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ARTICLE INFO ABSTRACT

Living cells are constantly exposed to reactive oxygen species (ROS) causing them to rely on a constant supply of
exogenous antioxidants. Quercetin (Q) is one of the potent exogenous antioxidants utilized in various anti-
TiO, oxidant formulations. However, the potential application of Q is largely limited because of its poor water so-
ROS lubility. In this study, we employed titanium dioxide (TiO.) nanoparticles to maximize cellular penetration and
Nrf2‘ . antioxidant effect of Q on mouse fibroblast cells. To accomplish this, polyethylene glycol (PEG) modified TiO,-
Antioxidant therapy . i s . . . . s .

nanoparticle surfaces were utilized that exhibited better dispersion, with enhanced biocompatibility. Cell via-
Cleavages of Cas 3 and PARP . X . N K . .

bility assays using Q and Q-conjugated TiO,-nanoparticles (QTiO,) were evaluated in terms of cell morphology
as well as with an immunoblotting analysis to look for key biomarkers of apoptosis. In addition, cleavages of Cas
3 and PARP were obtained in cells treated with Q. Furthermore, antioxidant defence with QTiO, was validated
by means of the Nrf2 upregulation pathway. We also observed increased expressions of target enzymes; HO-1,
NQO1 and SOD1 in QTiOs-treated cells. The antioxidant potency of the QTiO, nano-antioxidant form was
successfully tested in ROS and superoxide radicals induced cells. Our results demonstrated that the QTiO, nano-
antioxidant promoted a high quercetin bioavailability and stability, in cells with maximal antioxidant potency
against ROS, with no signs of cytotoxicity.
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flavonoids in cellular defence systems against reactive oxygen species
(ROS) have been evidenced in a number of investigations [2]. Quercetin

1. Introduction

Oxidative stress is known for its association with a variety of dis-
eases such as cancer, cardiovascular, neurodegenerative and age-re-
lated disorders [1]. Oxidative stress causes initiation and/or progres-
sion of these pathologies by participating actively in the cellular
signalling processes. One of its important roles is linked to cell signal-
ling, where it acts as an initiator or a repressor. Humans are con-
tinuously exposed to free radicals due to air and ground pollution,
which cause oxidative stress. This causes a spontaneous struggle be-
tween cellular antioxidant defence and oxidative radicals in living cells
and their survival depends on providing a balance between oxidant and
antioxidant processes. Therefore, many studies have centred on exo-
genous antioxidant-supply from natural sources to be used for re-
storation of the cellular antioxidant defence. Flavonoids are one of the
easily reachable antioxidant family which belong to phenolic com-
pounds that are abundantly found in nature. The Antioxidant effects of

(Q) is one of the strongest antioxidants among the flavonoids due to its
functional group carrying structure [3]. Applications of Q are in-
effective because of its hydrophobicity (water solubility < 0.01 g/1),
despite its efficient antioxidant potency [4]. In recent years, Q has been
used in a variety of nano-formulations designed to enhance its perme-
ability into skin cells [5]. Nanomaterials and nanoparticles have been
found to be extremely beneficial in drug-delivery, and one example
includes improving insoluble chemotherapeutics [6]. Because of their
small size, nanoparticles have several benefits: better penetration, as-
sured bioavailability, and a controlled drug-release. These preferable
properties make them ideal carriers compared to consuetudinary drug-
delivery systems. Over many years, TiOp-nanoparticles have been
widely used in paper, plastics, paints, textiles and pharmaceuticals.
Applications of TiO, in medical fields have increased after 1990s, when
it was accepted as a biologically unreactive substance [7-9]. Due to its
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high-efficiency of photoactive properties, TiO, has been extensively
used as a major ingredient in cosmetics and sunscreen products, both of
which creates a barrier against ultraviolet rays [10]. Moreover, nano-
particles of TiO, are among the most preferred nanoparticles, which are
applied broadly in orthopaedic and dental implants, because of their
antibacterial property, desired mechanical properties, and high level of
biosafety [11]. As an approved biologically inert topical skin agent,
TiO,, would be suitable in a cream formulation and also served as a
good nanocarrier for Q molecules in the physiological environment.

In this study, we report the formulation of a novel nano-antioxidant
that utilizes Q-conjugated TiO,-nanoparticles (QTiO,) for fortifying
skin defence against oxidative toxicity. Polyethylene glycol (PEG) en-
capsulated TiOs-nanoparticles exhibited better dispersion and bio-
compatibility, which causes these PEGylated surfaces to easily adhere
onto living cells. The QTiO, nano-antioxidant formulation was designed
to efficiently diffuse Q molecules into the cells that are assisted by TiO»-
nanoparticles as carriers. Here, mouse fibroblast cells (Swiss 3T3 al-
bino, ATCC, USA) were chosen as model cells because they are major
cell type in mammalian connective tissue, which generates collagen and
extracellular matrix (ECM) molecules and function in wound healing,
tissue repair, and remodelling. The developed nanosystem was sub-
jected to different regimes of treatment using mouse fibroblast cells as a
model. Protection of QTiO, against ROS and superoxide generation was
determined and validated by confocal microscope monitoring as well as
by determining antioxidant capacity of the QTiO, nano-antioxidant,
through the response of Nrf2 (NF-E2 related factor 2) pathway. Our
results demonstrated that Q molecules were carried by a QTiO,-nano-
system that triggers Nrf2 signalling and thus, upregulates the phase 2
enzymes, which play an important role in the antioxidative defence
systems of cells. The nano-antioxidant QTiO, designed in this study
enabled efficient delivery of Q molecules into mouse fibroblast cells and
then strengthened cellular antioxidant defence system against oxidative
toxicity.

