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Abstract

In recent years, the industrial use of ZnO quantum dots (QDs) and nanoparticles (NPs) has risen and there is a high chance of these
nanoparticles affecting human health. In this study, different sizes of ZnO-NPs (6—100 nm) were prepared and characterized. The
generation of reactive oxygen species (ROS) and its involvement in apoptosis when HepG2 cells were exposed to QDs (6 nm)
and NPs of different sizes (15-20, 50, and 100 nm) was also investigated. At a concentration of 25-200 pg/mL, NPs induced
dose-dependent cytotoxicity in HepG2 cells. The engineered NPs increased oxidative stress in a dose- and size-dependent man-
ner, as seen by an increase in ROS production, lipid peroxidation, and glutathione reduction. Furthermore, cell-cycle analysis of
HepG?2 cells treated with different sizes of NPs showed an increase in the apoptotic peak after a 24-h exposure period. Quantitative
real-time PCR data showed that the mRNA levels of apoptotic marker genes such as p53, bax, and caspase-3 were upregulated,
whereas bcl-2, an anti-apoptotic gene, was downregulated; therefore, apoptosis was mediated through the p53, bax, caspase-3,
and bcl-2 pathways, suggesting a possible mechanism by which QDs and NPs of ZnO mediate their toxicity.
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Introduction

The size of nanostructured materials is an important param-
eter in nanotechnology. Due to the small size of nanopar-
ticles, their physicochemical properties such as volume,
surface area, pore diameter, catalytic properties can change
[1-5]. To date, various types of nanostructures in the form
of quantum (QDs) [6], nanoparticles (NPs) [7], micropar-
ticles [8], thin films [9], and nanocomposites (NCs) have
been created [10]. These fabricated structures are classified
on the basis of their surface geometry such as zero, one,
two, or three dimensional [11]. These structures are pre-
pared by various chemical and physical methods, such as
plasma-enhanced chemical vapor deposition [12], chemi-
cal vapor deposition [13], thermal evaporation [14], pulsed
laser deposition [15], metal organic chemical vapor depo-
sition [16], and cyclic feeding chemical vapor deposition
[17]. Various physicochemical methods can also be used to
prepare nanoparticles, such as template-assisted synthesis
[18]; electrochemical [19], sol-gel [20], sonochemical [21],
and surfactant-assisted growth methods [22]; hydrothermal
synthesis [23]; and solvothermal [24], aqueous, and non-
aqueous solution process [25]. The physical approaches
are expensive as compared to the chemical methods, but
provide nanomaterials in bulk [25]. Due to their small size
and enhanced surface area, nanosized materials exhibit
enormous fascinating properties, such as piezoelectric
effect, high temperature tolerance, enhanced conductivity,
and non-linear optical properties [26], which makes them
excellent for a wide range of applications in the optoelec-
tronic industry. These materials can be utilized in solar cells,
dye-sensitized solar cells, fuel cells, hydrogen production,
photocatalysis, adsorption, dye degradation, coatings, cor-
rosion protectors, and semiconductor devices [25, 27-29].
Among numerous semiconductor metal oxides, zinc
oxide (ZnO) is widely known for its versatile nature and
can produce a series of nanostructures [30]. Zinc oxide has
electronic properties, biocompatible nature, and can be used
in various applications. However, there are limited reports
on the use of different sized nanostructures, such as ZnO
and TiO, NPs, their biological activity and efficacy against
cancer cells. Few studies have evaluated their toxic effects
against human blood cells or have evaluated their effect on
the cellular and genetic material and ROS generation [31].
Previously, ZnO-NPs have been prepared by mechano-chem-
ical reaction processes, where the size of the NPs was within
1540 nm range, and the UV absorbance effects on NPs was
checked [32]. The size-controlled ZnO-NPs were employed
to examine the toxicity within different cells and their effect
on the human immune system was studied [33]. The cyto-
toxicity was also measured with two spherical shaped zinc
oxide NPs in terms of particle size, concentration, and time
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dependence in normal cells and cancer cell lines from dif-
ferent histological origins [34]. The ZnO particles were pre-
pared in nano and micro-ranges for toxicity studies in human
lung epithelial cells (L-132) and human monocytes (THP-1),
which were chosen for their ability to clear foreign particles
[35]. Three different sizes of ZnO-NPs (30 nm, 80-150 nm,
and 2 um) were used to check the cytotoxic and embryotoxic
effects in flounder gill cells and zebrafish embryos [36]. The
biological effects of ZnO-NPs were checked on SHSYSY
cells incubated for 24 h with various concentrations of NPs
[37]. In another work, the nano and micro sized zinc oxide
particles were utilized to check the cell viability, phagocy-
tosis, and cytokine induction in human monocytes, THP-1
cells, which exhibit monocyte like properties and are linked
with the adaptive and innate immune responses [38].

