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Introduction

Evaluation of the intracellular uptake and cytotoxicity
effect of TiO, nanostructures for various human
oral and lung cells under dark conditions

Chieh-Wei Chen,? Jing-Hong Huang,? Tsung-Ching Lai,? Yi-Hua Jan,”
Michael Hsiao,*® Chung-Hsuan Chen,? Yeu-Kuang Hwu® and Ru-Shi Liu*®P

Titanium dioxide (TiO,) nanomaterials (NMs) have been widely used to develop commercial products
such as sunscreen cosmetics because of their unique optical properties to provide complete protection
from ultraviolet (UV) light. The most dangerous type of UV radiation is UVA, which comprises nearly 97%
of the UV radiation that reaches the Earth. This type of radiation is also the major cause of skin damage.
As the most beneficial content of sunscreen cosmetics, TiO, NMs exhibit immense capability to protect
the human skin from UVA exposure through their scattering and reflecting physical properties. Therefore,
investigating the factors involved in using TiO, NMs in cosmetics is necessary. In this study, various
human oral and lung cell lines were selected to evaluate the cytotoxicity of treatment using different sizes
and shapes of TiO, NMs, including spheres (AFDC and AFDC300) and rods (M212 and cNRs). The mor-
phology, size, and crystalline phase of the selected TiO, NMs were studied to characterize each physical
property. Based on cell viability and endocytic behavior results, treatment with all the selected TiO, NMs
were nearly non-toxic to the oral cell lines. However, high cytotoxicity was obviously observed in lung
cells with M212 and AFDC treatments at 50 pg mL™%, which was larger by approximately 20% than with
ADC300 and cNRs treatments because the smaller the TiO, NMs, the larger their specific surface area.
This condition resulted in the progress of apoptosis from the considerable aggregation of TiO, NMs in the
cytoplasm. Moreover, compared with those of TiO, NMs with a similar structure (e.g., cNRs) and size (e.g.,
M212), the cellular uptake of AFDC was evidently low, which resulted in the approximated non-toxicity.
Moreover, the similar sizes and different shapes of AFDC and cNRs were considered to treat lung cells to
investigate further the influence of morphology on the cell cycle and the apoptosis effect. Consequently,
AFDC and cNRs could inhibit the growth of lung cells and allow a considerable proportion of the cells to
remain in the G1/GO phase. Furthermore, a high-dose treatment would directly induce the apoptosis
pathway, whereas a low-dose treatment might decrease cell regeneration.

of ozone in the atmosphere. However, UVA and UVB can still
penetrate into the surface of the Earth and pose a direct threat