2. Materials and methods
2.1. PEGylation of nanoparticles

Nano sized TiO, particles used in this study had a primary particle
size of 21 nm (Sigma, cat. no: 718,467). These TiO,-nanoparticles were
surface modified with PEG-6000 (Sigma, cat. no: 81,255) according to a
previous protocol [12]. TiO,-nanoparticles were suspended in sterile
distilled water and sonicated (500 W) on ice for a total of 20 min with
34 % amplitude in a 30 s pulse with 30s intervals. The homogeneous
suspension of TiO,-nanoparticles was prepared by mixing them with
PEG-6000 (1%) in a mass ratio of 1:1 (PEG: TiO, nanoparticles) for
surface functionalization. The mixture was left overnight with constant
stirring at 750 rpm at RT. The PEGylated nanoparticles were purified by
centrifugation at 18,000rpm at 10° C for 1h, the supernatant was
decanted and the pellet containing PEGylated nanoparticles were wa-
shed with distilled water. PEGylated nanoparticles obtained were
freeze-dried using liquid nitrogen. The synthesized TiO,-nanoparticles
PEGylated sample was finally collected, and this sample was termed as
TiOs-nanoparticles throughout this paper.

2.2. Characterization of QTiO, and TiOz-nanoparticles

Bare TiOs-nanoparticles, PEGylated TiO,-nanoparticles and Q con-
jugated TiOs-nanoparticles (QTiO,) were subjected to scanning electron
microscopy (SEM) analysis. Control TiO,-nanoparticles suspension in
pre-PEGylation and post-PEGylation periods, and QTiO, were subjected
to a 10 min ultrasonic dispersion in distilled water which yielded a
homogeneous suspension. The sample was mounted on a clean silicon
wafer chips followed by sputter coating of thin Pd-Au layer for SEM
imaging (Cressington Sputter Au/Pd Coater). The SEM images were
recorded with the help of a SEM operator at 3keV beam (Carl Zeiss,
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LEO Supra 35V P). Fourier transform infrared (FTIR) analysis of pure
Q, QTiO, and bare/PEGylated TiO,-nanoparticles were carried out
using a Nicolet iS10 FTIR spectrometer at the range of
1000 — 4000 cm ~!. Fluorescence spectra of (i) QTiO, conjugates, (ii)
PEGylated TiO,-nanoparticles, and (iii) pure Q were recorded using a
Nanodrop 3300 Fluorospectrometer with a white LED excitation.

2.3. Q conjugation to PEGylated TiO,-nanoparticles

The concentration of Q (Applichem, cat. no: A3415) was measured
at its characteristic maximum absorption wavelength of 255 nm. The Q
conjugation with PEGylated TiO,-nanoparticles was performed by in-
cubating them with the Q suspension in a mass ratio of 1:1, under
constant stirring overnight at RT. This Q suspension was centrifuged at
2000 rpm for 5min at RT and the residual Q in the supernatant was
measured spectrophotometrically. Following this, the pellet collected
was re-suspended and washed in the same volume of 1X PBS (Fig. S1).

The % Q conjugation was calculated based on the relative con-
centration difference before and after the conjugation process by Eq. (1)
as follows:

Drug conjugation %= [(A-B)/A] X100 (€8]

Where ‘A’ and ‘B’ indicate the Q concentration, before and after con-
jugation, respectively.

2.4. Cellular uptake of Q and QTiO,

Cellular uptake of Q and QTiO, were examined under a laser
scanning confocal microscope (Carl Zeiss, LSM 710) with 63X objective.
Visualisation of Q in the mouse fibroblast cells was determined with the
help of fluorescence properties of [13,14]. Cells were seeded onto glass
slides in the multi-well plates and and grown in a humidified chamber
(37°C and 5 % CO,). Cells were treated with Q and QTiO, for different
time intervals (1, 3, 6, 12 and 24 h). After treatments, the cells were
fixed on slides with 4 % paraformaldehyde (PFA) for 10 min at RT. The
slides were quickly covered with a cover-slip with the aid of the
mounting solution (ThermoFisher, cat. no: S36972) containing dapi
dye. Cells were then monitored using a confocal microscope with an
Ex/Em: 488/520 nm filter set, compatible with Q.

2.5. Cell-culturing and treatment conditions

The mouse fibroblast cells (Swiss 3T3 albino, ATCC, USA) were used
in this study because they are the most common cells of connective
tissue. Mouse fibroblast cells were grown in DMEM medium and sub-
cultured when the confluence reached to about 80 %. These cells were
later split into experimental groups for the following treatment regi-
mens: (i) quercetin-conjugated TiO,-nanoparticles (QTiO,)-treated
cells; (ii) quercetin (Q)-treated cells only; and (iii) PEGylated TiO,-
nanoparticles (TiO,)-treated cells only. For the control groups, un-
treated cells were used under identical test conditions, while in all other
regimes, QTiO, nano-antioxidants were amended in cell-culture media
whose final concentration was adjusted to 100 pg ml~1..

2.6. Cellular viability evaluation

Cell viability assays were performed using a commercial kit (Sigma-
Aldrich, cat. no: 11644807001) following the steps recommended in
the manufacturer’s instructions. The cells were cultured in 96-well
microtitre plates (final volume of 100 uL/well) until reaching a seeding-
density of 5 x 10* cells/well followed by treating cells with 10 uL WST-
1 reagent (supplied with the kit) to each reaction and the plates were
incubated for 4 h at 37 °C. The absorbances at 450 nm and 655 nm were
measured against the control background (blank) and the reference
samples, respectively using a microplate reader (Bio-rad iMark, USA).