Here, we have described the preparation and characteri-
zation of different sized NPs. The study was designed to
investigate the effect of NPs in liver cancer cells (HepG2)
with different sized NPs, from 6 to 100 nm. HepG2 cells
were used, because they are a well-established model sys-
tem to study xenobiotic induced cell death. Different sized
NPs were used to induce cell death/apoptosis in cancer cells.
The MTT assay was used to check the % of viable and non-
viable cells before and after interaction with nanomaterials,
whereas apoptosis was measured via the flow cytometry.
RT-PCR analysis of apoptotic gene p53, bax, caspase-3, and
bcl-2 was also done.

Materials and methods

Synthesis of ZnO nanoparticles ranging from 6 to 100 nm
was carried out at different conditions using different pre-
cursors. Four different kinds of particles were synthesized.

Synthesis of different sized zinc oxide nanoparticles
Quantum dots (Zn0O-QDs) (Size ~6+2 nm)

The ZnO-QDs were synthesized using analytical grade
chemicals, purchased from Aldrich Chemical Co. Ltd. Zinc
acetate dihydrate (Zn(Ac),-2H,0, 0.3 M), sodium hydroxide
(NaOH, 0.3M) and aniline (C;HsNH,, 20 mL) were mixed
with 100 mL of methanol (MeOH) and stirred for 30 min.
The inital pH of the solution was maintained at 6.87 using
a pH meter (Cole Parmer, USA) and it increases up to 12.5
once the NaOH was incorporated. The stirred solution was
refluxed in a glass pot at~65 °C for 6 h. The organic impu-
rities were removed from the solution by centrifugation
(3000 rpm for 10 min). No precipitate was seen in the reflux-
ing pot before 6 h. After refluxing was complete, a white



JBIC Journal of Biological Inorganic Chemistry (2020) 25:325-338

327

precipitate was obtained in the refluxing pot. The solution
was dried in a petri dish and cooled at 25 °C [39].

Synthesis of ~ 15 + 20-nm ZnO-NPs

Synthesis of ZnO-NPs, ranging from 15 to 20 nm, was done
using Zn(Ac),-2H,0 and octadecylamine (CH;(CH,),;NH,).
Briefly, 0.8 M CH;(CH,);;NH, and 0.3 M Zn(Ac),-2H,0
were dissolved in 100 mL MeOH. The solution was
stirred for 30 min on a hot plate equipped with a rotor.
Zn(Ac),-2H,0 and octadecylamine were purchased from
Aldrich Chemical Corporation. The pH of the solution
was measured to be 12.3. After complete dissolution of the
chemicals, the solution was transferred to a three-necked
refluxing pot and refluxed at~ 65 °C for 6 h. A white-colored
precipitate was observed at the bottom of refluxing pot after
6 h. Solution temperature was monitored and controlled
using a temperature controller. Thereafter, the white pow-
dery precipitate was washed with MeOH several times. The
NPs obtained were air dried at room temperature and their
structural and chemical properties were characterized, as
described previously [39].

Synthesis of 45 + 5-nm ZnO-NPs

Bigger sized NPs were obtained by the reacting
Zn(AC),-2H,0 and thiourea (NH,CSNH,) via solution pro-
cess as previous [5, 20]. Briefly, 0.3 M Zn(AC),-2H,0 and
2 M NH,CSNH, were dissolved in 100 mL deionized water
and stirred for 30 min. The solution was then transferred to
a glass pot and refluxed at 90 °C for 12 h. Before transfer-
ring the solution to the flask, the pH was measured at 12.6.
After refluxing, the white aqueous solution was washed
with MeOH several times to remove ionic impurities and
then dried at 25 °C for further analysis. The dried powder
was annealed in ambient air at 500 °C for 1 h at 5 °C/min.
Thereafter, the morphological and chemical properties of
NPs were characterized, as described previously [5, 20].

Synthesis of ~ 100-nm ZnO-NPs via the using
solution method

The synthesis of ZnO-NPs (> 50 nm) was carried out using
Zn(AC),.2H,0 and p-xylene (C¢H,(CHj3),), purchased from
Aldrich Chemical Co. Ltd. Briefly, 0.3 M Zn(Ac),.2H,0
and 20 mL C4H,(CHy;), were mixed together in MeOH and
stirred for 30 min. The pH of the solution was measured at
12.4. The stirred solution was transferred to the refluxing pot
and refluxed at~ 65 °C for 6 h followed by cooling at room
temperature. The impurities, such as by-products of organic
chemicals, were removed from the solution via centrifuga-
tion (3000 rpm for 5 min). The dried sample was annealed
in ambient air at 700 °C for 1 h at 5 °C/min. Thereafter, the

morphological and chemical properties of the sample were
characterized [5, 20].

Characterization of different sized QDs and NPs
prepared via solution process

The powders, with diverse sized particles, were morpho-
logically and chemically characterized. Morphological
evaluation of the white powder was made by field emis-
sion scanning electron microscopy (FESEM) and transmis-
sion electron microscopy (TEM). For FESEM, the white
powders were uniformly sprayed on carbon tape and coated
with a thin layer of osmium oxide (OsO,) for 5 s. For TEM
measurement, powder samples were sonicated in ethanol for
10 min. To this solution, copper grid was inserted for 2-3 s
and dried at room temperature. The crystallinity and phase of
the white powders were characterized with an X-ray powder
diffractometer (XRD) with Cug, radiation (1=1.54178 A)
in the range of 20°-65° at 6°/min scanning speed.