Ultraviolet (UV) radiation occupies the wavelength range of
100-400 nm in the solar spectrum and is divided into mainly
three parts, namely, UVC (100-280 nm), UVB (280-315 nm),
and UVA (315-400 nm). The highest UVC energy in UV radi-
ation has the lowest potential risk because a considerable pro-
portion of UVC is significantly reduced by the protective layer
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to human health, particularly the skin." After passing through
the atmospheric layer, UVA occupies 95% of the residual compo-
nent that has a major influence on human skin compared
with only 5% UVB. Therefore, sunscreen cosmetics, which can
be used to reflect or scatter UVA to prevent direct damage to
the skin, have been developed. Nanomaterials (NMs) have
been investigated extensively by researchers from various fields
to develop commercial cosmetics with sunscreen function
because many physical and chemical properties of these NMs
are considerably modified by the size effect.”® Among these
materials, titanium dioxide (TiO,) NMs have been developed
into excellent additives in sunscreen cosmetics because they
can be used as a UV absorbent with a 3.2 eV band gap and can
support physical effects, such as scattering and reflection, to
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decrease UVA radiation exposure.” *® Therefore, adding nano-
particles to sunscreen cosmetics is a powerful means to
protect the skin from exposure to UVA radiation through
chemical absorption and physical interaction. The previous lit-
erature has determined that under UV light exposure, TiO,
NMs will generate reactive oxygen species (ROS), such as super-
oxide radical anions (O*>), hydrogen peroxide (H,0,), and
'OH radicals, that can potentially damage intracellular DNA
and membranes.""”"” In addition, many other uncertain risk
factors should also be considered, such as the accumulation of
nanoparticles in the human body and their direct contact with
inner cells. TiO, NMs passes through two routes to invade
human organs directly: (1) exposure of oral cells through inges-
tion and (2) exposure of lung cells through respiration.
Although no UV radiation may get inside the body to induce
the photocatalysis of TiO, NMs, the nature of TiO, NMs may
promote unknown effects inside the body under dark con-
ditions. Therefore, assessing cellular response to different
sizes and concentrations of TiO, NMs with respect to cytotoxi-
city is important to evaluate the potential risk of further appli-
cations of these materials. Moreover, the cytotoxicity effects of
different types of TiO, NMs were investigated under dark con-
ditions because we aimed to inhibit their capability to produce
ROS intracellularly. Notably, numerous researchers have
attempted to investigate the toxicity of TiO, NMs in the
environment or in oceans because some TiO, NMs are ran-
domly released into the natural environment, including the
soil, rivers, and marine habitats, and thus, will indirectly
accumulate in plants and animals.'® Rocheleau et al.'® studied
the toxicity of TiO, materials in the soil nematode Caenorhabditis
elegans (C. elegans) in bulk and nanoscales in anatase and
rutile crystalline phases. Interestingly, these researchers deter-
mined that the size of TiO, materials did not obviously influ-
ence cytotoxicity in C. elegans; however, different crystalline
phases passed through various metabolic pathways. Tong
et al.*® focused on exploring different treatment methods for
bacteria with either a single component or a mixture of various
nanomaterials, such as ZnO and TiO,. Based on their results,
the cytotoxicity of nanomaterials was more complex in mixed
systems because a considerable variable would be generated
from the interaction among nanomaterials. Numerous studies
have also investigated the toxicity effects of various properties
of TiO, materials. In our study, several treatment condition
factors and various physical properties of TiO, NMs were
selected, including exposure concentration, size, crystalline
phase, shape, and surface area, among others.>">* To our
knowledge, studies on the toxicity effect of TiO, NMs should
first consider irradiated light because semiconductor TiO,
NMs exhibit an immense potential to generate ROS, which will
induce considerable damage to tissues and cells. The size,
shape, and surface area of TiO, NMs are key issues that influ-
ence cellular interaction and dose dependence, as concluded
by several studies with different cases or targets (e.g., bacteria,
zebrafish, mice). However, most of these studies only verified
one or two factors simultaneously. Based on these studies, we
aimed to investigate in detail the cytotoxicity effect of treat-
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ment with TiO, NMs on various human cell lines given that
TiO, NMs are applied extensively and intimately in daily life,
but only a few studies had addressed this issue. The physical
characteristics of TiO, NMs are also reported in this paper.

In this study, the cytotoxicity effects of TiO, NMs were
investigated in terms of three main points: morphology, size,
and cell line type. Human oral and lung cells, including
Smulow-Glickman (S-G) gingival epithelial cells, oral mucosa
fibroblasts (OMFs), normal human bronchial epithelial cells
(BEAS), and lung fibroblasts (WI-38) were exposed to TiO, NMs
with different structures, such as AFDC, AFDC300, M212, and
cNRs (cNRs were extracted directly from commercial cos-
metics) and varying sizes, namely, 142 + 22.7, 214 + 46.1, 28 +
8.4/10 + 1.4 and 117 + 12.5/39 + 7.8 nm (length/width), respect-
ively. These cell types were selected to study the cytotoxicity
effect because they were directly exposed to nanoparticles
through respiration and ingestion. We also intended to ident-
ify the direct reasons or the mechanism of TiO, NM cytotoxi-
city in these human cell types. The intracellular uptake of
various TiO, NMs was investigated via transmission electron
microscopy (TEM) to determine the localization of TiO, NMs
inside the cells because these materials did not emit fluo-
rescence or magnetic properties for magnetic resonance
imaging. To study the cellular response of TiO, NM-treated
cells and identify the mechanism of cytotoxicity, an apoptosis
assay and cell cycle analysis were performed.