Y. Birinci, et al.

The results obtained were calculated as the percent cell viability with
respect to the control that represents 100 %.

2.7. Total ROS and superoxide assessments

Total cellular ROS was measured using a commercial kit (Abcam,
cat. no: ab139476). Cells were grown to a seeding density of 5 x 10*
cells/well in a black 96-well microtitre plate (final volume of 100 puL/
well). ROS or superoxide generation was triggered by incubating cells
with a ROS inducer, 50 uM Pyocyanin (PCN), for 45 min at 37 °C in dark
conditions. The final concentration of PCN was determined experi-
mentally for mouse fibroblast cell as indicated in Fig. S2. The ROS
generation was inhibited 30 min prior to ROS induction by addition
5mM of NAC (N-acetyl-L-cysteine), a ROS inhibitor, which served as a
negative control as per the manufacturer’s instruction. ROS/superoxide
generation was measured in a microplate reader (Molecular Devices,
SPECTRAmax GEMINIxps) by recording the fluorescence after adding
the supplied reagent with the kit. The reader was equipped with a filter
set compatible with fluorescein (Ex-Em: 488 — 520 nm) and rhodamine
(Ex-Em: 550 — 610 nm).

2.8. Protein isolation and immunoblotting

Total protein was isolated after harvesting cells by spinning them at
1214 rpm for 5 min and the cells were re-suspended in ice-cold PBS. The
cell-suspension was again centrifuged for 30s at 13,200 rpm and the
cell-pellet was lysed after 30 min of incubation, in a buffer containing
phosphatase and protease inhibitors for total cell-lysis. The cell-lysate
was again centrifuged at 13,200 rpm for 10 min and the supernatant
was collected as a total cell-free protein extract and placed in a —80 °C
freezer until use. Concentrations of protein were determined by the
Bradford method using a commercial kit (Bio-Rad, cat. no: 500-0201).
The isolated protein-fractions were disassociated on 12-15 % SDS-
polyacrylamide gel electrophoresis (PAGE) followed by transferring
onto polyvinylidene difluoride (PVDF)-membrane (Amersham
Pharmacia Biotech, cat. no: 10,600,023). The PVDF-membranes were
later submerged in a solution of 5% non-fat dry milk, in PBS-Tween20,
and this was incubated overnight with primary antibodies. After in-
cubation, PVDF-membranes again were washed with PBS-Tween20,
and then incubated with a secondary antibody conjugated with HRP
and washed with PBS-Tween20. The proteins were then analysed with
an ECL Advance (GE, cat. no: RPN2209) and exposed to a Hyperfilm-
ECL (GE, cat. no: 28,906,836). The following primary antibodies used
in this study that were acquired from Cell Signaling Tech. Inc. (Beverly,
MA, USA) and these are; Caspase 3 (CST, cat. no: 9662), cleaved cas-
pase 3 (CST, cat. no: 9664), PARP (CST, cat. no: 9542), Nrf2 (CST, cat.
no: 12,721), SOD1 (CST, cat. no: 2770), NQO1(CST, cat. no: 42,672),
HO-1 (CST, cat. no: 5061), and Beta-actin (CST, cat. no: 4967). The
antibodies were used with a 1000-fold dilution for immunoblotting.
Anti-rabbit (CST, cat. no: 7074) and anti-mouse (CST, cat. no: 7076)
secondary HRP-conjugated antibodies were used with a 5000-fold di-
lution for immunoblotting in which. In order to standardize protein-
loading, Beta-actin was used as a control protein and the protein
amount was determined by densitometry method. For data quantifica-
tion, the intensity of protein bands was analysed using ImageJ software
and all data were validated with band intensities with respect to the
Beta-actin.

2.9. RNA isolation and quantitative real-time PCR (qRT-PCR)

Cells were seeded on 60 mm tissue culture plates and treated with Q
and QTiO,. After washing with sterile PBS, the cells were removed and
harvested by spinning for 5 min at 300 g. Total RNA was isolated using
a commercial RNA isolation kit (Qiagen, cat. no: 217004) according to
the manufacturer’s protocol. Total RNA concentrations and the Ajgo/
Aogo ratio were determined spectrophotometrically using a NanoDrop
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2000 (Thermo Fisher). QuantiTect SYBR Green RT-PCR Kit (Qiagen,
cat. no: 204243) was used to quantify Nrf-2 gene expression. PCR was
performed according to the manufacturer’s protocol. Briefly, master
mixes were prepared for Nrf-2 (Qiagen, cat. no: QT00095270) and Beta-
actin (Qiagen, cat. no: QT00095431) with primers that were purchased
from QuantiTect Primer Assays. cDNA synthesis and amplification of
the genes of interests were quantified using a thermocycler (Roche,
LightCycler 480) with initial 50 °C for 30 min, 95 °C for 15 min and 40
cycles of 94 °C for 15s and 55 °C for 30 s and 72 °C for 30 s according to
the miScript SYBR Green RT-PCR Kit protocol. Data acquisition was
performed at the end of each extension step. Obtained Cr values of
target genes were normalized to the expression of the housekeeping
gene Beta-actin, and the relative fold change was quantified by using the
27 4ACT method [15].