Cell culture and their treatment of ZnO-NPs

Human liver HepG2 cells were purchased from ATCC,
USA. Cells were cultured in DMEM/F-12 medium with
10% FBS and 100 U/mL penicillin-streptomycin in 5% CO,
at 37 °C. The cells were harvested at 85% confluence using
0.25% trypsin and sub-cultured as required for the experi-
ments. Cells were allowed to attach to the surface before
treatment for 24 h. ZnO-QDs and NPs were suspended in
culture medium and diluted to suitable concentrations. The
dilutions of different sized NPs were then sonicated to avoid
their agglomeration prior to their being applied to the cells.

MTT assay

Percent viability of HepG2 cells was assessed by exposing
them to different concentrations of ZnO-NPs of various
sizes, using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide (MTT) assay, as described previ-
ously [40]. The assay evaluated cell viability by quantify-
ing viable cells that reduced MTT to form a blue formazan
product. In brief, 1 X 10* cells/well were incubated with 0,
1,2,5, 10, 25, 50, and 100 pg/mL QDs and NPs for 24 h.
Subsequently, the medium in each well was exchanged with
fresh medium, containing MTT at a final concentration of
10%, and incubated for 3 h at 37 °C for the purple color to
develop. The formazan product so formed was dissolved in
acidified isopropanol. The plate was centrifuged for 5 min
at 2500 rpm for the QDs and NPs to settle at the bottom.
Thereafter, 100 uL supernatant was taken from each well,
transferred to fresh 96-well plate, and absorbance was quan-
tified at 570 nm using a microplate reader (Synergy-HT,
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BioTek). Percent viability of HepG2 cells was calculated
using the formula,

% Viability = mean absorbance of treated group/

mean absorbance of control group X 100.

NRU assay

Neutral red uptake (NRU) assay was done as described by
Borenfreund and Puerner (1984) [41], with some modifica-
tions [42]. In brief, 1x 10* cells/well were seeded in 96-well
plates, and incubated with 0, 1, 2, 5, 10, 25, 50, and 100 pg/
mL QDs and NPs for 24 h. Thereafter, the supernatant was
removed, the cells were washed with PBS, and incubated
for 3 h in medium containing 50 pg/mL neutral red. The
solution was removed promptly and the cells were washed
with medium containing 0.5% formaldehyde and 1% calcium
chloride. Subsequently, the cells were incubated for 20 min
at 37 °C in a solution of 1% acetic acid and 50% EtOH to
remove the dye. Finally, absorbance was measured at 540 nm
using a microplate reader (Synergy-HT, BioTek).

ROS measurements

For the determination of ROS, HepG2 cells were exposed to
25 pg/mL QDs and NPs for approximately 24 h. Intracellular
ROS production was measured using 2, 7-dichloro fluorescin
diacetate (DCFH-DA) [43, 44], which can passively cross
the cell membrane and react with ROS to produce a colored
compound called dichlorofluorescein (DCF). Briefly, a
10 mM DCFH-DA stock solution was diluted in the culture
medium, without other additives, to prepare a 100 uM work-
ing medium. After exposure to QDs and NPs, the cells were
washed twice with HBS (HEPES buffered saline), and incu-
bated with medium containing 100 uM DCFH-DA at 37 °C
for 30 min. Intercellular fluorescence was analyzed using a
fluorescence microscope (Olympus CKX 41; Olympus) at
20X magnification.

Measurement of mitochondrial membrane potential
(MMP)

MMP was measured using the procedure described by Zhang
et al. [45]. Briefly, HepG2 cells were exposed to 25 pug/mL
QDs and NPs for 24 h. Subsequently, the cells were washed
twice with PBS and treated with 10 pg/mL Rh 123, a fluo-
rescent dye, for 1 h at 37 °C in the dark. The fluorescence
of Rh 123 was measured using a fluorescence microscope
(OLYMPUS CKX 41).
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Glutathione level

For GSH measurement, HepG2 cells were cultured in 25 cm?
culture flasks. The cells were exposed to 10, 25, and 50 pg/mL
of (~6+2 nm), (~15-20 nm), (~45-50 nm), and (~ 100 nm)
Zn NPs for 24 h. Thereafter, the cells were lysed in cell lysis
buffer [1x20 mM Tris—HCl (pH 7.5), 150 mM NaCl, 2.5 mM
sodium pyrophosphate, 1 mM Na,EDTA, and 1% Triton].
The supernatant, obtained after centrifugation at 15,000 x g
for 10 min at 4 °C, was kept on ice until assayed following
Ellman’s method [46]. Briefly, a mixture of 0.1 mL of cell
extract (supernatant) and 0.9 mL of 5% TCA was centrifuged
(2300x g for 15 min at 4 °C). Thereafter, 0.5 mL of super-
natant was added to 1.5 mL of 0.01% 5, 5-dithio-bis-(2-ni-
trobenzoic acid) (DTNB) and measured spectrophometrically
at412 nm.