Results and discussion

To characterize the size and shape of individual TiO, NMs,
TEM was performed to determine the difference between each
group of TiO, NMs, namely, M212, AFDC, AFDC300, and
cNRs. As shown in Fig. 1(A)-(C), M212 has a rod shape with a
length of 28 + 8.4 nm and a width of 10 + 1.4 nm, whereas
AFDC and AFDC300 are spherical with a diameter of 142 +
22.7 nm and 214 + 46.1 nm, respectively. As shown in Fig. 1
(D), cNRs have a spindle shape with a length of 117 + 12.5 nm
and a width of 39 + 7.8 nm. Notably, the TEM images of the
NMs had a low contrast compared with the background
because of poor crystallization. Calculating the precise size of
each TiO, NM was difficult. The crystalline phase of each TiO,
NM was confirmed by powder X-ray diffraction (XRD) analysis,
as shown in Fig. 2. The XRD patterns of M212 and cNRs
matched well with the rutile standard (JCPDS no: 21-1276).
Meanwhile, AFDC and AFDC300 matched well with the
anatase crystalline phase based on the anatase standard
(JCPDS no: 21-1272). The anatase crystalline phase of TiO,
NMs exhibited better photocatalytic capability than the rutile
crystalline phase because of the relatively large band gap in
this phase for inducing free radical reactions under sunlight
excitation. Based on this feature, the rutile crystalline phase of
TiO, NMs, such as cNRs and M212, has always been a major
option in sunscreen cosmetic technology.”>*® Therefore,
considering the inhibition of ROS production, all cytotoxicity
studies on the two crystal phases of TiO, NMs were performed
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Fig. 1 TEM images of the TiO, NMs: (A) M212, (B) AFDC, (C) AFDC300,
and (D) cNRs.

|
I AEDC300
N S s _ A
I
| AFDC
Z A
@ \ i ’ ¢NRs
[
b=} M212
=
| = S g & = = _ Rutile
= = &S 8 ~3
N Q.
| g "gﬁ g &, Anatase
= B 3 S =
AR ] rre
25 30 35 40 45 50 55 60
2 Theta (degree)

Fig. 2 XRD patterns of M212, AFDC, AFDC300, and cNRs. Standard pat-
terns of the rutile and anatase crystalline phases of TiO,.

under dark conditions to ignore factors such as photocatalysis.
To study the effects of the shape and size of TiO, NMs on oral
and lung cells, all the TiO, NMs were incubated with various
oral and lung cells to study cytotoxicity further. The interaction
of cellular endocytosis was investigated before the cell viability
test was performed to confirm that TiO, NMs entered the cells.

TEM was performed to identify intracellular location and
evaluate the cellular uptake of various sizes and shapes of
TiO, NMs. Through TEM, the localization of each TiO, NM in
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different oral and lung cells, namely, S-G, OMF, BEAS, and
WI-38, was identified. All the TEM images show the cross
section of the cells to identify the subcellular localization of
the TiO, NMs within the cells. As shown in Fig. 3, each TiO,
NM was internalized by cells and aggregated into the cyto-
plasm instead of the nucleus. Notably, the amount of cellular
uptake did not considerably differ among each type of cells.
We focused on the various sizes and structures of TiO, NMs
that could affect intracellular interaction. M212, AFDC, and
AFDC300 exhibited significant aggregation in the cytoplasm of
all the studied oral and lung cells after treatment for 72 h.
Meanwhile, the cellular uptake of cNRs was lower probably
because of its spindle shape with approximately 120/40 nm,
which caused poor interaction among the cells. Based on the
results, M212, which was smaller and rod shaped at only 30/
10 nm, induced the highest aggregation rate because of its
high surface energy and specific surface area. The high uptake
observed in the cases of AFDC and AFDC300 indicated that
cell membranes could easily interact in a spherical shape and
be further internalized into the cytoplasm. Meanwhile, when
c¢NRs and AFDC, which had similar sizes, were compared, the
results demonstrated that the long spindle shape of cNRs
interfered with endocytosis.”””*® Regardless of the rod or
spherical structure of TiO, NMs or a relatively large size
ranging from 30 nm to 250 nm, uptake into the cytoplasm was
confirmed to be achieved through endocytosis. Moreover, the
size of TiO, NMs was a key factor in the aggregation of cells
inside the cytoplasm because of the large specific surface area
for a small size. Therefore, after the exposure of oral and lung
cells, TiO, NMs were determined to pose uncertain risks to
cell life through direct contact and endocytosis. To evaluate
the cytotoxicity of individual TiO, NMs incubated with the
four cell lines, an MTS assay was performed to investigate the
relative influence of cellular uptake on cell viability.