2.10. Nrf2 immunostaining and nucleus colocalization analysis

Cells were seeded on coverslips (Jena Bioscience circular cover slide
(22 mm), CSL-104) and grown in a humidified chamber (37 °C and 5 %
CO,). Following QTiO, treatments, the cells were fixed with 4 % PFA
(paraformaldehyde) for 10 min at RT and washed thrice with PBS and
permeabilized membrane with 0.05 % Triton X-100, and after the re-
quired washes, the cells were incubated with 0.1 % BSA (blocking so-
lution) for 30 min at RT. The anti-Nrf-2 antibody was 1:400 diluted in a
blocking solution, and cells were incubated with the Nrf-2 antibody
overnight at +4 °C. The next day, the cells were washed thrice with PBS
and incubated with the Alexa Fluor-488 antibody (Thermo Fisher
Scientific, cat. no: A-11029) in dark for 1h and the cell nuclei was
stained with dapi dye (Life Technologies, cat no: D1306). The cells were
mounted on glass slides (0.17 mm, Thermo Fisher Scientific) and ex-
amined with a laser scanning confocal microscope (Carl Zeiss, LSM 710)
with a 63X objective. The post-processing of visualized cells was per-
formed in ZEN Blue software. Nrf-2 and nucleus colocalization was
analysed using CoLocalizer Pro 3.0.2 software. Colocalization of two
channels (blue-green) was evaluated with an algorithm which calcu-
lates the signal intensity of pixels [16]. The colocalization analysis re-
vealed a Manders’ overlap coefficient, and these coefficient values were
quantified and statistically tested.

2.11. Laser scanning confocal microscope examination

Cells were seeded onto glass slides in the multi-well plates and
observed by using a laser scanning confocal microscope (Carl Zeiss,
LSM 710) with a 20X objective. Both PCN and NAC were used as an
inducer and inhibitor of ROS, respectively. Cells were incubated for 1 h
at 37 °C after adding ROS detection reagent, then washed with washing
buffer and fixed onto a slide by incubating for 10 min with a 4 % PFA
solution, under the dark conditions. The cells fixed on slides were
quickly covered with a cover-slip with the aid of the mounting solution
(ThermoFisher, cat. no: S36972) containing dapi dye. The slides were
observed using a laser scanning confocal microscope with an Ex/Em:
488/520 nm filter set specific for fluorescein.

Confocal images were recorded with the software, ImageJ after
applying the Corrected Total Cell Fluorescence (CTCF) computation to
measure fluorescence intensity. The values of CTCF were quantified
using the following Eq.2:

CTCF = integrated density— (selected cell area X mean background
fluorescence). (2)

Each CTCF-value was divided-by the cell-numbers counted in the
respective image. Cells were then counted by the option of particle
analysis option in the ImageJ software and rounded off number to 100
cells.
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(A) Bare TiO,-nanoparticles display an accumulation behavior and form cumulus before PEGylation. (B) TiOs-nanoparticles display a nano size range of ~33 nm on
average in SEM imaging. (C) After PEGylation, TiO,-nanoparticles indicate reasonably dispersion compared to those of bare TiO,-nanoparticles. (D) The approximate
size of TiO,-nanoparticles as obtained from SEM analysis to be ~50nm. (E) The SEM images at 22.45 KX and (F) 65.000 KX magnification of QTiO, after Q
conjugation. (G) FTIR spectra of; control PEGylated TiO,-nanoparticles, control pure Q, control bare TiO»-nanoparticles and test QTiO,. The inset figure in (QTiO)
shows a magnified portion of spectra showing peaks corresponding to Q. (H) Fluorescence emission spectra of control PEGylated TiO,-nanoparticles and pure Q and
comparison with QTiO, after Q conjugation. The conjugation of Q with PEGylated TiOs-nanoparticles resulted a red-shift in fluorescence peak of Q indicating

chemical conjugation.

2.12. Statistical analysis

All in vitro experiments were carried out with at least three in-
dependent replicates, while for western blotting assays, a minimum of
two trials were conducted. All data were presented as means + SE
(standard error of derived from mean). A student's t-test was performed
to analyze the data.

3. Results
3.1. Characterization of QTiO,

The morphology of TiO,-nanoparticles was examined by SEM ima-
ging in which the bare TiO-nanoparticles (before PEGylation) in-
dicated that they tend to agglomerate over time in spite of their ex-
tensive ultrasonic homogenization which could be associated with
inherent physicochemical properties of the TiO,-nanoparticles (Fig. 1A,
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B). TiO,-nanoparticles after PEGylation appeared to have dispersed
moderately as compared to those of the control nanoparticles without
PEGylation and display an avarage nano size range of ~25—50nm,
providing a large relative surface-area (Fig. 1C, D). These PEGylated
TiOs-nanoparticles served as efficient carriers of quercetin that was
experimentally calculated according to Eq. 1 to be > 95 % of the con-
jugation capacity, which finally yields as a QTiO, complex (Fig. 1E, F).

FTIR analysis was carried out with controls such as bare TiO»-na-
noparticles, PEGylated TiO»-nanoparticles, pure Q and compared with
that of test QTiO, sample. The results are shown in Fig. 1G. FTIR
spectra of QTiO, exhibited strong broad bands at 3200 —3400 cm ™!
and 1700 —1600 cm ™' regions similar to the samples of pure Q and
PEGylated TiOy-nanoparticles that indicated intermolecular chemical
interactions. The peaks at 1150 — 1070 cm ™! region that corresponded
well with the FTIR spectra of pure Q (Fig. 1G and inset) and similar
results were previously reported for Q-conjugated superparamagnetic
iron oxide nanoparticles [17]. Fluorescence emission spectra of QTiO,
showed an emergence of a new peak when compared to spectra of
control pure Q and PEGylated TiO,-nanoparticles (Fig. 1H). This new
peak can be attributed due to the presence of Q conjugation within the
QTiO, matrix. However, we observed that the new fluorescence peak
emerged was not identical to that of pure Q peak. We speculate that the
peak emerged post-conjugation with Q in QTiO, tended to red-shit by
80 nm (from 525 nm to 605 nm) (Fig. 1H). This shift in Q emission peak
from QTiO, may be due to the chemical conjugation within the PEG-
matrix of the QTiO, conjugates. The concentration of Q within QTiO,
conjugates was therefore determined by taking into account of the red-
shift fluorescence intensity (relative fluorescence unit, RFU) at 605 nm,
which was calculated to be 1 mgml ™.