Lipid peroxidation (LPO)

LPO was assayed by the method of Ohkawa et al. (1979)
[47]. HepG2 cells were exposed to 10, 25, and 50 pg/mL of
(~6+2 nm), (~15-20 nm), (~45-50 nm), and (~ 100 nm)
ZnO-NPs for 24 h. Briefly, 0.1 mL of cell extract and 1.9 mL
of 0.1 M sodium phosphate buffer (pH 7.4) were incubated at
37 °C for 1 h. After incubation, cells were precipitated with
5% TCA and then centrifuged to 2300 X g for 15 min, to col-
lect the supernatant. After incubation, 1.0 mL of 1% TBA was
added to the supernatant and put in hot water for 15 min. After
cooling, the absorbance was taken at 532 nm.

Analysis of cell-cycle progression by flow cytometry

Cell-cycle analysis was performed by a method described by
Saquib et al. [48]. The cells were exposed to 50 pg/mL of ~6
+2 nm, ~ 15-20 nm, ~45-50 nm, and ~ 100 nm ZnO-NPs for
24 h and centrifuged at 1000 rpm for 4 min. The cells were
fixed with 500 pL of 70% ice-cold ethanol, incubated at 4 °C
for 1 h, washed with PBS, and stained using 500 pL of PBS,
containing 50 ug of propidium iodide (PI)/mL, 0.1% Triton
X-100, and 0.5 mg/mL RNAase. PI signal was measured by
flow cytometry with a Beckman Coulter flow cytometer (Coul-
ter Epics XL/X1-MCL, USA) through a FL 3 filter (585 nm)
and 10,000 events were acquired. The data were evaluated
using Coulter Epics XL/ XL-MCL, System II Software, Ver-
sion 3.0.

Quantitative real-time PCR analysis of apoptotic
markers

HepG?2 cells were cultured in 6-well plates and treated with
ZnO QDs and NPs at a concentration of 50 pg/mL for 24 h.
Total RNA was extracted both from treated and untreated
cells by RNeasy mini Kit (Qiagen), as per the manufacturer’s
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instructions. RNA concentration was evaluated using Nan-
odrop 8000 spectrophotometer (Thermo-Scientific). cDNA
was prepared from 1 pg of total RNA using M-MLV kit
(Promega), as per the kit’s protocol. Real-time quantitative
PCR (RT-PCR) was done using Roche® LightCycler®480
(96-well block) (IN, USA), following the recommended
cycling program. For the reaction mixture, 2 pL. of cDNA
was taken in a final volume of 20 puL of reaction mix. The
RT-PCR program included a denaturation step at 95 °C for
10 min, followed by 40 cycles of denaturation at 95 °C for
15 s, annealing at 60 °C for 20 s, and elongation at 72 °C
for 20 s. Expressed genes were normalized to GAPDH, the
housekeeping control gene. All experiments were performed
in triplicate and data were expressed as the mean of at least
three experiments.

Results
Morphological analysis by FESEM

Morphological changes in the prepared QDs and NPs can
be seen in the FESEM images (Fig. 1). Figure la, b shows
FESEM images at lower and higher magnification, respec-
tively, of the synthesized QDs and NPs, which confirmed
that the synthesized ZnO products were of different sizes.
The less magnified (Fig. 1a) image clearly demonstrated
that the grown structures were high in density. Most QDs
exhibited spherical shapes with an average diameter range of
6 +2 nm. Additionally, some QDs were ellipsoidal, as seen

in the FESEM micrograph (Fig. 1b). The size of the NPs
increased under different processing conditions, as described
in Materials and methods. The NPs were elongated and tri-
angular (Fig. 1c, d). The average size of each NP was in the
range of ~15-20 nm (Fig. 1d). Upon annealing, NPs form
aggregates or crystals. At high-temperature annealing (at
500 °C in air for 1 h), the powders resulted in random shapes
of NPs, such as spherical, triangular, or circular, approxi-
mately 45-50 nm in size (Fig. le, f). A higher annealing
temperature (* 500 °C) resulted in agglomeration of parti-
cles (~90-100 nm in size) to form bigger NPs, as shown in
Fig. 1g, h. At higher temperature, small NPs merged with
each other and in between other particles [19, 20, 25].

Morphological analysis by TEM

Further morphological investigation of QDs and NPs was
performed with TEM. Figure 2a—d shows TEM images of
particles grown to different sizes. The shapes were nearly
spherical and were similar to those seen with FESEM
(Fig. 1). As seen in the TEM image (Fig. 2a), the synthe-
sized NPs were spherical and ellipsoidal in shape. The size
of each QD was in the range of ~ 6 +2 nm, which was con-
sistent with the FESEM data (Fig. 1b). In the second case,
the size of NPs reached up to~20 nm (Fig. 2b) and had simi-
lar morphology as depicted in the previous results (Fig. lc,
d). In the third case, the size of the NPs was seen to be up
to ~45-50 nm (Fig. 2¢) (at 500 °C for 1 h in air under ambi-
ent conditions) and the results were consistent with those
from FESEM (Fig. le, g). At higher temperatures (above

Fig.1 Low and high magnified FESEM images of different sizes of ZnO QDs and NPs processed via solution process: a, b 6+2 nm; ¢, d

15-20 nm; e, f~45-50 nm and g, h~ 100 nm
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Fig.2 TEM images of different sizes of QDs and NPs of ZnO prepared via solution process: a, b~6+2 nm; ¢, d~15-20 nm; e, f~45-50 nm

and g, h~ 100 nm

500 °C for 1 h), the NPs aggregated with each other and
formed bigger sized structures (~90-100 nm) (Fig. 2d) [7,
19, 20, 25].

