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ABSTRACT: Nanomaterials (NMs) such as titanium dioxide (nano-TiO,) and hydroxyapatite ~Nano-HA Nano-Tio,
(nano-HA) are widely used in food, personal care, and many household products. Due to their "™ @ (24nm)
extensive usage, the risk of human exposure is increased and may trigger NMs specific biological o
outcomes as the NMs interface with the cells. However, the interaction of nano-TiO, and nano- \H
HA with cells, their uptake and subcellular distribution, and the cytotoxic effects are poorly & @
understood. Herein, we characterized and examined the cellular internalization, inflammatory (D
response and cytotoxic effects of nano-TiO, and nano-HA using TR146 human oral buccal @ @
epithelial cells as an in vitro model. We showed both types of NMs were able to bind to the rnflammatory
cellular membrane and passage into the cells in a dose dependent manner. Strikingly, both types of stress 4 TnFA fis
NMs exhibited distinct subcellular distribution profile with nano-HA displaying a higher AR

preference to accumulate near the cell membrane compared to nano-TiO,. Exposure to both types

of NMs caused an elevated reactive oxygen species (ROS) level and expression of inflammatory transcripts with increasing NMs
concentration. Although cells treated with nano-HA induces minimal apoptosis, nano-TiO, treated samples displayed
approximately 28% early apoptosis after 24 h of NMs exposure. We further showed that nano-TiO, mediated cell death is
independent of the classical pS3-Bax apoptosis pathway. Our findings provided insights into the potential cellular fates of human
oral epithelial cells as they interface with industrial grade nano-HA and nano-TiO,.

%

ucleus

KEYWORDS: nanomaterials, nanotoxicology, oral mucosa, reactive oxidative stress, inflammation

1. INTRODUCTION effects to a variety of mammalian cell lines.””"" However, the
In the past decade, the field of nanotechnology has matured poten.tial h.ealth impact F}?at may l?e introduced by these NMs,
considerably to the extent that manufactured nanomaterials especially in the oral milieu remains unclear to date. A better
(NMs) can be produced on an industrial scale basis with high understanding into the kind of biological responses nano-HA
consistency and be incorporated to wide spectrum of consumer and nano-TiO, may elicit, will allow us to devise strategies to
products to improve the economics and performance of the manage or minimize NMs related risks.

products. Because the NMs are of comparable length scale as Unlike the epidermal lining of other organs such as the skin,
discrete components and proteins that makes up a cell, NMs the nonkeratinized oral mucosa epithelium is significantly more
may potentially evade the cellular defense mechanism leading permeable.'” Permeability of the oral epithelium lining region
to permanent cell injury.' ™ With the prevalence of NMs being such as the inner cheeks, inner lips and floor of the tongue may
incorporated in off-the-shelf products, our exposure to NMs be further enhanced under the influence of alcohol and

will correspondingly increase. Consequently, the interaction of
NMs with biological systems such as living cells has become
one of the most fascinating areas of science and applied
research that lies at the interface of nanotechnology and
biology.** Nanoscale hydroxyapatite (nano-HA) and titanium
dioxide (nano-TiO,) are among the many NMs that are
intentionally added into oral hygiene products.® Nano-HA
resembles tooth enamel” and can restore the enamel layer and

surfactant such as sodium dodecyl sulfate that are commonly
found in oral care products.13’14 Furthermore, trauma injury
induced lesions (e.g, ulcers) to the oral mucosa layer may
compromise the protective barrier and facilitate entry of NMs
into the deep tissue."” It is not improbable that NMs can
traverse and affect the oral mucosa cells’ physiology.'® These

NMs might even enter the blood circulation and possibly lead
17

treat tooth hypersensitivity and increase enamel’s resistance to to systemic exposure.
dental decay.® On the other hand, nano-TiO, is used

