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Background: Yttria-stabilized zirconia (Y,03,ZrO,) nanoparticles are one of the important
nanoparticles extensively used in manufacturing of plastics, textiles, catalyst, etc. Still, the
cytotoxic and apoptotic effects of yttria-stabilized zirconia nanoparticles have not been well
identified on human skin keratinocyte (HaCaT) cells. Therefore, in this study, we have
designed to examine the cytotoxic potential of yttria-stabilized zirconia nanoparticles in
HaCaT cells.

Methods: Prior to treatment, the yttria-stabilized zirconia nanoparticles were characterized
by using different advanced instruments viz. dynamic light scattering (DLS), scanning
electron microscope (SEM) and transmission electron microscope (TEM). Cell viability of
HaCaT cells was measured by using MTS and NRU assays and viability of cells was reduced
in a dose- and time-dependent manner.

Results: Reduction in the viability of cells was correlated with the rise of reactive oxygen
species generation, increased caspase-3, mitochondria membrane potential and evidence of
DNA strand breakage. These were consistent with the possibility that mitochondria damage
can play a significant role in the cytotoxic response. Moreover, the activity of oxidative
enzymes such as lipid peroxide (LPO) was increased and glutathione was reduced in HaCaT
cells exposed with yttria-stabilized zirconia nanoparticles. It is also important to indicate that
HaCaT cells appear to be more susceptible to yttria-stabilized zirconia nanoparticles expo-
sure after 24 hrs.

Conclusion: This result provides a dose- and time-dependent apoptosis and genotoxicity of
yttria-stabilized zirconia nanoparticles in HaCaT cells.

Keywords: yttria-stabilized zirconia nanoparticles, oxidative stress, HaCaT cells, geno

toxicity, apoptosis

Introduction

Nanoparticles have opened new opportunities for applications in a variety of fields,
such as biomedical, environmental, chemical industry, agriculture, cosmetics and
medicine.' In recent years, usage of zirconium dioxide nanoparticles is rapidly
growing in biological fields. They are widely used in bone cement and as drug
delivery carriers for some medicines like itraconazole, penicillin, alendronate and
zoledronate.*” As one of the rare earth nanomaterials, yttrium oxide nanoparticles
have attracted much attention due to their excellent qualities such as high refractive
index and high thermal stability.® Therefore, a non-metal oxide, Y,O5 nanoparticles

have numerous applications in chemical synthesis, mechanical polishing and as
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additives to drugs, cosmetics, varnishes and food. Y,03
nanoparticles are gaining interest for application in photo-
dynamic therapy and biological imaging of cancerous
cells.”” Also, Gao et al (2019)'° have reported that bone
marrow tissue was damaged by Y,05 nanoparticles’ expo-
sure. Liu et al'’ have reported that rare earth nanoparticles
can be transported in the human body and deposited in
mice bone.

Sadeghnia et al'*> documented that excessive generation
of reactive oxygen species (ROS) induced DNA strand
breakage, damaging cellular macromolecules (proteins, fat,
carbohydrate) and apoptosis in cells. Human skin keratino-
cyte (HaCaT) cells originated from skin epidermal layer and
act as the outermost layer of the skin.'® The human skin cells
are sensitive to oxidative stress due to their metabolic activ-
ity. Tissue and cellular damage may be caused by high
production of ROS in inflammatory disease.'* Superoxide
(O,) and hydrogen peroxide (H,O;) can produce more reac-
tive species like hydroxyl radical, hypochlorous acid and
singlet oxygen which can damage the components of the
extracellular matrix.'> Agarwal et al'® reported that more
production of ROS leads apoptotic pathway. Glutathione
peroxidase acts as the second line of defense by converting
peroxide into water and molecular form of oxygen.
Especially in mammalian cells, it plays a critical role of
protecting them from oxidative stress.'” An imbalance
between the productions of free radicals and the cell ability
for detoxifying these radicals is involved in the molecular
mechanism of cellular toxicity.'®'?

In the present study, we employed the HaCaT cell line
to analyze changes in the morphology, viability, apoptosis,
nuclear DNA, mitochondrial membrane potential (MMP),
ROS and glutathione (GSH) of these cells in response to
treatment with the yttria-stabilized zirconia nanoparticles.