Crystallinity, phase and size examination (XRD
results)

Figure S1 presents the X-ray diffraction patterns (XRD) of
synthesized NPs at different processing conditions. The main
indexed peaks <1010>,<0002>,<10 11> clearly showed
the crystalline property of the nanoproducts. All indexed
peaks in the spectrum obtained were well matched with bulk
ZnO (JCPDS Card No. 36-1451), which further confirmed
that the prepared powders were crystalline in nature and had
wurtzite phase. There was no other peak related to impuri-
ties in the spectrum within the detection limit of the XRD,
which again confirmed that the synthesized powders were
pure ZnO [7, 19, 20, 25].
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Cytotoxicity results
MTT and NRU results

The results of cytotoxicity assessment have been sum-
marized in Figs. 3 and 4. HepG2 cells were treated with
ZnO-NPs in concentrations ranging from 1-100 pg/mL for
24 h. The cytotoxicity of ZnO-NPs was observed by MTT
and NRU assays. These assays showed that ZnO-NPs did
not produce significant cytotoxicity at concentrations of
10 pg/mL and lower. However, at concentrations of 25 pg/
mL and above, ZnO-NPs induced cytotoxicity in a con-
centration-dependent manner, resulting in the reduction
of HepG2 cell viability. Furthermore, ZnO-NPs, approxi-
mately 15-20 nm in size, were most cytotoxic, followed
by ZnO-NPs (~6+2 nm) and ZnO-NPs (~45-50 nm).
ZnO-NPs (~ 100 nm) were found to be least cytotoxic to
HepG?2 cells. Cell viability, using MTT assay, was recorded
at 5%, 6%, and 54% in ZnO-NPs (~ 15-20 nm); 12%, 16%,
and 90% in ZnO-NPs (~45-50 nm); 9%, 11%, and 20% in
Zn0-QDs (~6+2 nm); and 50%, 63%, and 63% at 25, 50,
and 100 mg/mL ZnO concentration, respectively (Fig. 3).
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Fig. 3 Percent cell viability by 120.0 - #ZnO0 (~6£2 nm)
MTT assay in HepG2 cells fol-
lowing exposure to various con-

100.0 -

centrations of ZnO nanoparti-
cles:a~6+2nm, b~15-20 nm,
¢~45-50 nm and d ~ 100 nm for
24 h. Values are mean + SE of
three independent experiments.
*Statistically significant dif-
ference as compared to control
(p<0.05)

80.0

% Cytotoxici

40.0 -

2Zn0 (~15-20nm)

#ZnO (~45-50nm) ®ZnO (~100nm)

200 -
0.0 -
Control 1 pg/ml 2 pg/ml 5 pg/ml 10 pg/ml 25 pg/ml 50 pg/ml 100 pg/ml
Concentration of NPs
Fig.4 Percent cell viability 1508 = #ZnO0 (~6£2nm) ®ZnO (~15-20nm) =ZnO (~45-50nm) ®ZnO (~100nm)
by NRU assay in HepG2 cells :
following the exposure of
various concentrations of ZnO b 100.0 -
nanoparticles: a~6+2 nm, o=
b ~15-20 nm, ¢ ~45-50 nm and | 80.0
d ~ 100 nm for 24 h. Values are =)
mean + SE of three independent 3 60.0 -
experiments. *Statistically sig- §
nificant difference as compared O 400 -
1 . o
to control (p <0.05) e
200 -
0.0 -

Control

As shown in Fig. 4, a similar trend of reduction in cell
viability was recorded by the NRU assay. The cell viabil-
ity by NRU assay was recorded as 12%, 15%, and 19% in
ZnO-NPs (~15-20 nm); 20%, 21%, and 91% in ZnO-NPs
(~45-50 nm); 29%, 32%, and 36% in ZnO-NPs (~6+2 nm);
and 49%, 68%, and 74% at 25, 50, and 100 pg/mL ZnO con-
centration, respectively (Fig. 4). The IC50 values obtained
for (~6+2 nm), (~15-20 nm), (~45-50 nm), and (~ 100 nm)
ZnO-NPs were 15.8 pg/mL, 27.5 pg/mL, 30.08 pg/mL, and
101.2 pg/mL, respectively, by the MTT assay.