extensively in personal care products as a bright white pigment Received:  August 29, 2013
in toothpaste. Recent studies have shown that both nano-HA Accepted:  April 15, 2014
and nano-TiO, are capable of inducing considerable cytotoxic Published: April 15, 2014
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The pervasive use of toothpastes in oral hygiene on a chronic
regime in human populations, then argues for the importance
of studying the impact of NMs found in commercially available
toothpastes on fundamental biological functions of the human
buccal epithelium. In this study, nano-HA (~51 nm) and nano-
TiO, (~24 nm), two common additives found in oral hygiene
products were employed to elucidate its effects on TR146
human oral mucosa epithelial cells.*'® Preferential accumu-
lation of nano-HA in the cell membrane was observed in
TR146 relative to nano-TiO,. Both types of NMs were able to
induce significantly higher generation of intracellular ROS in a
dose-dependent manner. Furthermore, NMs treatment was
sufficient to upregulate expression of inflammatory transcripts
such as IL6 and TNFA, suggesting that NMs may potentiate
inflammation. However, only cells treated with nano-TiO, but
not nano-HA were observed to have undergone significant
apoptosis that does not involve the pS3-Bax pathway. Our
findings imply that both nano-HA and nano-TiO, are capable
of eliciting varying degree of detrimental acute cellular
responses in TR146 oral epithelial cells, providing vital insights
into the potential fate of cells in the oral milieu as they interface
with nano-HA and nano-TiO,.

2. EXPERIMENTAL DETAILS

2.1. Preparation and Physical Characterization of NMs.
Nano-HA particles were purchased from Sigma-Aldrich, U.S.A,, and
nano-TiO, particles (AEROXIDE P25) were purchased from Evonik
Degussa, U.S.A. Stock solution of 125 mM of both NMs was prepared
in ultrapure water. Probe sonication (Micron TM XL 2000, Qsonica,
U.S.A.) was applied to the NM solution for 30 s before diluting in the
various desired dispersants. Nano-HA and nano-TiO, resuspended in
ethanol (50 pg/mL) were viewed using transmission electron
microscopy (TEM) (JEOL JEM-2010, Japan). The NMs primary
particle size was determined by scoring 50 randomly chosen NMs
using Image]J software. Hydrodynamic size and {-potential of the NMs
was determined in DMEM/F12 complete culture medium supple-
mented with 10% FBS and 1% penicillin/streptomycin solution using
the Zeta Nanosizer (Malvern Co, U.K.).

2.2. Conjugation of NMs with FITC Fluorescent Probe. NMs
were first dispersed in anhydrous ethanol (Fisher Scientific, U.S.A.);
thereafter, S% v/v of 3-Aminopropyltriethoxysilane (APTES; Sigma-
Aldrich, USA) was added dropwise to the suspension and stirred
continuously at 80 °C for 5 h. To the APTES treated NMs, fluorescein
isothiocyanate (FITC; Sigma-Aldrich, U.S.A.) at a concentration of
0.25—0.5 g/mL was added and the mixture was stirred continuously
for an additional 16 h at 80 °C in dark. At the end of the reaction,
FITC tagged NMs were centrifuged at 6000 rpm for 20 min and
washed with ethanol followed by water for 5 times before the FITC-
NMs were freeze-dried and stored at room temperature in the dark to
minimize photobleaching.

2.3. Cell Culture. Human buccal epithelial cells (TR146; Sigma-
Aldrich, U.S.A.) was cultured in 1:1 complete high glucose Dulbecco’s
Modified Eagle’s Media: nutrient mixture F-12(DMEM/F12)
(Invitrogen, MA, U.S.A.) and supplemented with 10% fetal bovine
serum (FBS) under standard culture condition of 37 °C, 5% CO,. Cell
medium were replenished every 2—3 days of culture.

2.4. Membrane and Cytosolic Localized NMs Content
Extraction. TR146 cells were plated overnight at plating density of
30000 cells/cm?® 125 and 1250 uM of FITC-NMs in DMEM/F12
(1:1) complete medium were introduced to the cells for a further 12 h
before the NMs treated cells were washed and the membrane and
cytosolic contents were fractionated (Mem-PER Eukaryotic Extraction
Kit; Thermo Scientific, U.S.A.). The extracted membrane and cytosolic
fractions were collected and fluorescence measurements were made at
an excitation/emission wavelength of 488/520 nm using the
microplate reader (Tecan Infinite 200, Tecan Inc., Switzerland).
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2.5. Confocal Microscopy. TR146 epithelial cells were seeded on
coverslips (Menzel-Gliser, Germany) at 30000 cells/cm* overnight
under standard culture condition. To label the cell body, cells were
incubated with 1 uM of CellTracker Red CMTPX (Molecular Probes,
U.S.A.) in serum free DMEM/F12 for 1 h at 37 °C. Following which,
the cells were washed 3 times with PBS and treated with FITC-NMs at
a concentration of 1250 uM for 12 h at 37 °C in complete cell culture
medium. At the end of the incubation duration, the cells were then
washed 3 times with PBS to remove any unbound FITC-NMs. Cell
nuclei were stained with Hoechst 33342 (1 yg/mL, Molecular Probes,
U.S.A.) for 15 min at 37 °C in complete cell culture medium, washed 3
times and fresh medium was reintroduced to the cells. Cells were
examined under a Nikon Al confocal microscope using a 100X
objective (NA of 1.4) and a 1X zoom. The three-dimensional (3D)
structure of the nanoparticles treated cells was reconstructed and
analyzed using the Nikon NIS-element AR software.