Materials and methods

Chemical and reagents

(Zr0y/Y,,05)
(Average particle size <100 nm, composition (ZrO5)¢.9>
(Y203)0.08) were purchased from Sigma-Aldrich, USA.
MTS (3-(4,5-dimethylthiazol-2-y1)-5-(3-carboxymethoxy-
phenyl)-2-(4-sulfophenyl)-2H-tetrazolium), neutral red
dye, 5,5-dithio-bis-(2-nitrobenzoic acid) (DTNB), 2,7-
dichlorofluorescein diacetate (H2-DCFH-DA), dimethyl
sulfoxide (DMSO), annexin V FITC and propidium iodide
(PI) were obtained from Sigma-Aldrich. Dulbecco’s mod-
ified Eagle’s medium (DMEM), fetal bovine serum (FBS)

Zirconia-stabilized yttria nanoparticles

and antibiotics were purchased from Gibco, USA. All
other chemicals were purchased from local suppliers.

Cell culture

HaCaT cells (passage no. 20) were brought from Research
Center King Faisal Specialty Hospital, Riyadh, Saudi
Arabia. HaCaT cells were grown in DMEM culture med-
ium supplemented with FBS (10%) and 100 U/mL anti-
biotics at CO, (5%) incubator at 37°C. At nearly about
80% confluence, both cells were subcultured into 96-well
plates, 6-well plates and 25 cm?® flasks according to
designed experiments.

Exposure of nanoparticles

The cells were precultured for 24 hrs before exposure of
zirconia-stabilized yttria nanoparticles. The nano powder
was suspended in culture medium (1 mg/mL) and diluted
according to the experimental concentrations (5-60 pg/
mL). The suspension solution of yttria-stabilized zirconia
nanoparticles was sonicated by using probe sonicator at
room temperature for 15 mins at 40 W to avoid nanopar-
ticles' aggregation before treatment. HaCaT cells were
exposed for 60 mins with 5 mM of NAC before 24 hrs
co-exposure with or without zirconia-stabilized yttria
nanoparticles. The cells were not treated with yttria-stabi-
lized zirconia nanoparticles served as controls in each

experiment.

Physiochemical characterization of
zirconia-stabilized yttria nanoparticles
Scanning electron microscopy (SEM)

The size, shape and morphology of zirconia-stabilized

yttria were observed by scanning electron microscope
(SEM) (JEOL Inc., Tokyo, Japan).

Transmission electron microscopy (TEM)

The size, shape and morphology of zirconia-stabilized
yttria were observed by transmission electron microscope
(TEM) (JEOL Inc., Tokyo, Japan). The dry powder of
zirconia-stabilized yttria was mixed and double distilled
at 1 mg/mL and homogenous suspension was formed after
sonicating by sonicator (Qsonica, Q700 sonicator,
Newtown, CT 06470, US) at room temperature for 15
mins at 40 W. A drop of diluted zirconia-stabilized yttria
suspension was put onto a carbon-coated copper grid, air-
dried and observed by using TEM.
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Dynamic light scattering (DLS)

The mean hydrodynamic size and zeta potential of zirco-
nia-stabilized yttria in culture medium and distilled water
were observed by DLS (Nano-Zeta Sizer-HT, Malvern,
UK) as reported by Murdock et al.>° The dry powder of
zirconia-stabilized yttria was suspended in distilled water
and cell culture medium (DMEM with 10% FBS) at a
concentration of 60 pg/mL. Then, the suspension was
sonicated using a sonicator at room temperature for 15
mins at 20 W and the hydrodynamic size was determined.

Cell morphology

HaCaT cells (1x10*/well) were seeded in 6-well plates and
after 24 hrs, cells were treated in zirconia-stabilized yttria
(0, 5, 10, 30, 60 pg/mL) for 24 and 48 hrs. Morphology of
cells was observed after 24 and 48 hrs exposure by using
an inverted microscope (Leica DMIL, Houston, USA).

MTS assay

The cytotoxicity of yttria-stabilized zirconia nanoparticles on
HaCaT cells was measured as described by McGowan et al.>
Briefly, 1x10* cells per well were cultured in culture plate
(96-well) and treated with various doses (0, 5, 10, 30, 60 png/
mL) of zirconia-stabilized yttria for 24 and 48 hrs. After
exposure, the culture media was removed from 96-well
plates and 100 pL MTS (Promega Corp., Madison, WI).
Reagent was added directly to the wells and cells incubated
at 37°C for a minimum of 2 hrs. Assessment of metabolic
activity was recorded as relative colorimetric changes mea-
sured at 492 nm using a micro plate reader (Synergy-HT;
BioTek, Winooski, VT, USA).

NRU assay
After exposure of nanoparticles (5-60 pg/mL) for 24 and
48 hrs, cells were washed with chilled phosphate-buffered
saline (PBS). The cell culture plates were incubated for 4
hrs with NR dye (50 pg/mL) containing DMEM.