3.2. Cellular uptake of Q and QTiO,

Mouse fibroblast cells were incubated with Q and QTiO, at different
time intervals (1, 3, 6, 12 and 24 h) and the cellular penetrations were
observed under the confocal microscope. The untreated cells were used
as control groups and represented as the 0 h as shown in the Fig. 2, in
which the merged images included cell nuclei and Q with blue and
green colors, respectively. Only nuclei stained cells are shown on the
lower-right side of each image. The data indicate that Q and QTiO,
penetrate the cells efficiently and both are localized mostly in the cy-
toplasmic compartments of the cells. However, intracellular distribu-
tions of QTiO, molecules are homogenous and do not change con-
siderably over 24 h compared to Q molecules. It can be concluded that
Q molecules are stable inside of the cell by the form of QTiO, nano-
antioxidant.

QTiO,

Q

Fig. 2. Cellular uptake of Q and QTiO,,
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3.3. Q and QTiO; effects on cell viability

Testing cell viability was performed using cells treated with two
concentrations of QTiO, nano-antioxidant (100 and 250 pg ml~1) and
its components for 24 and 48 h along with respective control groups.
After 24 h of exposure of 100 ug ml~! QTiO, doses, cells exhibited a
moderate change in cell viability, however, Q-treated cells exhibited
only 53 % cell viability compared to that of control cells (Fig. 3A).
When cells were exposed to higher QTiO, doses (250 pg ml ™), it re-
vealed a 14 % reduction in cell viability, while Q-treated cells tended to
lose 92 % cell viability as compared with the untreated cells. Except for
the QTiO,-treated cell group, extending the duration of exposure to
48 h resulted in a sharp decline in cell viability (Fig. 3A). Based on the
above results, it is concluded that the 100 ug ml~! of QTiO, dose at
24 h exposure found to be an optimum condition for the cells, and this
condition was used for all subsequent experiments.

For an in-depth analysis of induced cell death, expressions of critical
proteins such as those of apoptosis-signalling pathways were studied.
Here, apoptotic proteins, such as caspase 3 (Cas 3) and poly (ADP-ri-
bose) polymerase (PARP) were examined in experimental groups that
were pre-treated with QTiO,, Q, and TiO,, for 24 and 48 h, respectively.
Results of this experiment showed no significant difference among the
groups with respect to apoptotic protein levels (Fig. 3B). However, the
Q-treated groups (24 and 48 h) contained insufficient amounts of pro-
tein due to cell death which validates the results of the viability assays
as shown in Fig. 3A. Subsequently, the existence of apoptotic markers
was investigated for earlier treatment times. The data demonstrated Cas
3 and PARP cleavages occurred in Q-treated groups at 6 and 12h
treatment time intervals (Fig. 3C, D). These results were also consistent
to the apparent physical alterations observed in cells suggesting cell
death, which had occured in Q-treated cells after 6 and 12 h of treat-
ment (Fig. 3E).

3.4. Expression of Nrf2 and its target enzymes

A key Nrf2 gene is expressed during oxidative stress conditions for
cell-survival. For the investigation of QTiO, nano-antioxidant potency,
we focused on the Nrf2 pathway. First, the Nrf2 protein migration from
the cytoplasm to the nucleus in order to activate its target genes was
monitored by Nrf2 immunostaining for 24h (Fig. 4A). Colocalization
analysis demonstrated that the Nrf2 migration began after 3h of
treatment and reached a maximum level in the 12th hour (Fig. 4B).
Then, Nrf2 protein expression was observed by western blotting sam-
ples treated for 24 and 48 h among experimental groups, where the
results showed no remarkable difference in the Nrf2 protein expression
levels (Fig. 5A). Q-treated cells group did not yield sufficient protein

Oh 1h 3h 6h 12h

24h

Monitoring cellular internationalization of Q and QTiO, under the laser scanning confocal microscope after treatments. The cells were treated with Q and QTiO, for
1, 3, 6, 12 and 24 h. Untreated control cells are represented with 0 h in the images. The merged images are shown cell nuclei and intracellular Q with blue and green
colors, respectively. Solo dapi dyed images are shown on the lower-right side of each image.
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asterisks indicate significant changes (*P < 0.001 and **P < 0.05) vs. control. (E) The pictures display morphologic alterations on cells in the earlier times of
treatment (6 and 12 h). Imaging was done by using a Zeiss AxioVert Inverted Microscope with 10X objective. The cell numbers in Q-treated groups sharply declined
with time and shown morphologic changes like cell detachment and clumping. The viability test results of 6 and 12 h treatment can be checked in supplementary data

(Fig. S3)

content required immunoblotting analysis and therefore, Nrf2 expres-
sion was examined at early treatment times with QTiO, and Q. The Nrf2
expression was induced by QTiO, during 6 and 12h of exposure that
tended to increase with time as evidenced by densitometry analysis
(Fig. 5B) and this trend corresponded to the results of Nrf2

immunostaining analysis (Fig. 4B). Further, Nrf2 gene expression at
short duration of cell exposure with Q and QTiO, was also investigated
by qRT-PCR. The results revealed a significant increase with 6 and 12h
treatment of QTiO,, which is consistent with immunoblotting analysis
(Fig. 5D). We later examined downstream genes of Nrf2, which codes
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Fig. 4. Nrf2-nucleus colocalization with QTiO, treatment.