2.6. Intracellular Reactive Oxygen Species (ROS) Level
Measurement. TR146 epithelial cells (30 000 cells/cm?®) were first
grown overnight before the media was replaced with media containing
different concentrations of NMs (0, 62.5, 125, 250, 500, and 1250
uM). Following 24 h of NMs treatment, the intracellular ROS level
was detected and measured using 10 M of 2',7'-dichlorofluorescin
diacetate (DCFH-DA; Sigma-Aldrich, U.S.A.). ROS level was
normalized against the amount of DNA in each sample using Hoechst
33342 (Molecular Probes, U.S.A.). The DCF and Hoechst dye
intensity were detected with excitation/emission wavelengths of 488/
525 nm and 350/461 nm, respectively. The fluorescence intensity of
each fluorophore was measured using a microplate reader. Microplate
reader (Infinite 200 Pro, Tecan, Switzerland). Data obtained
represents the mean values of three independent experiments. To
detect mitochondrial specific superoxide, using the same NMs
exposure regime, the cells were subsequently counterstained with 2.5
UM of MitoSox Red (Molecular Probes, U.S.A.) in accordance to the
protocol provided by the manufacturer. The cells were then detached
using trypsin, centrifuged, resuspended in PBS and analyzed using the
Tali image cytometer (Invitrogen, U.S.A.). Cells treated with 1 mM of
H,0, at 37 °C for 4 h were used as positive control.

2.7. Expression Level of Inflammatory Response Genes.
TR146 cells were exposed to various concentrations of NMs for 24 h
after which, total RNA was isolated using RNeasy Mini kit (Qiagen,
Germany). RNA was reversed transcribed to cDNA using RevertAid H
Minus First Strand cDNA synthesis (Fermentas, U.S.A.). Quantitative
PCR reactions were performed on a ABI 7300 real-time PCR system
(Applied Biosystem, U.S.A.). Human TATA-box binding protein
(hTBP) was used as an internal control. The sequences of the forward
and reverse primers for various genes assessed are as listed: TNFA
forward 5 CCT CTC TCT AAT CAG CCC TCTG 3’; TNFA
reverse 5" GAG GAC CTG GGA GTA GAT GAG 3’; IL6 forward S’
GAA AGC AGC AAA GAG GCA CT 3’ IL6 reverse 5" TTT CAC
CAG GCA AGT CTC CT 3’; hTBP forward 5 TGC CCG AAA
CGC CGA ATA TAA TC 3’ hTBP reverse ' GTC TGG ACT GTT
CTT CAC TCT TGG 3"

2.8. Measurement of NF-xB Secreted. RAW 264.7 cells were
stably transfected with NF-kB-SEAP (secreted embryonic alkaline
phosphatase) reporter gene (Kind gift from Dr. Kai Soo TAN). RAW
264.7-NF-kB-SEAP cells were treated with 0, 62.5, 125, 250, 500, and
1250 uM of nano-HA and nano-TiO, for 6 h. SEAP was detected via
Phospha-Light SEAP reporter gene assay (Applied Biosystem, U.S.A.).
Chemiluminescence signal was detected using a luminometer (Glomax
96 well microplate luminometer, Promega)

2.9. Cell Apoptosis and Signaling Assays. After NMs
treatment, the percentage of apoptotic cells was determined by use
of flow cytometry (MUSE cell analyzer, Merck Millipore, U.S.A.).
Cells pellets were collected via trypsinization and centrifugation before
it was resuspended in solution containing Annexin V-FITC and 7-
aminoactinomycin D (7-AAD) (Muse Annexin V and dead cell assay
kit, Merck Millipore, U.S.A.). Cells were allowed to be stained with
both dyes at room temperature in the dark for 30 min before the
samples were subjected to flow cytometry analysis as recommended by
the manufacturer. Protein extracts were resolved using precast gradient
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SDS-polyacrylamide gel electrophoresis (4—15%, Mini-Protean,
Biorad Laboratories Inc, U.S.A.), and electro-transferred onto a
nitrocellulose membrane for immunoblot analysis. Specific antibodies
were used to detect protein bands in a Chemiluminescence Imaging
System (Syngene, U.K.). For apoptotic signaling pathway, TR146 cells
were plated overnight on a 6 cm dish with seeding density of 30 000
cells/cm? Thereafter, the cells were treated with various concen-
trations of nano-HA and nano-TiO, (0, 62.5, 125, 250, 500, and 1250
uM) for 24 h and cells were lysed using standard Laemmili sample
buffer supplemented with 1% protease and phosphatase inhibitors
cocktail (Sigma-Aldrich, U.S.A.) and protein expression was analyzed
using Western blot technique. The following antibodies were used:
anti-phospho pS3, anti-total pS3, anti-pMDM?2, anti-Bax (Cell
Signaling Technology, U.S.A.) and anti-f-actin (Santa Cruz Bio-
technology, U.S.A.).