The optical density was taken at 540 nm.*'

Reactive oxygen species (ROS)

HaCaT cells were cultured in multi-well (96) black plates
(210" cells/well) and exposed to yttria-stabilized zirconia
nanoparticles (5-60 pg/mL). The cells were incubated
with H2DCF-DA for 30 mins. After incubation, the fluor-
escence of DCF was determined by using microplate
MAX Gemini EM,
Molecular Devices) using 480-nm excitation and 530-nm

spectrofluorometer  (Spectra

emission wavelengths. The production of ROS was further
validated by the administration of NAC (5 mM) as a
scavenger.*

A parallel experiment of cells (1x10° cells/well) in a 6-
well transparent plate was examined for intracellular ROS
generation by using a fluorescent microscope (Olympus
CKX41; Olympus: Center Valley, Pennsylvania, USA),

with images taken at 10x magnification.

Cells extract
The cell extract was prepared from untreated and yttria-
stabilized zirconia nanoparticles treated cells for lipid per-
oxide (LPO) and glutathione (GSH). Briefly, HaCaT cells
were full-grown in 25 cm? culture flask and exposed to
yttria-stabilized zirconia nanoparticles (560 pg/mL) for
24 hrs. After treatment, the cells were scratched and
washed with PBS at 4°C. The cell pellets were lysed in
cell lysis buffer [1x20 mM Tris-HCI1 (pH 7.5), 150 mM
NaCl, 1 mM Na,EDTA, 1% Triton, 2.5 mM sodium pyr-
ophosphate]. After centrifugation (13,000 g for 10 mins at
4°C), the supernatant (cell extract) was maintained on ice
for further tests.

Protein quantity in cell lysate was determined by the
Bradford method using bovine serum albumin as the
standard.*

LPO test

The level of LPO was determined by measuring the for-
mation of malondialdehyde (MDA) using the method of
Ohkawa et al.>* The cell lysate (100 pL) was mixed with
1.9 mL sodium phosphate buffer (0.1 M, pH 7.4) and
incubated for 60 mins 37°C. After incubation, 5% TCA
was added and centrifuged at 3000 g for 10 mins at room
temperature to obtain a supernatant. The supernatant was
mixed with 1 mL TBA (1%) and put in a water bath at
100°C for 30 mins. The optical density of the cooled
mixture was examined at 532 nm and was converted to
MDA and expressed in terms of percentage as compared
with the control.

Glutathione (GSH) assay

The glutathione level was measured using Ellman’s
method.?® The cell lysate (100 pL) was mixed with 900
pL TCA (5%) and centrifuged at 3000 g for 10 mins at
4°C. The supernatant (500 puL) was mixed with DTNB
(0.01%, 1.5 mL) and OD of the mixture was observed at
412 nm. The quantity of glutathione was represented in
percentage (%) as compared with the control.
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JC-1 staining for mitochondrial

transmembrane potential (MTP)

Mitochondrial transmembrane potential (MTP) was
HaCaT cells
were exposed to yttria-stabilized zirconia nanoparticles
(30 and 60 pg/mL) 24 and 48 hrs. After exposure, cells
were put with 5 pM JC-1 (Cayman chemical) for

examined with JC-1 fluorescent dye.

30 mins at 37°C, washed and photomicrograph was
captured by fluorescence microscope.?®

A parallel set of cells (1x10* cells/well) in a 96-well
black plate exposed different concentration of yttria-stabi-
lized zirconia nanoparticles (0, 5, 10, 30 and 60 pg/mL) 24
and 48 hrs to determine MTP in HaCaT cells by using a
fluorescence microplate reader (Synergy-HT; BioTek,
Winooski, VT, USA).

Damage of lysosome

The integrity of the lysosomal membrane was examined by
applied acridine orange (AO) repositioning method. The
cells were exposed to yttria-stabilized zirconia nanoparticles
(60 pg/mL) 24 and 48 hrs. After exposure, cells were washed
with chilled PBS and discolored with AO (10 pg/mL) for 20
mins at room temperature. Photomicrograph of all treatments
was taken in fluorescence microscope with green and red
filters.

Detection of apoptosis with AO and EtBr
staining

The toxic effect of yttria-stabilized zirconia nanoparticles
on HaCaT cells was determined by using double staining
of acridine orange (AO) and ethidium bromide (EtBr).
Apoptotic and necrotic cells were observed according to
Byczkowska et al method.?” HaCaT cells were exposed to
yttria-stabilized zirconia nanoparticles (30 pg/mL) for 24
hrs and 48 hrs and stained with a mixture of EtBr (10 uL)
and AO (10 pL) prepared in PBS. The photomicrograph
was captured through a fluorescence microscope (Leica).
This method was used for the qualitative analysis of apop-
totic and live cells.