ZnO-NPs induced oxidative stress

ROS generation and GSH and LPO levels were examined to
show the potential of ZnO-NPs to increase oxidative stress in
HepG?2 cells. The results revealed that HepG2 cells exposed
to ZnO-NPs, had higher intracellular ROS generation (Fig.
S2). Fluorescence microscopy results showed that~6+2 nm

1 pg/ml

2 pg/ml 5 pg/ml 10 pg/ml 25 pg/ml 50 pg/ml 100 pg/ml
Concentration of NPs

Zn0-QDs expressed more fluorescence intensity followed by
~15-20 nm, ~45-50 nm, and ~ 100 nm ZnO-NPs as com-
pared to the untreated control (Fig. S2 graph). As shown
in Fig. 5, the GSH level was considerably lower in HepG2
exposed to ZnO-NPs, however, the LPO level was higher
(125, 148, and 174% was found in 6, 119, and 139 nm; 165%
in 15-20, 110, and 122 nm; 147% in 50 nm and 100, 128,
and 140% were found in 100 nm sized NPs, as compared
with the control, which was 100% at different concentrations
of NPs (10, 25, and 50 pg/mL), in HepG2 cells exposed to
ZnO-NPs for 24 h (Fig. 6).

ZnO-NPs induced change in MMP level
MMP levels in HepG2 cells exposed to ZnO-NPs for 24 h
at 25 pg/mL are presented in Fig. S3. The decrease in MMP

levels was recorded in terms of fluorescence intensity of
the mitochondria specific dye Rh 123. As shown in Fig. S3,
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Fig.5 Glutathione depletion in
HepG2 cells exposed to various
sizes of ZnO nanoparticles at
different concentrations. Values
are mean + SE of three inde-
pendent experiments. *Statisti-
cally significant difference as
compared to control (p <0.05)

-
N
e
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40.0 -

Fluorescence intensity

20.0 -

0.0 -

ZnO (~6+2 nm)

Fig.6 Various sizes of ZnO
nanoparticles induced lipid
peroxidation in HepG2 cells
exposed for 24 h at different
concentrations. Values are
mean + SE of three independent
experiments. *Statistically sig-
nificant difference as compared
to control (p <0.05)

200.0
180.0 -
160.0 -
140.0 -
120.0
100.0 -

Fluorescence intensi
£ 88
(— T — I — )

20.0 -
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ZnO (~6+2 nm)

ZnO-NPs decreased the fluorescence intensity of Rh 123.
This reduction in fluorescence intensity in HepG2 cells
treated with ZnO-NPs indicated a significant decrease in
MMP levels with low to high range of NPs (54, 45, 36, and
23) compared to the control (100).

Effect of different sized ZnO-NPs on cell-cycle
progression

Analysis of the effects of varying sizes of zinc oxide NPs
on HepG2 cells indicated an increase in the apoptotic sub-
G, peak after 24 h of exposure (Fig. 7). With an average of
5.9% back ground level of apoptotic peaks in HepG2 control,
Zn0-QDs (< 10 nm) at lower doses of 10 and 25 pg/mL
did not show any changes in the normal cell cycle. At the
higher concentration of 50 pg/mL, a significant increase of
24.4% in the sub-G, apoptotic phase was recorded (Fig. 7).
HepG2 cells exposed to low doses of ZnO-NPs (<20 nm)
exhibited a typical pattern of G,/M arrest. In comparison
to 27.4% of the control cells in G,/M phase, 10 and 25 ug/
mL of ZnO-NPs (<20 nm) treatment showed 42.4% and
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33.1% cells in G,/M phase, respectively. At the highest
concentration of 50 ug/mL, ZnO-NPs (<20 nm) exhibited
transition of G,/M arrested cells (16.5%) in the apoptotic
phase (16.0%) (Fig. 7). A similar pattern of G,/M arrest,
along with an increase in apoptosis, was observed in ZnO-
NPs-50 (< 50 nm)-treated HepG2 cells. Lower doses of 10
and 25 pg/mL exhibited 34.4% and 18.1% of cells arrested in
G,/M phase, respectively, vis-a-vis untreated control, which
showed only 23.7% cells, in G,/M phase. Nonetheless, big-
ger ZnO particles (~45-50 nm), at the highest concentration
of 50 ug/mL, exhibited a substantial increase in apoptotic
response with 27.2% cells in sub-G, phase, as compared
to 8.8% of apoptotic cells in the untreated control group
(Fig. 7). In comparison to treatment with larger sized ZnO
nanoparticles, such as 100 nm, ~45-50 nm, and 15 +20 nm,
HepG2 exposed to ZnO particles of 6 +2 nm, exhibited
stronger apoptotic response during cell-cycle progression.
Lower dose (10 and 25 pg/mL) exposure of HepG2 cells
exhibited 16.4% and 22.8% increase in apoptotic sub-G,
peak, respectively. At the highest concentration of 50 g/
mL, nearly 44% of cells underwent apoptosis (Fig. 7).
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Fig.7 Cell-cycle analysis of HepG2 cells exposed to ZnO nanoparticle of different sizes: a~6+2 nm size, b~ 15-20 nm size, ¢ ~45-50 nm size
and d ~ 100 nm. Values are mean + SE of three independent experiments. *Statistically significant difference compared to control (p <0.05)