WI-38

“

BEAS

M212

AFDC

AFDC300

Fig. 3 TEM images of the S—G, OMF, BEAS-2B, and WI-38 cell lines
after treatment with various sizes of TiO, NMs (M212, AFDC, AFDC300,
and cNRs).
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Fig. 4(A)-(D) show the viability of the oral and lung cells
after being incubated with 0, 12, 50, 200, and 800 pg mL™"
TiO, NMs (the latter four correspond to M212, AFDC,
AFDC300, and cNRs, respectively) for 72 h. The cell viability
trend decreased with increasing concentrations of TiO, NMs
for each cell line because the high TiO, concentration inter-
fered with cell viability through considerable TiO, uptake.
However, both types of oral cells exhibited a viability of nearly
over 80%, which resulted in the estimated lack of influence of
all the studied TiO, NMs. Based on these results, the discus-
sion would first focus on the variation in cell viability of lung
cells. Among these, AFDC and M212 presented relatively high
toxicities in S-G and OMF because their considerable internal-
ization and aggregation in the cytoplasm (based on the TEM
images), affected the normal growth environment of the
cells."”” Moreover, the morphology factor was also reflected on
the difference in cell viability. Meanwhile, the comparison of
NMs with similar sizes, such as AFDC and cNRs, indicated
that cells treated with ¢cNRs displayed a relatively high cell via-
bility than those treated with AFDC because the progress of
endocytosis preferred materials with a spherical shape, which
could easily and effectively interact with cell membranes.>
Moreover, based on the literature, the crystalline phase of
materials is an important factor that affects cytotoxicity in
cells because each crystalline phase can reveal certain differ-
ences in their surface area.®’ For TiO, NMs, the average
surface area was ~200 m> g~ and 2.5 for the anatase and
rutile crystalline phases, respectively, which indicated that
TiO, NMs with an anatase crystalline phase interacted approxi-
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mately 80 times with the cell membrane.*"** This result could
also be indicated by AFDC, which had an anatase crystalline
phase, exhibiting higher toxicity than ¢NRs even though they
were similar in size. For the oral cell lines, S-G cells had
higher viability upon exposure to various concentrations of
TiO, NMs than OMF cells because of the tolerance of different
cells. The unknown risk of treating oral cells with high concen-
trations of TiO, NMs indicated that lung cells, such as BEAS
and WI-38, were more sensitive than oral cells to TiO, NMs in
a concentration-dependent manner. Compared with other cell
types such as keratinocytes and fibroblasts, different trends
were observed for lung and oral cells. This finding suggested
that various types of cells exhibited different endocytosis
mechanisms and tolerance levels to TiO, NMs depending on
their capabilities. Consequently, other factors or mechanisms
that might cause differences in the cytotoxicity results between
AFDC and cNRs would be identified and further investigated
later. Lung cells exhibited the most sensitive reaction to TiO,
NMs because the cytotoxicity presented a significant differ-
ence. In particular, the damage caused by TiO, NMs in BEAS
cells was more serious than those in WI-38 cells. Based on the
cytotoxicity results, the BEAS cell line was selected for further
apoptosis and cell cycle analysis because of its low viability.

The flow cytometry analysis of an apoptotic cell is shown in
Fig. 5. Annexin-V was used to detect the early stage of apopto-
sis, and a DNA staining dye (7-AAD) was used to determine the
integrity of the membrane structure during the latter stage of
apoptosis. The signal of the x axial (PE-A) resulted from the
staining of annexin positive membrane cells. The intensity of
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Fig. 4 Cytotoxicity of TiO, NMs. Cytotoxicity effects on (A) M212, (B) AFDC, (C) AFDC300, and (D) cNRs. S—G, OMF, BEAS, and WI-38 treated with
different doses (0, 12, 50, 200, and 800 ug mL™?) of TiO, NMs for 24 h. Cell viability was assessed via the MTS assay. Data were expressed as the per-
centage of viability related to an untreated control. Viability values were calculated as the mean + SD of eight experiments.
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Fig. 5 Apoptosis analysis of BEAS-2B cells. Cells were treated with
different types of TiO, NMs (AFDC and cNRs) at a concentration of 12
ng mL~* for 72 h. After annexin-V/7-AAD double staining, the percentage
of apoptotic cells was analyzed via flow cytometry.