Determination of phosphatidylserine
translocation and caspase-3 enzyme
activity

HaCaT cells were cultured and exposed to yttria-stabilized

zirconia nanoparticles for 24 and 48 hrs. After exposure,
the cells were fixed with paraformaldehyde (4%) for

5 mins. The fixed cells were washed in chilled PBS and
stained with a mixture of annexin V/FITC conjugate (2
pL) and propidium iodide (10 pL/mL) prepared in binding
buffer (500 pL) (Sigma). The fluorescent image was
examined under a confocal microscope with excitation
488 nm and emission 520 nm for annexin V/FITC and
excitation 536 nm and emission 617 nm for propidium
iodide.”®

The caspase-3 enzyme was determined in HaCaT cells
after exposure to yttria-stabilized zirconia nanoparticles
for 24 and 48 hrs by using Cayman Chemical colorimetric
assay Kkits.

Western blot analysis

Protein isolation

The HaCaT cells were exposed to nanoparticles (30 pg/
mL) for 48 hrs. After exposure, the cells were rinsed with
chilled PBS and scraped. The cell suspension was put in a
1.5-mL Eppendorf tube. It was centrifuged at 5000 rpm at
4°C for 5 mins, and the supernatant was discarded. The
cell pellets were desiccated at room temperature, and a
mixture of extract buffer and 15 pL/mL protease inhibitor
was mixed. Then, it was put at room temperature for 15
mins and for 30 mins in ice. Then the mixture was cen-
trifuged at 15,000 rpm for 30 mins at 4°C. The supernatant
was collected in a new tube and the concentration of
protein was quantified by Bradford method in all
samples.”

SDS-PAGE and Western blotting

For 10% SDS-PAGE, we have resolved protein (50 pg)
and relocated polyvinylidene difluoride (PVDF) mem-
branes. Then, PVDF was blocked in blocking solution
and put with human monoclonal antibodies (1:1500) to
B-actin, Bax and Bcl2. After incubation, PVDF was
washed thrice with TBST in 10 mn gap. PVDF was put
again with horseradish peroxidase-conjugated secondary
antibodies in 1:20,000 dilutions for 2 hrs followed by
washing with TBST three times. The band of expressed
protein was observed in Image Quant LAS 500 (GE
Healthcare Lifesciences) with Immobilon western chemi-
luminescent HRP substrate (Millipore)

Alkaline single cell gel electrophoresis

The alkaline single cell gel electrophoresis (SCGE) assay
is a qualitative and quantitative assay for determining
DNA strand breakage in single cells.”’ SCGE assay was
performed as a three-layer procedure. Briefly, 50,000 cells/
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well was cultured in 6-well plates. After 24 hrs, cells were
treated to different concentration of yttria-stabilized zirco-
nia nanoparticles for 24 and 48 hrs. Single strand breakage
was determined as % taill DNA and olive tail moment
(OTM). The cell image of 50 random cells (25 from
each replicate slide) was analyzed for each experiment.

Statistical analysis

The significant difference of the present result was ana-
lyzed by using SPSS software and applying one-way ana-
lysis of variance (ANOVA) and the differences were
calculated (*p<0.05; **p<0.01). Results are presented as
mean value of triple independent experimental points.

Results
Physiochemical properties of yttria-

stabilized zirconia nanoparticles

Physiochemical properties of yttria-stabilized zirconia
nanoparticles were determined by using a scanning elec-
tron microscope (SEM), transmission electron microscope
(TEM) and dynamic light scattering (DLS) methods. SEM
image shows the outer morphology of yttria-stabilized
zirconia nanoparticles (Figure 1A). The average diameter
of yttria-stabilized zirconia nanoparticles was determined

(@)

Frequency (relative %)
N
o

10-25 >25-50
Particles size (nm)

by observing 50 nanoparticles (Figure 1B). The average
diameter of yttria-stabilized zirconia nanoparticles was
33.942.1 nm. Figure 1C represents the frequency of size
distribution of yttria-stabilized zirconia nanoparticles.

The size of yttria-stabilized zirconia nanoparticles in
culture medium and double distilled water was 186 and
220 nm, respectively. Further, the zeta-potential of yttria-
stabilized zirconia nanoparticles in culture medium and
water was —9.5 and —12.8 mV, respectively.