Analysis of mRNA level of apoptotic genes using
quantitative real-time PCR

HepG?2 cells were exposed to different sizes of ZnO-NPs
for 24 h at a concentration of 50 pg/mL, and quantitative
real-time PCR was performed to evaluate the mRNA level
of apoptotic genes (p53, bax, casp3, and bcl-2). Different
sized NPs significantly altered the regulation of apoptotic
genes in HepG2 cells (p < 0.05 for each gene) (Fig. 8). The
mRNA levels of the cell-cycle checkpoint or tumor suppres-
sor gene p53 (Fig. 8) and the pro-apoptotic gene bax (Fig. 8)
were upregulated. We also detected higher expression of the
caspase-3(Fig. 8) gene in NP-treated cells. The expression of
bcl-2 (Fig. 8), an anti-apoptotic gene, was downregulated in
cells treated with different sized ZnO-NPs. Thus, ZnO-NPs
of different sizes induced expression of apoptotic genes.

Discussion

QDs and NPs of ZnO have wide industrial and biomedical
applications, such as in cancer, drug delivery, DNA dam-
age, and cytotoxicity, due to their high surface area and
catalytic properties [7, 19, 20, 25]. In this study, QDs and
different sized NPs were prepared by soft chemical solution
and annealing process using zinc acetate dihydrate with dif-
ferent reducing salts, such as octadecylamine and thiourea,
at different processing parameters. The NP solutions were
calibrated with acid (HCI) and base (NaOH) at desired con-
centrations [7, 19, 20, 25]. The QDs and NPs were char-
acterized in terms of their crystalline and morphological
properties with sophisticated instruments. Techniques such
as XRD, FESEM, and TEM were used to check the crystal-
linity of the synthesized QDs and NPs. The FESEM and
TEM results showed that the prepared nanostructures had
diverse shapes, with a nearly smooth surface and an aver-
age diameter of 6100 nm, for both QDs and NPs. High-
resolution TEM (HR-TEM) confirmed that the structures had
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Fig.8 For quantification of mRNA levels, fold change of apoptotic
genes (p53, bax, and casp3) and anti-apoptotic gene (bcl-2) was ana-
lyzed. Cells were exposed to 50 pg/mL of different sized ZnO-NPs

lattice spacing (~0.256 nm), were crystalline, and equal to
pure wurtzite phase ZnO [5]. The nanostructures of ZnO
were optically active materials, which exhibited similar
band gap to the commercial zinc oxide powder (3.37 eV)
[5]. In addition to the detailed characterization of ZnO-NPs,
the aim of this study was to also investigate the cytotoxic
responses of different sized NPs on liver cancer (HepG2)
cells. The MTT and NRU assays were used to check the
cytotoxicity of different sized NPs on the cells after a 24-h
incubation period. HepG?2 cells exposed to 1-100 pg/mL
doses of ZnO-NPs significantly decreased cell viability in a
concentration-dependent manner. The results are in accord-
ance with those published previously on cytotoxic activity
of NPs, within the same range [49]. Cytotoxicity of these
NPs on cancer cells is due to their morphological organiza-
tion, and their characteristic differences and functions are
responsible for cell death [50]. In addition to assessing the
cytotoxicity of HepG2 cells caused by NPs and investigat-
ing its mechanism, we also evaluated ROS generation and
mitochondrial membrane potential (MMP), which played a
key role in the cytotoxicity of HepG2 exposed to ZnO-NPs
for 24 h. ROS can disturb cellular function by acting directly
on DNA, protein, and lipids, destroying their structure and
leading to cell death [51]. In the present study, we showed
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for 24 h. GAPDH was used as an internal control to normalize the
data. The values are mean+SE of three independent experiments.
*Statistically significant difference as compared to control (p <0.05)

that NPs induced ROS damage in a concentration-dependent
manner in HepG2 cells. Our results are in agreement with
those reported previously, where various types of NPs have
been shown to induce ROS generation, oxidative stress, and
cellular cytotoxicity [51-53]. Furthermore, we checked
MMP levels in HepG2 cells exposed to differently shaped
NPs, and observed that the NPs were responsible in decreas-
ing the level of MMP, in terms of reduction in fluorescence
intensity of Rh 123. The mitochondria is directly involved
in apoptosis and a reduction in MMPs, which can trigger the
release of apoptogenic factors from the mitochondria into
the cytosol, leading to cell death [54, 55]. Thus, cell death
was induced with interaction/exposure of different sized NPs
resulting in an increase in ROS generation and a decrease in
MMPs, when treated with ZnO-NPs.

