15 18
E Coli 22 14
Candida albicans 20 19

Table. 2. Percent of splenic cells growth inhibition after treatment with ZnO nanoparticles.

ZnO nanoparticles

(ng/mL) % of splenic cells growth inhibition of normal rat splenic cells
100 -10.54+0.04

50 -15.63+0.08

25 -17.21+0.14

12.5 -14.11+£0.09

6 -15.51+£0.06
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