Effect of yttria-stabilized zirconia

nanoparticles on HaCaT cell morphology
Observations from three independent experiments indi-
cated that the exposure to different concentrations of
yttria-stabilized zirconia nanoparticles resulted in
increased cell death, fragmented morphology and at higher
nanoparticle concentration (60 pg/mL). The cells were
changed into a spherical shape and detached from the
surface of culture flask and clumped (Figure 2B,C,E,F);
on the other hand, there is no change in morphology of

untreated cells in 24 hrs and 48 hrs (Figure 2A and D).
Cytotoxicity

HaCaT cells were exposed to different concentrations
(5-60 pg/mL) of yttria-stabilized zirconia nanoparticles

s 6

100 nm

Figure | Characterization of yttria-stabilized zirconia (ZrO,/Y,O3) nanoparticles. (A) Scanning electron microscopy (SEM) image of yttria-stabilized zirconia nanoparticles.
(B) Transmission electron microscopy (TEM) image of yttria-stabilized zirconia nanoparticles. (C) Frequency (%) of yttria-stabilized zirconia nanoparticles size distribution.
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Figure 2 Morphological changes in HaCaT cells exposed to different concentrations of yttria-stabilized zirconia nanoparticles. (A) Control HaCaT cells for 24 hrs. (B)
HaCaT cells exposed to 30 pg/mL for 24 hrs. (C) HaCaT cells exposed to 60 pg/mL for 24 hrs. (D) Control HaCaT cells for 48 hrs. (E) HaCaT cells exposed to 30 pg/mL
for 48 hrs. (F) HaCaT cells exposed to 60 pg/mL for 48 hrs. Arrows indicate damaged HaCaT cells for 24 and 48 hrs. Scale bar is 50 pm.
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Figure 3 Percentage cell viability of HaCaT cells after exposure to yttria-stabilized zirconia nanoparticles. (A) MTS assay; (B) NRU assay. (C and D) A positive linear
correlation between MTS and NRU assay cell viability. Each value represents the mean * SE of three experiments. n=3, #p<0.05 and ##p<0.0l vs control.

for 24 and 48 hrs and cell viability was determined by the
MTS and NRU assays. Yttria-stabilized Zirconia nanopar-
ticles produced cytotoxicity in concentration and time-
dependent manner. Results of MTS assay indicated that
the viability of cells was decreased to 94%, 90%, 78% and
65% in 24 hrs, and 92%, 88%, 50% and 43% in 48 hrs for
same concentrations (Figure 3A).

The results of the NRU assay were accorded with the
MTS assay. The result of NRU assay showed slightly low
cytotoxicity as compared to MTS assay (Figure 3B).
Furthermore, a positive linear correlation was observed
between MTS and NRU assay cell viability in 24 hrs
(R*=0.9045) (Figure 3C) and 48 hrs (R>=0.9267) cells
(Figure 3D). The cell viability was increased in the

submit your manuscript | www.dovepress.com

7008

DovePress

International Journal of Nanomedicine 2019:14


http://www.dovepress.com
http://www.dovepress.com

Dove

Alzahrani et al

A B
120 250

L= 1004 a 8 _ 200 H
29 80 # S8
= £ 2 € 150 #
28 60 '5§
gu\?—: 40 | fg 100

< 50 8 50

0. ? 0
Control 60 pg/ml 60 pg/ml + 5 mM Control 60 pg/ml 60 pg/ml + 5 mM

NAC
Concentration (ug/mL)

NAC
Concentration (ug/mL)

Figure 4 Effect of N-acetyl cysteine (NAC) on yttria-stabilized zirconia nanoparticles for 24 hrs in HaCaT cells. (A) % MTT reduction in 24 hrs. (B) % ROS generation in 24
hrs. Each value represents the mean # SE of three experiments. *p<0.05 analysis between without NAC and with NAC and #p<0.05, #p<0.01 vs control.

Abbreviation: ROS, reactive oxygen species.

Q
o
<
©
o
7]
9]
o
o
=}
=|
L
O]
[a]

250
200
§ *k
£ 150
o *
(5]
s 100
X ——24 h
50 —e—48h
0
Control 5 10 30 60

Concentration (ug/mL)

Figure 5 Induction of ROS in HaCaT cells after exposure of yttria-stabilized zirconia nanoparticles. (A) Control. (B) The fluorescence image of cells treated with 60 pg/mL
of nanoparticle for 24 hrs and stained with DCFHDA. (C) The fluorescence image of cells treated with 60 pg/mL of nanoparticle for 48 hrs and stained with DCFHDA. (D)
% ROS production due to nanoparticle in cells. Each value represents the mean *SE of three experiments. *<0.05 and **p<0.01 vs control.