2.10. Statistical Analysis. Statistical significance was ascertained
using the Origin 9.0 software coupled with Fisher’s least significant
difference (LSD) post hoc test or Student’s ¢ test with data analysis
tool of MS EXCEL 2007. p value of <0.05 was considered significant.

3. RESULTS AND DISCUSSION

3.1. Characterization of Pristine NMs. As the size
decreases to the nanoscale, additional factors such as structure,
size, surface chemistry, and aggregation need to be considered
to evaluate the toxicity of the NMs.'”~*' Nano-HA (Figure 1A)
and nano-TiO, (Figure 1B) were found to be spherical in shape
with primary particle sizes of 51.1 & 12.1 nm and 24.0 + 7.2
nm, respectively.

Figure 1. Primary particle size were derived from the TEM images of

(A) nano-HA and (B) nano-TiO, respectively. (n
represent mean + SD (n = 3).

50) Data

Next, the hydrodynamic diameter (Dy) and surface charge
({-potential) of the NMs were measured in complete cell
culture medium so that the actual particle size and surface
charge when the NMs interact with the cells could be
determined. Despite nano-HA exhibiting an approximately 2
fold larger primary particle size than nano-TiO,, we noted that
upon dispersing in serum containing DMEM/F12 biological
medium, both types of NMs formed agglomerates of similar Dy
within the range of 280—310 nm. Furthermore, nano-HA and
nano-TiO, each registered a negative {-potential of —5.41 =+
0.59 mV and —7.95 + 0.76 mV, respectively, which may be
attributed to the adsorption of serum derived proteins onto the
NMs to form a layer of protein corona.””

3.2. Spatial Distribution of Nano-HA and Nano-TiO,
and in TR146 Human Buccal Epithelial Cells. NMs
association, internalization and subcellular localization are key
determinants in effecting the biological outcome.”>** To gain a
better understanding on the rate of NMs uptake, fluorescein
isothiocyanate (FITC) green fluorescent dye was covalently
conjugated to the surface of nano-HA and nano-TiO, to serve
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as a fluorescent tracker as the NMs interfaces with the cells.
FITC immobilization onto the NMs surface was facilitated
using APTES to couple the —NH, group of APTES molecules
and the —NCS group of the FITC molecule.

Cell membranes consist of cell receptors that are essential for
cell—cell signaling, cell adhesion, and interactions, as well as
immune system recognition of foreign substances.”> Due to the
charge density of these NMs, it is possible that they may
directly bind to these surface receptors and may have an
increased residence time. Biodistribution of FITC conjugated
nano-HA and nano-TiO, were determined and differences in
localization profile between nano-TiO, with nano-HA were
investigated. At lower concentration (125 yM) of nano-HA,
there were almost equal distribution between cytoplasmic and
membrane fractions (Figure 2A). However, at a 10-fold higher
concentration (1250 pM), there was significant retention of
nano-HA in the membrane fraction. This trend was, however,
not observed in the nano-TiO, treated samples. It could be
possible that transmembrane transport of NMs into the cytosol
is a size dependent process since more nano-HA was detected
in the membrane fraction as opposed to the cytosolic fraction.
Cross-sectional confocal acquisition of live cells incubated with
the FITC-NMs similarly revealed a higher amount of FITC
nano-HA to be located nearer to the apical (top) end of the
cells while there is an apparent higher accumulation of FITC-
nano TiO, nearer to the basolateral (base) end of the cells
(Figure 2B). Other studies have shown that NMs of smaller
sizes are more likely to be internalized as compared to larger
particles.”®*” Thus, it is probable that majority of the nano-HA,
with a larger primary particle size in this study, remained at the
peripheral of the cells and limited amount were transported
into the cells. Comparatively, the smaller sized nano-TiO, was
internalized into the cytoplasm. From the particle size
perspective, it is likely that the NMs in this study were
internalized via caveolae-mediated endocytosis or clathrin-
mediated endocytosis, the pathways associated with internal-
ization of particles below 200 nm.*® However, uptake of NMs
via the different endocytic pathways is highly dependent on
cell-type; thus, further studies are needed to elucidate the
mechanism of how the NMs were internalized into TR146
epithelial cells.