QTiO,

After cells are treated with QTiO at indicated time periods, immunostaining was performed by using Nrf2 antibody and visualized by a laser scanning confocal
microscope. Nucleus staining with dapi is shown in blue channel. Nrf2 is detected with Alexa Fluor 488 conjugated secondary antibody and represented in green
channel. 0 h indicates control condition. (B) The colocalization analysis of Nrf2 protein and nucleus was done by using CoLocalizer Pro software. Pixel scattergram of
green and blue channels are shown on the lower-left part of each image. Histograms represent the mean values + SEM of minimum three independent experiments.

Asterisks indicate significant changes (*P < 0.05 and **P < 0.005) vs. control.

for an antioxidative enzyme of cytoprotective significance, mainly HO-
1 (heme oxygenase-1), NQO1 (NAD(P)H: quinone-oxydoreductase 1)
and SOD1 (superoxide dismutasel), by immunoblotting. QTiO,-treated
cells showed increased levels of the HO-1 enzyme after the 12h of
treatment interval according to densitometry (Fig. 5C). However, Q-
treated cells showed only a mild increase in HO-1 expression after 6 h of
treatment which disappeared post 12h treatment interval. Higher
NQO1 enzyme expression was found in QTiO,-treated cell groups at
both treatment intervals (6 and 12h), compared to Q-treated cell
groups (Fig. 5C). SOD1 levels remained relatively constant or rose in
each of tested experimental groups, except Q-treated cells (Fig. 5C). It is
clear from the above results that increased levels of Nrf2 protein ex-
pression occurred only in the pre-treated cells with QTiO,, but not with
Q alone.

3.5. Total ROS and superoxide determination

The PCN-treated cells group that exhibited the highest amount of
ROS used as a reference positive control group in this study (Fig. 6A).
ROS production was fully prevented in cells treated with QTiO5 (> 100
%) and this result was comparable to detected in reference negative
control cells (NAC-treated cells). While a minimum level of ROS gen-
eration was observed in Q-treated cell group, and higher level in the
TiO,-treated group. The above trend seen in ROS measurements cor-
responded well with the measured superoxide levels in the same cell
groups (Fig. 6B). The QTiO,-treated cell group showed a significant

reduction in both ROS and superoxide levels suggesting that the QTiO,
prevents the generation of superoxide/ROS species efficiently. The Q-
treated group, however, showed a minimum level of superoxide pro-
duction, but the QTiO, nano-antioxidant treatment exerted a lasting
high level of cell protection against ROS and superoxide generation.

3.6. Confocal microscopic examination of ROS in cells

Results of total cellular ROS analysis were validated by confocal
microscopy. Cell nuclei dyed with dapi and green fluorescence in
confocal images indicated the presence of ROS (Fig. 7A, B). The highest
fluorescence intensity was detected in PCN-treated cell group, followed
by TiO,-treated group. The fluorescence intensity with QTiO, and NAC
treatments appeared at similar intensity levels suggesting that these
groups have similar antioxidant protection (Fig. 7C). The confocal assay
using dapi dyed cells revealed consistent trend with that observed from
quantitative ROS measurement (Fig. 6A). The results showed that there
was a significant reduction of ROS activity in QTiO,-treated cells, which
was evident in both captured images and the quantitative evaluation.

4. Discussion

A good method for enhancing the cellular antioxidant defence
system is by using exogenous antioxidants, which prevent oxidative
toxicity and restore normal cellular activity. Quercetin, a flavonoid
molecule is known for its high level of antioxidant activities, which
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Fig. 5. Expression of Nrf2 and its target enzymes.

(A) It was not observed any differences in expressions of Nrf2 protein during the treatment time periods whereas Nrf2 levels risen importantly in QTiO,-treated
groups by time as shown in Figure B. (C) QTiO time and dose dependently induced HO-1 and NQO1 expressions considerably according to densitometric analysis.
SOD1 enzyme level increased slightly in QTiO,-treated groups. Histograms represent the mean values + SEM of minimum two independent experiments; densito-
metric analyses were normalized against corresponding Beta-actin levels. Asterisks indicate significant changes (*P < 0.05 and **P < 0.005) vs. control. (D) Nrf2
gene expressions significantly increased by the time in QTiO,-treated groups by showing a similar trend with Nrf2 protein levels. Q-treated cells did not show a
significant change in gene expression and protein levels about Nrf2 pathway. qQRT-PCR results represent the mean values + SEM of minimum three independent
experiments. Control was taken as a 100 % and significant differences as represent *P < 0.05 and **P < 0.005 vs. control.

come from its abilities such as scavenging of reactive species, inhibiting
lipid-peroxidation, and chelating metal ions [18,19]. Nevertheless,
utilization of Q is limited largely due to its hydrophobicity and yet Q
has been designed in different kinds of nano-formulations, like gly-
cerosomes and deformable-liposomes to address its low water solubility
and increase its stabilization [5]. Despite these nano-formulations they
have ameliorated Q’s function compared to the pure form in terms of
diffusing through skin, consequently the optimized formula is yet to be
developed [20,21]. In this study, we conjugated Q to TiO,-nano-
particles in order to enhance the efficiency of Q delivery. To accomplish
this, TiOs-nanoparticles were first surface modified using PEG to yield
more adhesive and biocompatible forms of nanoparticles. PEGylated
forms of TiO,-nanoparticles achieved a maximum conjugation ratio of
Q (> 95 %) resulting in a more feasible in Q-delivery into cells. It has
been demonstrated that agglomeration of TiO,-nanoparticles can be
minimized through PEGylation which ensure a homogenously disper-
sing in suspension compared to their counterpart non-PEGylated na-
noparticles (Fig. 1C). A better antioxidant function of Q is dependent
upon cellular penetrance efficiency. As shown in Fig. 2, Q penetrates

into cells efficiently in the form of the QTiO, nano-antioxidants and
remain stable in the cell as well.