Abbreviation: ROS, reactive oxygen species.

presence of NAC (5 mM) at yttria-stabilized zirconia
nanoparticles' (60 pg/mL) exposure (Figure 4A).

Oxidative stress

Nel et al*® have documented that cytotoxicity, apoptosis and
DNA damage occurred due to oxidative stress. Production of
ROS induced concentration at time-dependent manner due to
5D).
Fluorescent microscopy result demonstrated that the result

yttria-stabilized zirconia nanoparticles (Figure
was concentration-dependent and treated cells expressed
high intensity of green fluorescent DCF (indicator of ROS

generation) (Figure 5B and C) in comparison to control

(Figure 5A). In the presence of NAC (5 mM) at yttria-
stabilized zirconia nanoparticles (60 pg/mL) treated cells,
the level of ROS generation was inhibited (Figure 4B).
Ayala et al* reported that the high quantity of free radicals
or ROS can inflict direct damage to lipids. The GSH was
declined significantly according to concentration at time-
dependent manner in yttria-stabilized zirconia nanoparticles
treated cells (Figure 6A). The malondialdehyde (MDA) quan-
tity, which is an end product of lipid peroxide, was highly
significant and increased concentration at time-dependent
manner (Figure 6B). Moreover, a positive linear correlation
was found between GSH and ROS generation (%) in 24 hrs
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Figure 6 (A) Levels of glutathione. (B) Lipid peroxide in HaCaT cells after exposure to yttria-stabilized zirconia nanoparticles for 24 and 48 hrs. (C) Correlation of the ROS
generation (%) and GSH level in HaCaT cells. Each value represents the mean * SE of three experiments. *p<0.05 and *p<0.01 vs control.

Abbreviations: GSH, glutathione; ROS, reactive oxygen species.

(R?=0.9725) (Figure 6C) and 48 hrs (R?=0.9272) cells
(Figure 6D).

Mitochondrial trans-membrane potential
(MTP) and lysosome membrane

destabilization
MTP was examined by JC-1 method on the development
principle of J-aggregate and J monomer. Some researchers
reported that MPT was a decline in the apoptotic and
necrotic cell.’> Untreated cells expressed normal MTP;
so, mitochondria incorporate JC-1dye and developed J
aggregates, with deep red fluorescence (Figure 7A).
HaCaT cells exposed to 60 pg/mL of yttria-stabilized
zirconia nanoparticles decline their MPT and did not incor-
porate JC-1 dye and the development of J-aggregate was
prevented and which is denoted with green fluorescence
(Figure 7A). The change in MTP in HaCaT cells was in
concentration- or time-dependent manner (Figure 7B).
The effect of yttria-stabilized zirconia nanoparticles on
lysosome was examined through acridine orange (AO) dye
and it displayed red fluorescence to the healthy lysosome
(highly acidic pH) as observed in the control (Figure 8A).
Exposed HaCaT cells to yttria-stabilized zirconia nanoparticles
induced fragmentation of lysosome membrane (lower acidic
pH). As a consequence, the AO dye leaked out from the

cytoplasm, red fluorescence merged with green fluorescence
and formed orange fluorescence; these are the characteristics of
a damaged lysosome (Figure 8B and C). Thus, these findings
indicate that lowering of the mitochondrial transmembrane
potential and lysosome destabilization in HaCaT cells occurred
due to yttria-stabilized zirconia nanoparticles; it induced cyto-
toxicity in HaCaT cells as consequences.

Induced apoptosis
Phosphatidylserine translocation and AO and EtBr staining

Cell morphological test through fluorescent dye differ-
entiated healthy apoptotic and necrotic cells on the integrity
of chromatin and plasma membrane (Figure 9A). The
untreated HaCaT cells displayed AO dye fluorescence
(green) without EtBr staining which demonstrates healthy
cells. Cells exposed to yttria-stabilized zirconia nanoparti-
cles (30 pg/mL) indicated more apoptotic and necrotic cells,
with orange fluorescence. This result demonstrated that the
plasma membrane of cells was damaged and EtBr easily
stained the nucleus and formed orange color fluorescence
(Figure 9A). These findings indicate that the plasma mem-
brane of zirconia-stabilized yttria nanoparticles treated cells
were compromised (Figure 9). Figure 9B shows the percen-
tage of apoptotic and necrotic cells in HaCaT cells.

The dislocation of PS from inner to outer plasma mem-
brane examined in cells exposed to yttria-stabilized zirconia
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Figure 7 (A) Images representing MTP loss in HaCaT cells after yttria-stabilized zirconia nanoparticles exposure at concentrations of 60 pg/mL for 24 and 48 hrs. (B)
Change in MTP (%) in HaCaT cells after yttria-stabilized zirconia nanoparticles exposure for 24 and 48 hrs. Each value represents the mean + SE of three experiments.