3.3. Nano-HA and Nano-TiO, Induced Oxidative
Stress and Inflammatory Responses in TR146 Epithelial
Cells. The act of brushing breaks up the bacterial biofilms on
the surfaces of teeth. Moreover, the nano-sized particles will be
able to penetrate deeper into the biofilm to disrupt from within.
However, this same mechanism also raised the concern where
the amount of ROS generated by these NMs may increase
oxidative damage to the oral mucosa with possibly a chronic
inflammatory response. There are considerable data that are
available to su%gest a direct link between ROS production and
inflammation.” With that backdrop, it was necessary to assess
the levels of ROS generated after the NMs were introduced to
the cells.

As expected, there was an increased in ROS production with
increasing concentrations of nano-HA and nano-TiO, particles.
All tested concentrations (62.5 to 1250 uM) of nano-HA, a
material which is recognized for its biocompatibility (in its
micrometer and larger scale), gave rise to the most significant
increase in ROS expression levels, with the highest concen-
tration (1250 uM) causing an approximately 40% increase
(Figure 3A). In comparison, only the higher concentrations of
nano-TiO, (250 to 1250 uM) resulted in a significant increase
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Figure 2. Internalization and subcellular distribution of NMs in TR146 epithelial cells. (A) TR146 epithelial cells were exposed to a low (125 uM)
and high (1250 uM) concentration of FITC conjugated nano-HA and nano-TiO, for 12 h. Nano-HA displayed higher affinity to the cellular plasma
membrane with increasing concentration while subcellular localziation of nano-TiO, was found to be independent of NMs concentration. (B) Cross-
sectional confocal live imaging of TR146 epithelial cells incubated with 1250 uM of FITC-NM:s for 12 h. Data represent mean + SD (n = 3). Scale

bar = 10 ym.
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Figure 3. Elevated oxidative status in TR146 epithelial cells following NMs treatment. Intracellular ROS expression of NMs treated cells was
detected using DCFH-DA staining and normalized to untreated control. ROS level increases with (A) nano-HA and (B) nano-TiO, concentration.
Data represent mean + SD (n = 3). * p < 0.05, compared against control. (C) NMs treatment similarly increases mitochondrial specific superoxide
level in TR146 epithelial cells. Cells treated with H,O, served as positive control.

in ROS production. Of the two NMs studied, 1250 yM of
nano-TiO, reflected the highest increase in ROS expression
levels—approximately 60% higher compared to the control
group (Figure 3B). Consistent with the data derived from the
DCFH-DA staining, when the NMs treated cells were
counterstained with MitoSox, there is a significant shift in the
histogram toward the higher end of the fluorescence spectrum,
relative to the untreated control, suggesting that both nano-HA
and nano-TiO, are able to stimulate mitochondrial superoxide
production in TR146 epithelial cells (Figure 3C). Overall, our
observations are aligned with other studies whereby nano-HA
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and nano-TiO, were reported to exert their toxic effects
through oxidative stress in a dose dependent manner®*~>* and
the high surface area: volume ratio of NMs has been reported
to potentiate the oxidative stress effect of NMs.*?

The increase in ROS production suggests that the NMs
could potentiate inflammatory response.*”** This postulation is
in line with the three tiered hierarchical oxidative stress model
that was proposed to explained the effects of nanoscale
materials on biological systems.>® The model posits that, prior
to a full blown oxidative damage to the cells leading to
comprised cell viability (Tier 3), a mild increase in ROS level
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Figure 4. Nano-HA and nano-TiO, particles modulate inflammatory response in TR146 epithelial cells and RAW264.7 murine macrophage. RT-
PCR was employed to examine inflammatory gene expression in NMs treated samples. Normalized (A and B) IL6 and (C and D) TNFA transcript
level for nano-HA and nano-TiO, treated samples revealed NMs dose dependent upregulation. Similarly, macrophages treated with both (E) nano-
HA and (F) nano-TiO, displayed higher expression of NF-kB. Data represent mean + SD (n = 3). * p < 0.0S, compared against untreated control.

may instead trigger inflammation.>® To validate this possibility,
we assessed changes in expression level of inflammatory
response genes by profiling the expression levels of pro-
inflammatory cytokines—specifically Interleukin-6 (IL-6) and
tumor necrosis factor-alpha (TNF-a) encoded by the genes IL6
and TNFA, respectively.