the y axial (PerCP-Cy5-5-A) was obtained from the signal of the
staining DNA in the broken membrane cells. AFDC and cNRs
were chosen for the apoptosis analysis because of their
different shapes and similar sizes of approximately 150 nm.
After treatment with 100 pg mL~" TiO, NMs for 72 h, the apop-
tosis of BEAS cells was determined with annexin-V-phycoery-
thrin (PE) to represent the distortion of membrane asymmetry.
The proportions of early apoptotic cells treated with AFDC and
cNRs decreased to 2.3% and 4.0% compared with the 5.0% in
the control experiment. However, the proportions of late apop-
totic step and necrotic cells increased to 8.8% and 8.0% com-
pared with the 6.0% in the control experiment. These findings
indicated that TiO, NMs induced a small amount of BEAS
cells during the early step of apoptosis until its late step
because of the decreasing proportion of early apoptotic cells.
Although the increasing proportion of the late apoptotic step
cells compared with that in the control experiment displayed a
relative incompleteness of cell membrane increase, the differ-
ence value of approximately 2% between them was too small
to distinguish cell apoptosis between the control experiment
and the TiO,-treated cells clearly. Hence, the late apoptotic
step was not mainly responsible for the decrease in cell viabi-
lity and could not be compared with the cytotoxicity analysis,
which revealed an estimated 20% difference between the viabi-
lity of the AFDC- and cNRs-treated cells as well as a consider-
able decrease in cell viability compared with that in the
control. The result suggested that the membranes of BEAS
cells retained their completeness or were slightly defeated
compared with the control experiment; hence, TiO, NMs could
not cause the immediate death of BEAS cells. Further investi-
gations were conducted to perform cell cycle analysis and
understand the influence of TiO, NMs.

A cell cycle involves a series of regular steps, that is, the
cells grow and then divide into two daughter cells. The cell
cycle can be divided into the cell growth stage and mitosis.
The former can be generally classified into three phases: G1, S,
and G2. In the first phase (G1), cells are prepared to actively
replicate the substances, as well as some cytoplasmic organelle
composition, for the next step. During the S phase, DNA is
replicated, and cells with double genetic materials are pre-
pared for mitosis during the G2 phase. During mitosis, cells
undergo the chromosome segregation and cytokinesis stages.

This journal is © The Royal Society of Chemistry 2016
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In addition, a GO phase, which indicates that cells are termi-
nating the division process, also exists. The variation in cell
cycle was analyzed via a flow cytometry technology shown in
Fig. 6. The G1/GO phase represents the interphase during cell
growth, which is from the end of the previous mitosis phase
(M) until the beginning of the DNA synthesis/quiescent state.
During the G1/GO phase, the intensity of PE-A indicates the
DNA content of the cells. As DNA replication in the synthesis
phase (S) is completed, two pairs of chromosomes are formed
and move toward the G2 phase, which causes the intensity of
PE-A to double. In the control experiment, the proportion of
BEAS cells in the G1/G0 phase decreased to 45.9% (after 36 h
of incubation) and 49.2% (after 72 h of incubation) from
51.4% in the control experiment. For the G2/M phase, the pro-
portion decreased to 25.1% (after 36 h of incubation) and
26.1% (after 72 h of incubation) from the original 28.2%.
These findings showed that the cell cycle was sufficiently
stable to precede reproduction within 72 h without any signifi-
cant change. However, 26.1% of the cell proportion in the G2
phase decreased to 6.7% and 10.4% after treatment with AFDC
and cNRs, respectively, for 72 h (the 25.1% cell proportion in
the G2 phase decreased to 6.6% and 11.0% after treatment
with AFDC and cNRs, respectively, for 36 h). By contrast, the
49.2% cell proportion in the G1 phase increased to 66.8% and
63.2% after treatment with AFDC and cNRs, respectively, for
72 h (the 45.9% cell proportion in the G1 phase increased to
65.2% and 59.5% after treatment with AFDC and cNRs,
respectively, for 36 h). The results could be concluded as either
the inhibition or improvement of BEAS cell growth, both of
which decreased the proportion during the G2 phase/M
phase.*™*® Based on the cytotoxicity results (Fig. 4), cell viabi-
lity decreased relatively compared with the amount of cells in
the control experiment. Hence, cell reproduction was
restrained under the treatment of 100 pg mL™* TiO, NMs. Con-
sequently, the proportion of cells in the G2/M phase decreased
with increasing cell proportion in G1/G0. BEAS cells might get
injured after TiO, uptake by endocytosis and aggregation
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?f G1 -514% b G1: 459% G1: 492%
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Fig. 6 Cell cycle analysis of BEAS cells treated with TiO, NMs (AFDC
and cNRs) at a concentration of 12 yg mL™ for 36 h and 72 h. After
staining with propidium iodide, cell cycle distribution was analyzed via
flow cytometry.
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within cells to change the protein action against growth in
these cells.