#$<0.05 and p<0.01 vs control.
Abbreviation: MTP, mitochondrial transmembrane potential.

nanoparticles (30 pg/mL). Untreated cells did not display
any fluorescence under confocal microscope imaged under
differential interference contrast (DIC) (Figure 10A). In
early apoptotic cells, the PS translocation displayed green
fluorescence of Annexin V/FITC but plasma membrane was
healthy so PI did not stain the nucleus. In late apoptotic
cells, plasma membrane was damaged in addition to PS
dislocation (Figure 10B and C). PI incorporates the nucleus
and induces red fluorescence. Annexin V/PI double staining
supports apoptotic cell death with a clear differentiation of
early apoptotic cells with late one by yttria-stabilized zirco-
nia nanoparticles (30 pg/mL) exposure (Figure 10B and C).
We have observed only green fluorescence in cells with co-
exposure to NAC and yttria-stabilized zirconia nanoparti-
cles (30 pg/mL) (Figure 10D).

Caspase-3 enzymes are the hallmark of apoptosis and
examined in yttria-stabilized zirconia nanoparticles treated
cells for validation of our phosphatidylserine translocation
and AO and EtBr staining. The level of the caspase-3
enzyme was significantly increased in both tread cells
(Figure 10E).

Further, we determined protein expression of Bax and
Bcl2 by Western blot method. The expressed apoptotic
protein (Bax and Bcl2) Western blot image is represented
in Figure 9C. The densitometry analysis of Bax/Bcl2 ratio is
shown in Figure 9D. It was 0.52 fold higher in yttria-
stabilized zirconia nanoparticles (30 pg/mL, 48 hrs) treated
cells as equated to untreated cells. Our finding indicates that
Bcl2 protein plays an important role in apoptosis in HaCaT
cells.

International Journal of Nanomedicine 2019:14

submit your manuscript

7011

Dove


http://www.dovepress.com
http://www.dovepress.com

Alzahrani et al

Dove

C pe "
60 uqfrgl for48 h 5

-

/ * Lysosome destabilization

B 6o ug/mlfor 24 h

_ Lysosome destabilization

£

o

I

Figure 8 Images representing lysosome destabilization in HaCaT cells after exposure to yttria-stabilized zirconia nanoparticles (60 pg/mL) for 24 and 48 hrs. (A) Control

cells; (B) 60 pg/mL for 24 hrs; (C) 60 pg/mL for 48 hrs.

Fragmentation of DNA

The fragmentation of DNA was quantified through a percen-
tage tail DNA and olive tail moment in the untreated as well
as yttria-stabilized zirconia nanoparticles treated cell. HaCaT
cells treated with various concentrations of nanoparticles
expressed significant DNA damage than untreated cells
(Figure 11C). In treated cells, nanoparticles (30 pg/mL for
48 hrs) showed the % tail DNA (18.07%) (Figure 11D) than
control (3.51%) (Figure 11A and D). Also, the maximum
olive tail moment (6.20 AU) was observed in treated cells at
30 pg/mL nanoparticles for 48 hrs than in control (0.49 AU)
(Figure 11B). The correlation between GSH and DNA
damage was represented in Figure 11E for 24 hrs and in
Figure 11F for 48 hrs.

Discussion

The use and manufacturing of different types of nanoma-
terials in the last decade have been increased, as well as,
the lack of safety. Yttria-stabilized zirconia nanoparticles
are used as drug delivery carriers for some medicines like
itraconazole, penicillin, alendronate and zoledronate. The
size and shape of nanoparticles play an important role in
the application of nanoparticles.”® The adverse effect of
engineered nanoparticles has been considered as a serious

limitation to their different application and so, before the

application of these nanoparticles, the toxicological char-
acterization of these nanoparticles is more essential. Jong
and Borm®* documented that nanomaterial produces
adverse effect due to their small size and physiochemical
properties. Therefore, it is mandatory to sort out the phy-
sical properties of yttria-stabilized zirconia nanoparticles
before their biological use. The important properties of
nanoparticles are their quality, purity, nature, shape, size
and agglomeration which affect the biological reactivity of
nanomaterials.”> We have examined the yttria-stabilized
zirconia nanoparticles by DLS, SEM and TEM methods.
The size of yttria-stabilized zirconia nanoparticles differed
from each other. The greater size of nanoparticles in liquid
suspension is the primary size which is due to the nature of
nanoparticles aggregate in liquid suspension.’® The large
size of nanoparticles in aqueous suspension of the original
diameter may be due to the affinity of nanoparticles
agglomerate in aqueous suspension.>’” The suspension of
nanoparticles in culture media is formed as an outer layer
of protein.*® So, not only the size of the original nanopar-
ticles but also the size of the secondary nanoparticles
could be used as a characteristic parameter to determine
the in vitro toxicity of nanoparticles in a cell culture
medium.