We observed a dose dependent elevation in IL6 expression
when the cells were treated with nano-HA (Figure 4A). Nano-
HA (62.5 to 1250 uM) triggered up to a 4-fold increase of IL6
transcript expression when compared to the untreated control
group. Similarly, a trend of increasing concentration of nano-
TiO, resulted in increasing expression level of IL6 gene. All
concentrations of nano-TiO, gave rise to significant increase of
IL6 expression, with the highest concentration (1250 yM) of
nano-TiO, giving rise to approximately 3.5-fold increase of IL6
(Figure 4B). Although only concentrations higher than 250 yM
of nano-TiO, led to a notable increase in ROS production, a
significant increase in IL6 expression level was observed for all
nano-TiO, concentrations. This could possibly be due to the
fact that IL6 is also involved in a wider range of cellular and
physiological responses.” Hence, IL-6 expression alone would
not be sufficient to determine if NMs elicited an inflammatory
response. As such, expression level of TNFA was also
determined. Cells exposed to nano-HA showed a significant
increase in expression level of TNFA for all concentrations
(62.5 to 1250 uM) of nano-HA (Figure 4C). However,
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significant up-regulation of TNFA transcript was only observed
for concentrations of 500 uM and 1250 uM of nano-TiO,
(Figure 4D). A S-fold increase was observed following 1250
UM of nano-HA and nano-TiO, treatment.

To further affirm that both nano-HA and nano-TiO, are
indeed capable of triggering inflammatory response as it
interact with the biological system, macrophages transfected
with a NF-kB reporter gene, were exposed to various
concentrations of nano-HA and nano-TiO,. NF-xB is an
important transcription factor that plays a central role in
inflammation due to its ability to induce transcription of pro-
inflammatory genes.** This reporter indirectly measures the
molecules of NF-kB and produces the enzyme luciferase
semiquantitatively. After the cells were exposed to the NMs for
6 h, we observed a general trend of elevated expression of NF-
kB with increasing concentrations of NMs (Figure 4E and 4F).
Lower concentrations (62.5 and 125 uM) of nano-HA did not
significantly increase the amount of NF-kB expressed. However,
concentrations of more than 250 uM of nano-HA induced
approximately 1.2-fold increase in the amount of NF-xB
expressed (Figure 4E). Nano-TiO, also induced a significant
increase in NF-kB expression level. Up to 1.2-fold increase in
NF-kB expression was observed when cells were exposed to
1250 M of nano-TiO, (Figure 4F).

3.4. Differential Apoptotic Responses Induced by
Nano-TiO, and Nano-HA in TR146 Epithelial Cells.
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ACS Applied Materials & Interfaces

Research Article

A

1 62.5 uM 125 uM 250 uM 500 uM 1250 uM
Dead Late Apop./Dead Dead Late Apop./Dead 4 Dead Late Apop./Dead ¢ Dead Late Apop./Dead 4 Dead Late Apop./Dead
034% 783% 039% 812% 029% 6.05% 0.15% 817% 1% 934%
34 3 3 3 34 . <
e iy o ol T
2] 24 2] 2 2] ) 1)
(] L , : =
1 bt 1 S 1 L %
g aaiw’ 367% 1ssa" o 567% 4 6.82% 6.55% s:??'ﬁ 583% z
olLive - Early Apop. o]Live Early Apop Early Apop. Early Apop. oLive § Early Apop.
N~ 0 1 2 3 4 o 13 3 4 o 1 3 3 a o 1772 73a o 13 3T
Dead Late Apop./Dead B o Late Apop./Dead *{0eac Late Apop./Dead Dead Late Apop./Dead *10eas Late Apop./Dead
0.18% 570 % 027% 445% 0.04 % 584% 036 % 628% 0.16 % 6.36% N
3 3 3 3 3] (@)
i |—I
2 2] 24 2 29 o
1 o 21 N &N 1 el -
915* : 261% 505% 445% eevv%' 735% 13.00 % 2828% z
o] Live Early Apop o]t Early Apop. o]t Early Apop EarliyAnaD Early Apop.
12 3 4 0 1 2 3 4 i 2 3 4 0 1 2 3 4 N
Annexin V-FITC
B il C
30 - 20 1
O Nano-HA O Nano-HA
Q .
£ 251 M Nano-TiO, € ,5;] M Nano-Tio, *
~ [=
g 20 ] * * * * |
=
— 1]
E 15 E 10 [ | I | |
3
o
& 10 o
[<% % 5 4
3 5 o
(&)
0 0 4
)Y
o @® A0 g g® g o @ B g0 g
Concentration (uM) Concentration (pM)
Nano-TiO, (uM)
0 625 125 250 500 1250