QTiO,-treated mouse fibroblast cells were analysed for their viabi-
lity and compared to respective controls. It was observed that the cells
remained unaffected 24 h after treatment with 100 pg ml~?! of QTiO,
nano-antioxidants, and these were similar to those of untreated cells.
Contrastingly, cells treated with the same concentration of Q resulted in
a dramatic loss in the cell population (Fig. 3A). However, after 48 h of
treatment, cell viability tends to drastically decline in all cell groups
except with QTiO»-treated cells. Further increase in concentration to
250 g ml~! proved to be toxic to only Q-treated cells, while QTiO,-
treated cells exhibited just a moderate reduction in cell viability. In
other words, QTiO,-treated cells were able to sustain viability greater
than that of Q-treated cells (Fig. 3A). This data is consistent with pre-
vious reports showing decreasing viability of cells after their exposure
to TiO,-nanoparticles [22-24]. As shown in Fig. 3E, the morphologic
examination of QTiO,/Q-treated cells after 6 and 12 h treatment times
are also consistent with their viability profile (Fig. S3). Flavonoids have
shown to possess pro-oxidant efficacy at high amounts [25,26], and
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Measurements were done in fluorescence microplate reader with a filter set compatible with fluorescein (Ex-Em:488 — 520 nm) and rhodamine (Ex-Em:550 — 610 nm)
according to the manufacturer’s kit protocol. PCN and NAC were used as inducer and inhibitor of ROS, respectively. Measurements of total ROS (A) and Superoxide
(B) showed the similar trend for all groups. Data shown in figures state the mean results + SEM, results from 3 independent experiments. Asterisks represent

important differences among experimental groups (*P < 0.005 and **P < 0.05).

resulting toxicity is associated with their hydroxyl groups [27]. Also, Q
has been regarded as mutagen and therefore, it can exhibit cytotoxic
effects [28,29]. It is apparent that loss in viability of Q-treated cells has
been observed in the early treatment intervals and this then tend to
decline with exposure time (Fig. 3A).

Apoptosis is a programmed cell death, which occurs via 2 signalling
pathways and these are named as an intrinsic (mitochondrial) and an
extrinsic (via death receptor) pathway [30]. Activation of a proteolytic
caspase cascade is a common process that exists in both apoptotic
pathways. This activation causes cleavages of the effector cas-3, 6 or 7
as further steps in the pathway [31]. The underlying molecular me-
chanism of Q cytotoxicity in this study was analysed by immunoblot-
ting of key proteins related to apoptosis. Cleavages of Cas 3 and PARP
proteins are two major processes that occurred which are possibly
linked to apoptosis, and we found evidence of this in Q-treated cell
groups at 6 and 12h (Fig. 3C, D). Cas 3 is the widespread executioner
caspase [32] and extinguishes the cell by PARP cleavage [33]. Our data
evidently showed that the Cas 3 dependent apoptotic pathway was
activated by Q in mouse fibroblast cells (Fig. 3C). Previous studies also
showed that Q induced apoptosis by caspases activation in human
breast cancer cells [34]. In another report, varying Q amounts were
utilized to hepatic stellate cells which showed Cas 3 and PARP1 clea-
vages, and this property is consistent with what was observed in this
study (Fig. 3C), where both Cas 3 and PARP1 were upregulated in a
dose-dependent manner by Q [35]. This is a confirmation that 100 pug
ml~? of Q causes apoptotic cell death, but an equal amount of Q, if it is
in the form of conjugated TiO,-nanoparticles, did not activate this
pathway.

The pro-oxidant effect is also considered to be responsible for the
flavonoids’ cytotoxic and pro-apoptotic effects [18]. The antioxidant
feature of Q can be shifted to its pro-oxidant property, depending upon
its level, and oxidative sources [36]. Further, activation of the Nrf2
pathway by an agent like a pro-oxidant is necessary for maintaining
cellular redox homeostasis in normal physiological conditions [37]. The
pro-oxidant can react with keapl (Kelch-like ECH-associated protein 1)
and oxidize its sulfhydryl group, thus, causing Nrf2 disassociation from
keapl. Following this, Nrf2 moves into the nucleus and stimulates ex-
pression of phase II antioxidant enzymes. In this study, we tested the
QTiO, and pure Q effects on the Nrf2 pathway, respectively. We found
out that the Nrf2 proteins are located in nucleus and their nuclear ac-
cumulation increase with QTiO, 6 and 12h of treatment according to
colocalization analysis (Fig. 4). Further, we show that QTiO, induced
the Nrf2 gene (Fig. 5D) and hence its protein expression over time
(Fig. 5B). Moreover, HO-1 and NQO1 levels rose in QTiO,-treated cells

at the 12 h of treatment (Fig. 5C). Taken together, there was a moderate
rise in SOD1 expressions in the QTiO,-treated cells and this was shown
in the densitometry analysis (Fig. 5C). However, Nrf2 expression did
not show a significant change in Q-treated groups, with both protein
and gene levels (Fig. 5B, D). While the highest levels of the Nrf2 target
enzymes were detected in QTiO,-treated cells and Q-treated cells ex-
hibited least expressions of the same enzymes. This can be explained
that a high concentration of Q is toxic for the cells and therefore the
cells undergo programmed cell death. The apoptotic signals seen in
these groups are clear evidence of this phenomena (Fig. 3C). Based on
this result, it can be suggested that the QTiO, nano-antioxidants inhibit
cellular death by triggering Nrf2 signalling which is a survival me-
chanism (Fig. 8).