As shown in Fig. 7(A), as the concentration of AFDC
increased by up to 800 pg mL™" after incubation for 36 h and
72 h, an apparent increase to 25.2% (36 h) and 49.8% (72 h) in
the subG1 phase was observed compared with the control
experiment. This finding indicated that the amount of cells
with broken DNA increased with increasing the TiO, content.
In one part of G2/M, a significant decrease from 28.8% to
13.9% (36 h) and 2.3% (72 h) indicated cessation of regener-
ation. The high concentration of TiO, NMs (800 pg mL ™) treat-
ment induced serious apoptosis of BEAS-2B after 72 h of
incubation. However, in the comparison between BEAS-2B
treated with 12 pg mL™" and 800 pug mL™' TiO,, only the
BEAS-2B cells stopped growing further without an apparent
cell apoptosis at 12 pg mL™'. The different consequences
between these two cases resulted from the concentration
effect. Hence, exposure to high concentrations of TiO, NMs
was toxic to BEAS-2B cells. After the BEAS cells were treated
with AFDC for 72 h, the obvious decrease from 31.4% (control)
to 2.3% during G2/M demonstrated the inhibition of cell pro-
liferation because of the considerable amount of apoptotic
cells. Thus, exposure to high concentrations of TiO, NMs may
cause severe damage to lung epithelial cells, which is compar-
able with the cytotoxicity results in high concentrations. The
results of the cytotoxicity assay could be attributed to different
causes as follows. In the low-concentration treatment, the cell
cycle of BEAS-2B cells was terminated during the G1/GO phase
without apparent cell death. This result indicated that decreas-

O hr 36 hr ) 72 hr

A 4 SubG1: 1.4% & SubG1: 1.8%
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Fig. 7 (A) Cell cycle analysis of BEAS cells treated with a high concen-
tration of AFDC (800 pg mL™) for 36 h and 72 h. (B) Western blot analy-
sis of caspase-9, caspase-8, caspase-3 and PARP expression in BEAS-2B
cells treated with AFDC (1000 pg mL™2). (C) Caspase-3/7 activity of BEAS
cells treated with a high concentration of AFDC (1000 ug mL™?) with or
without the caspase-8 inhibitor for 24, 36, 48, and 72 h.
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ing regeneration led to a decrease in cell numbers compared
with that in the control. In the high-concentration treatment,
the dramatic decrease in cell viability was contributed by
apoptotic cell death.

To determine the apoptosis mechanism of BEAS-2B cells
induced by high concentrations of AFDC, Western blot analysis
was performed to identify the route of caspase activation.
Fig. 7(B) shows that caspase-8 has been activated at 48 h,
whereas no activation of caspase-9 has been detected. This
figure also shows that caspase-3, which is a direct substrate of
caspase-8, has been activated at 72 h. Finally, the cleavage of
poly(ADP-ribose)polymerase (PARP) at 72 h indicated the apop-
tosis marker. To confirm that AFDC induced apoptosis,
caspase-3/7 activity test was conducted to identify perform-
ance. In Fig. 7(C), the signal increased with time-dependent
treatment and the change was not observed after reaction with
the caspase-8 inhibitor. Therefore, treating BEAS-2B with a
high-concentration of AFDC resulted in an apoptosis pathway
through the expression of caspase-8, which corresponded to
caspase-3/7 activation.