Phospho-p53 WD SN GENES SEENS SSs SEED

T R —————

- —
Phospho-MDM2 — — — — —

Bractin [ G aa— ———

Figure 5. Nano-TiO,, but not nano-HA, induced early apoptosis in TR146 epithelial cells and is independent of the p$3-Bax pathway. (A) Annexin
V-FITC/7-AAD scatter plot of TR146 epithelial cells following NMs treatment. Cells were harvested 24 h post NMs treatment and subjected to flow
cytometry analysis. A subpopulation of cells following NMs treatment was classified based on the distribution in the scatter plot: Upper left quadrant,
necrotic (dead) cells; upper right quadrant, late apoptotic (dead) cells; lower right quadrant, early apoptotic cells; lower left quadrant, viable (live)
cells. Subclassification of (B) early and (C) late apoptotic cells following NMs treatment. (D) Western-blot analysis for the pS3 mediated extrinsic
apoptotic pathway for cells exposed to nano-TiO,. Data represent mean + SD (n = 3). Statistical significance (p < 0.05) is determined by means of
one-way ANOVA followed by Fisher’s LSD post hoc test. # denotes significant difference compared against control. * denotes significant difference

between nano-TiO, and nano-HA experimental groups.

Induction of oxidative stress by NMs has also been postulated
as a cause for apoptosis.10’38’39 In view of our previous
observations showing that both nano-HA and nano-TiO, were
able to induce ROS production in TR146 epithelial cells, we ask
whether the heightened ROS level may lead to cell apoptosis.
Furthermore, substantial uptake of both NM as observed in
using confocal microscopy (Figure 2) may also potentially
elevate intracellular calcium concentration, leading to dysregu-
lation of cell function and cell death.* Cells were exposed to
predetermined concentrations of pristine nano-HA and nano-
TiO, particles and percentage of apoptotic cells was determined
by flow cytometry following annexin-V/7-aminoactinomycin D
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(7-AAD) staining (Figure SA). Cells undergoing early
apoptosis are characterized by translocation of phosphatidylser-
ine (PS) to the extracellular membrane, which can be detected
using annexin-V. During late stage apoptosis, in addition to the
expression of PS at the surface of the cell membrane, integrity
of the cellular membrane is also comprised and thus facilitates
infiltration of the 7-AAD nucleic acid dye. In contrast, cells that
were not stained were identified as viable cells and cells stained
only with 7-AAD denotes necrotic cells. Several major findings
were made. First, we noted that cells treated with both NMs
retained high cell viability >90% and percentage of necrotic
cells did not fluctuate even at high NMs exposure. Comparing
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nano-TiO, and nano-HA treated samples, nano-TiO, treatment
clearly induces a higher percent of early apoptotic cells in a
dose dependent manner (Figure SB). Specifically, the untreated
control sample registered 2.8% of early apoptotic cells whereas
samples spiked with 1250 gM of nano-TiO, registered
approximately 28% of cells undergoing early apoptosis
suggesting that the apoptotic program has been initiated with
nano-TiO, treatment. In stark contrast, nano-HA treated
samples at concentration of 250 yM and beyond displayed
only a modest increase in early apoptotic cells by approximately
4% (Figure SB). Interestingly, cells treated with nano-HA,
however, consistently exhibited significant increase in percent-
age of late apoptotic cells by almost 2 fold compared to the
untreated control (Figure SC). Conversely, the number of cells
in late apoptosis was relatively constant and is not significantly
different from the control group even at high concentration of
nano-TiO,. Taking reference to Figure 2, which shows a high
amount of nano-HA residing at the membrane fraction, it is
likely that nano-HA may interferes with the lipid bilayer and
thus induces apoptosis through damage to the cell membrane.
On the other hand, nano-TiO, was observed to have a higher
cytoplasmic localization and may trigger a defensive move by
the cell to isolate these foreign entity until a critical threshold is
reached, beyond which, the apoptotic events cannot be
prevented anymore. In this context, comparing both nano-
HA and nano-TiO,, one would therefore anticipate the
existence of some degree of temporal lag for the trigger of
apoptosis in both cases.