In the present study, cytotoxicity and mutagenicity of
yttria-stabilized zirconia nanoparticles on HaCaT cells
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were examined by using MTS, NRU, micronuclei and
comet assays. Yttria-stabilized zirconia nanoparticles had
decreased cell viability in a concentration- or time-depen-
dent manner. After exposure of yttria-stabilized zirconia
nanoparticles, MTS (metabolic activity) and NRU (lyso-
somes activity) were used for cell viability HaCaT cells.
These assays worked as a sensitive tool for cell integrity
and cell growth. Cells were stained with AO/EtBr and
significantly condensed nuclei were observed in nanopar-
ticles exposed cells. Oxidative stress generated by ROS is
linked to the activation of the caspase pathway. The con-
sequence of oxidative stress is the cell, tissue and organs
injury caused by oxidative damage. Ayala et al’' have
reported that a high concentration of free radicals or
ROS can cause direct damage to lipids. The ROS that
can intensely disturb lipids are hydroxyl radical (OH®)
and hydroperoxyl (HO®%). The hydroxyl radical is a
small, highly mobile, water-soluble and chemically most
reactive species of activated oxygen. The primary sources

of endogenous ROS production are the mitochondria,

plasma  membrane, endoplasmic  reticulum and

peroxisomes.*® LPO enzyme generates more free radicals
and damages the biomolecules with ROS. Ott et al*’
reported that too much generation of ROS initiates apop-
tosis. Hydroxyl radicals cause oxidative damage to cells
because they un-specifically attack biomolecules and are
involved in cellular disorders such as cardiovascular dis-
ease and cancer’'"** In numerous biochemical studies, it
has been established that the majority of tumor cells pre-
sent very few anti-oxidative enzymes, such as catalase,
superoxide dismutase and glutathione peroxidase, which
are known to play a protective role against ROS in normal
cells. JC-1 stain is a potential sensitive fluorescence stain
which can identify healthy mitochondria as red color
fluorescence and unhealthy mitochondria membrane as
green fluorescence. The outer membrane of mitochondria

become permeabilized and as a consequence, decline MPT
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and oligomeric pore in the external membrane as exposed
by JC-1 stain.

An early and remarkable effect of nanoparticles on the
cells is the change of cell shape. In this study, yttria-stabi-
lized zirconia nanoparticles clearly changed the morphology
of HaCaT cells after 24 hrs of exposure. The cells lost their
typical spindle shape and the cytoskeleton was disorga-
nized, in spite of the evidence that the total content of actin
did not vary. Moreover, some fragmented nuclei, a typical
feature of apoptosis, could be observed. It is noteworthy that
the reorganization of the cytoskeleton is a necessary event in
apoptosis. The DNA damage and oxidative stress as
observed in the present study is in accordance with the
findings of Alarifi et al’*® in the human hepatocarcinoma
cells for palladium nanoparticles and Alkahtane® in the
A549 for indium tin oxide nanoparticles.

To support our aim of apoptotic and necrotic cell AO/
EtBr double staining endorsed apoptotic and necrotic
HaCaT cells due to yttria-stabilized zirconia nanoparticles
treatment. Annexin V/PI double staining validates apopto-
tic cell death with a clear distinction of early and late
apoptosis with yttria-stabilized =zirconia nanoparticles
exposure. The selections of yttria-stabilized zirconia nano-
particles experiments prove our viewpoint that higher con-
centration may be harmful to human and animals. Further,
our data revealed the contribution of mitochondria and
lysosome in yttria-stabilized zirconia nanoparticles
induced cytotoxicity in HaCaT cells. Depolarization of
mitochondrial transmembrane potential and deterioration
of lysosome occurred at yttria-stabilized zirconia nanopar-
ticles (25 mg/mL) exposure. The expression of apoptosis
regulator protein (bax, bcl2) and caspase-3 was confirmed
through Western blot analysis. The oxidative stress signals
produced by ROS received the Bax and started moving
toward the mitochondria. Thus, these data support our
viewpoint of mutagenic and caspase-3-dependent apopto-
sis via mitochondrial pathway induced by yttria-stabilized

zirconia nanoparticles.
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