TiO,-nanoparticles at high levels have been demonstrated to cause
cell death in many types of cells. For instance, PARP cleavage triggered
by TiOs-nanoparticles was observed in phytohemagglutinin-stimulated
human lymphocytes over the course of 24h [38]. However, in our
study, we have not detected any apoptotic alterations in TiO»-treated
cell groups (Fig. 3D). The inconsistency in results compared with pre-
vious reports can be attributed to use of surface modified TiO,-nano-
particles (PEGylated-TiO,-nanoparticles) rather than bare TiO,-nano-
particles, which suppressed the cytotoxic effects of the bare form.

Stability in physiological conditions of a molecule is governed by its
functionality. Therefore, here we aimed to conjugate a high amount of
quercetin by means of surface functionalization using a PEG-layer on
nanoparticles which provided more stability if they were brought to
close proximity of the cells. Q has been designed in several formulations
for improving its pharmacokinetic limitations in recent years.
Deformable-liposome conjugation with Q has been reported having
many advantages, such as better stability and high solubility in HaCat
cells [21]. Q deformable liposomes in UVB-irradiated cells also have
shown to possess increased viability with decreased ROS and MDA.
Other formulations, such as Q entrapped in glycerosomes and liposomes
used on human keratinocytes in presence of H,O, is shown to
strengthen its antioxidant activity [39]. With the different proportions
of Q, there has been up to 88-91 % efficiency and this has been in-
corporated into glycerosomes that proved to be carrying a higher an-
tioxidant activity compared to pure Q forms. Q has also been coated
with linoleic acid that influences reshaping of chitosan-oligosaccharides
or B-lactoglobulin-nanoparticles that provide hydrophobicity, which is
most desirable in the food industry [40].

We observed that QTiO» nano-antioxidants exhibited a high level of
protection against ROS generation on mouse fibroblast cells (Fig. 6A).
Severe and effective cell death occurred in the pure form of Q-treated
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ROS screening was done by following manufacturer’s kit protocol and PCN and NAC were used as inducer and inhibitor of ROS, respectively. (A) ROS level was
scanned with green channel and represented as green color. (B) Cells nuclei were marked with dapi dye seen as blue color. (C) Confocal pictures were analysed by
ImageJ software and cells dispersion per image were calculated by using particle analysis option of software. CTCF formulation was used for measurement fluor-
escence intensity per image then rounded off for 100 cells. Data state the mean results + SEM, n = 3. *P < 0.05 indicate a significant change between QTiO, and Q-

treated cells compared to the positive control group.

cells and therefore, existence of the similar protective effect in cells as
the ones treated with the QTiO, nano-antioxidant form was beyond
comparison. Despite this difference, our results clearly implied that the
designed nanosystem enabled safe cellular-delivery of high Q levels and
therefore, Q tended to remain more stable and thereby enhancing the
antioxidant potency, provided that is loaded on surface modified (PE-
Gylated) TiO,-nanoparticles. Further, quantitative ROS measurements
were validated by laser scanning confocal microscopic screening
(Fig. 7).

Bioenergetic events of cells are carried out by mitochondria and
thus it is the major supplier of ROS, which is largely comprised of su-
peroxide anions. Superoxide radicals are formed by electron leakage

10

from respiratory chain complexes during oxidative phosphorylation
[41]. Subsequently, the measured superoxide anion levels in our ex-
perimental model were similar with the total ROS levels (Fig. 6B).
Protective effects of Q in the ROS formation, caused by mitochondrial
dysfunction, have been reported in many studies. For example, Q has
been shown to protect Caco-2 cells against mitochondrial damage [42].
In mouse zygotes, Q is shown to provide steady functional mitochondria
by regulating cellular defence and reducing ROS [43]. In summary,
100 ug ml~* of Q triggers mitochondrial dysfunction followed by cell
death. However, the same amount of Q, if conjugated with PEG-func-
tionalized TiO»-nanoparticles, could provide a strong antioxidant
property with no or negligible cytotoxicity (Fig. 6). The inherent
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Fig. 8. Proposed illustration for biological effects of QTiO, nano-antioxidant and Q treatments on mouse fibroblast cells.

property of nano-sized TiO, along with Q does not only provide anti-
oxidant-protection from oxidative skin-damage, but also forms a strong
block against ultraviolet B exposure.

5. Conclusion

This study reports a novel nano-antioxidant design that is composed
of PEGylated TiO,-nanoparticles in which Q molecules are en-
capsulated. The nanosystem developed enabled maximum antioxidant
properties for ROS and superoxide formation by keeping high Q levels,
with stable functionality, in mouse fibroblast cells. Use of pure Q was
toxic to cells, while with similar Q levels in the form of the QTiO,-
nanosystem it was found to have negligible or less-toxic effects. The
QTiO, nano-antioxidant provided to be an effective intercellular Q
delivery system with no obvious cytotoxic effects, resulting in the
QTiO, system to be a promising carrier for Q molecules. The QTiO,
nano-antioxidant formulation can be used in topical creams as a ther-
apeutic agent for improving cellular defence for oxidative toxicity, ul-
traviolet-damage and inflammation.
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