To evaluate the size-dependent toxicity of ZnO-NPs, we
studied cell death in HepG2 cells. A comparative analysis
suggested that smaller sized ZnO particles (ZnO, ~ 6 +2 nm)
directly induced apoptosis in HepG2 at the higher concentra-
tion of 50 pg/mL. Although ZnO particles of size ~ 15-20
and ~45-50 nm also induced apoptosis at a higher concen-
tration of 50 ug/mL, a strong connection with G,/M arrest
was also revealed, indicating detrimental effects on DNA
and cellular repair machinery. In contrast, we observed a
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low dose-dependent augmentation of apoptosis in HepG2
cells, treated with smaller size QDs (ZnO, ~6+2 nm). The
appearance of sub-G, peak in cell-cycle analysis at increas-
ing concentrations of ZnO-NPs suggested the possible
involvement of early and late apoptotic/necrotic pathway
genes, which might be triggered by alteration in mitochon-
drial and lysosomal functions [56, 57]. Moreover, HepG2
cells exhibited concentration-dependent G,/M arrest with
ZnO-NPs-20, ZnO-NPs-50, and ZnO-NPs-100, suggesting
heavy DNA damage and failure of DNA repair machinery.
Cellular DNA repair mechanisms are highly conserved [58],
and extensive DNA damage may lead to cell-cycle arrest
and cell death [59, 60]. Overall, our flow cytometry data
clearly exhibited a size-based hierarchy of toxicity, where

Formed QDs (~6:7nm)

(a)

Formed NPs (~15-20nm)

S[[99 12U )Is UondRIUIL SIN/S(O)
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Fig.9 Possible proposed schematic for the interaction of QDs and NPs with cells and subsequent cell death

Mitochondria

Zn0O 100> Zn0O 50> Zn0O 20> ZnO 6. Based on the physi-
cal (XRD, SEM, and TEM) and biological results (MTT and
NRU assay, MMP levels, RT-PCR, and flow cytometry), we
presented a schematic detail of the interaction of QDs/NPs
with cells, production of ROS, and cells’ death caused by
nanostructures in a dose-dependent manner (Fig. 9).

Conclusion

In summary, we successfully synthesized different sized
nanoparticles, such as QDs and NPs, using various chemical
approaches under different conditions. The results from XRD
showed that synthesized ZnO-NPs were pure and highly

~ QDsNPs

Endoplasmic Reticulum
Nucleolus
Cytoplasm

' - 5/
\ E’-—/f/
estruction of cell

‘L organelles or cell death

N

@ Springer



336

JBIC Journal of Biological Inorganic Chemistry (2020) 25:325-338

crystalline in character. The morphological investigations
revealed that the prepared structures retained a wurtzite hex-
agonal phase. In this context, the obtained FESEM images
showed sequential data of QDs and NPs from 6 to 100 nm
in spherical shape and was consistent with TEM observa-
tions. To characterize the prepared materials, different sized
NPs were incubated with liver cancer cells (HEPG2). The
viability of cells was measured via the MTT and NRU assays,
which clearly showed that the small nanoparticles (QDs)
were more potent as compared to the bigger sized NPs. The
results showed that~15-20 nm ZnO-NPs had high cyto-
toxicity, followed by ~6+2 nm NPs, and ~45-50 nm NPs.
Moreover, the larger NPs (~ 100 nm) were found to be less
cytotoxic to HepG2 cells, which may be due to the settling
of high-density NPs at the bottom of the culture medium,
resulting in their reacting slowly with cancer cells. Similar
observations were made with the NRU data, which showed
that the reduction in cell viability was affected by the size of
the NPs. Smaller particles could enter the cells easily, owing
to low density, and damage intracellular organelles, whereas
larger particles, with higher density, exhibited lower reactiv-
ity. Thus, cell death was influenced by the concentration and
size of ZnO-NPs. In this context, ROS production in cells
was examined and smaller (6 nm) particles were shown to
express a higher intensity (166) in terms of % change in green
fluorescence of DCF, as compared to particles of other sizes
(152, 143, and 112) and untreated control (100). Additionally,
the level of the antioxidant GSH was also considerably lower
in HepG2 cells, incubated with different sized NPs—=84, 65,
and 48% was found in 6 nm; 88, 69, and 54% in 15-20 nm;
92, 74, and 60% in 50 nm and 98, 79, and 65% in 100 nm
sized NPs, while the lipid peroxidation level was found to
increase (125, 148, and 174% for 6 nm; 119, 139, and 165%
for 15-20 nm; 110, 122, and 147% for 50 nm; and 100, 128,
and 140% for 100 nm sized NPs, as compared to 100% for
control, with different concentration of NPs) in HepG2 cells
exposed to ZnO-NPs for 24 h. The reduction in MMP level
in cancer cells with NPs again showed the significance of
nanostructures. In addition, flow cytometry results showed
that at the highest concentration of 50 pg/mL, almost 44% of
cells had undergone apoptosis.

Several approaches, such as chemotherapy and radiother-
apy, have been used for cancer treatment, but the results have
been unsatisfactory. To date, the surgical procedure is very
costly and tedious for the patients and the recovery is painful
and time consuming. Extensive work is still needed to estab-
lish a successful therapy that might be able to cure cancer
efficiently, effectively, and economically. Recent advances
in nanotechnology have contributed in various areas of sci-
ence and technology in cost-effective ways. The biological
application of nanostructured materials could provide sig-
nificant improvement to the existing technologies with no
harmful side-effects due to their biocompatibility. Moreover,
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the small dimensions of NPs enable them to be delivered
directly and quickly to cells and proteins as compared to
other available drugs.
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