To gain further insights into the underlying mechanism by
which nano-TiO, could possibly induce apoptotic event in
TR146 epithelial cells, we examined the pS3-mediated intrinsic
apoptosis pathway that had been shown to be involved in nano-
TiO, induced apoptosis. Previous studies have shown that
nano-TiO, along with other metal oxide NMs can trigger DNA
damage,*' ™ which is regulated by the tumor suppressor
protein, pS3. Specifically, Yoo et al.'® provided evidence of
perturbed pS3 activity in MCF10A and WI38 human cell lines
in response to P25 nano-TiO, treatment via a ROS dependent
mechanism. Surprisingly, we did not observe any increase in
phosphorylation of MDM?2 with increasing concentrations of
nano-TiO, treated cells. Phosphorylated MDM2 leads to the
degradation of p53.***” Therefore, the lack of changes to the
expression levels of phosphorylated MDM2, phosphorylated
pS3, and total pS3 levels (Figure SD) implied there is no
significant activation of the DNA damage response above the
basal levels of the p53 protein. Bcl-2-associated X protein (Bax)
protein is a downstream target of the pS3 that has a pro
apoptotic function by translocating into the mitochondria,
leading to the activation of mitochondrial stress related proteins
and apoptosis.** Consistently, there was no significant
difference between expression levels of Bax between the
nano-TiO, treated cells and control cells. In agreement with
our observations, the lack of classical p53-Bax apoptotic
signaling cascade involvement in nano-TiO, mediated pro-
grammed cell death was also recently demonstrated using
BAK/"BAX ™/~ cell lines.* It is therefore possible that the
levels of ROS may have resulted in significant levels of lipid
peroxidation that led to lysosomal membrane destabilizing and
thus leading to cathespin B release and subsequent activation of
caspases and finally apoptosis—independent of p53.>°
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4. CONCLUSION

Despite the lack of understanding on the nature of interaction
of manufactured NMs with biological systems, the production
and incorporation of these NMs in a plethora of commercial
products continue to grow at an alarming scale. Furthermore,
the rapid advancement in nanotechnology has also provided the
technological means to produce a wide range of “exotic” NMs
with unique electrical, optical, biological, and chemical
properties that will undoubtedly yield numerous technological
benefits and their applications are expected to swell in years to
come. It is therefore of paramount importance that the
potential risks of using these manufactured NMs should be
evaluated, so as to ensure their safe usage. In this study, using
commercially available nano-HA (~51 nm) and nano-TiO,
(~24 nm) as model manufactured NMs found in numerous off-
the-shelf products such as toothpastes, we examined the uptake,
subcellular localization, oxidative stress, inflammatory, and
apoptotic responses in human TR146 oral muccosa buccal
epithelial cells. The major findings made in this study are
summarized in Figure 6. Specifically, we noted that cell uptake,

Nano-HA (51 nm) Nano-TiO, (24 nm)

]o

Inflammation

\:\

Apoptosis @
\ -

I

Figure 6. Tale of differential cellular responses elicited by nano-HA
and nano-TiO, in human oral epithelial cells. Unlike nano-TiO,, nano-
HA accumulates predominately at or near the cell membrane. Both
NMs were able to induce oxidative stress in TR146 epithelial cells
along with increased expression of inflammatory genes such as IL6 and
TNFA. However, only cells treated with nano-TiO, underwent
significant apoptosis, independent of the pS3-Bax pathway.

subcellular localization, ROS production, inflammatory re-
sponses, and induction of early apoptotic events varies
accordingly to the chemical nature of NMs. Compared to
nano-TiO,, nano-HA displayed preferential accumulation
proximal to the cell membrane. In addition, we observed a
good correlation between the NMs induced elevated intra-
cellular ROS level and upregulation of inflammatory genes such
as IL6 and TNFA. Consistent with this findings, murine
macrophage similarly expresses more NF-kB under the
influence of both NMs which further substantiated the pro-
inflammatory action of nano-HA and nano-TiO,. Percentage of
early apoptotic cells increased with nano-TiO, dosage by the
end of 24 h treatment, suggesting that the apoptotic machinery
had been initiated. Further analysis of the signaling proteins
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expression by use immunoblotting indicated that nano-TiO,
triggered apoptosis is independent of the classical pS3-Bax
apoptosis signaling, suggesting the existence of a novel nano-
TiO, specific apoptotic mechanism that may be implicated.
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