Conclusion

The physical properties of each TiO, NM, including commer-
cial TiO, NMs (M212, AFDC, and AFDC300) and cNRs
extracted from commercial sunscreen cosmetics, were all
clearly verified in terms of size, morphology, and crystalline
phase. The cellular endocytosis behavior in TiO, NMs con-
firmed their relationship with various sizes (minor) and mor-
phologies (major). That is, a small and sphere-shaped TiO,
NM would uptake more than a large and rod-shaped TiO, NM.
TiO, NMs were aggregated in the cytoplasm. The cytotoxicity
assay exhibited the high toxicity of M212 with a small particle
size, which aggregated seriously in the cytoplasm. After treat-
ment with AFDC and cNRs at a concentration of 100 pg mL ™",
the apoptosis of BEAS cells exhibited only a 2% difference
from the control experiment, which did not obviously influ-
ence the late stage of apoptosis to induce cell death; hence,
the death of cells could not be concluded. The result suggested
that TiO, NMs could not cause immediate cell death because
of the unchanged completeness of the cell membrane. Cell
cycle arrest was observed under exposure to low concentrations
of TiO,, whereas high concentrations of TiO, treatment could
cause cell cytotoxicity and apoptosis. BEAS cells obviously died
because of the appearance of a signal in the sub-G1 section. In
summary, the size effect induced the easy aggregation of small
particles. The shape factor hindered TiO, uptake. TiO, concen-
tration led to different degrees of cell cycle arrest between
100 pg mL™" and 1000 pg mL™" in a concentration-dependent
manner. High concentrations of AFDC (1000 pg mL™") could
induce apoptosis of BEAS-2B cells through caspase-8 mediated
caspase-3/7 activation. In this study, we aimed to evaluate the
cytotoxicity effect of TiO, NMs under dark conditions and
determined that the major toxicity risk was first dependent on
the cell line type and highly related to the size and morphology
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of TiO, NMs because these factors affected intracellular uptake
and cell growth behavior, respectively.

Experimental
Reagents and materials

The nanoparticle-containing sunscreen cosmetic was pur-
chased from a well-known company. Commercially available
TiO, NMs (M212, AFDC and AFDC300) were purchased from
Top Rhyme International Company. Acetone (>99.5%, Sigma-
Aldrich), absolute ethanol (99%, Riedel-de Haen) and n-hexane
(99%, Riedel-de Haen) were used as purchased without further
purification.

Extraction of TiO, NMs

First, 1.5 g sunscreen cosmetic was dissolved into a 50 mL
mixture solvent, which contained absolute ethanol, acetone,
and n-hexane. This procedure was followed by ultrasonication
for 20 min. Then, the product of cNRs (white powder) was
obtained by centrifugation at 9000 rpm for 20 min. After
removing the supernatant, the products were collected and
stored in a 50 mL tube, and then dried in an oven at 70 °C for
30 min. To purify the products, the preceding procedures were
repeated several times until organic species were completely
removed from the samples. Finally, a pure white powder
(cNRs) was obtained for further analysis.

Cell culture

Four cell lines were used in this study, namely, WI-38, BEAS,
OMFs, and S-G gingival epithelial cells. WI-38 cells were cul-
tured in minimum essential medium (Grand Island, NY, USA).
BEAS cells were maintained in bronchial epithelial cell basal
medium (Lonza, Walkersville, MD, USA) that contained bron-
chial epithelial growth medium (SingleQuots, Lonza,
Walkersville, MD, USA). OMF and S-G cells were cultured in
Dulbecco modified Eagle’s medium (Gibco, Grand Island, NY,
USA) supplemented with 10% (v/v) fetal bovine serum
(Hyclone, CA, USA). All media were supplemented with 100
units per mL penicillin (Gibco, Grand Island, NY, USA) and
100 mg mL~" streptomycin (Gibco, Grand Island, NY, USA).

Intracellular uptake analysis

Each cell line was used in this study. Exponentially growing
cells (1 x 10° cells) were seeded in a 10 cm petri dish and incu-
bated overnight at 37 °C under a 5% CO, atmosphere. The
medium was replaced with a fresh one that contained 100
pg mL~" TiO, NMs and incubated for another 72 h. After treat-
ment with TiO, NMs, the cells were washed thrice with a
serum-free culture medium. Subsequently, cells were fixed in
2% glutaraldehyde for 1 h and rinsed thrice for 5 min with a
serum-free culture medium. Thereafter, sections were fixed in
0.25% aqueous osmium tetroxide and rinsed thrice with dis-
tilled water under a fume hood. Samples were dehydrated in
ethanol (100%), infiltrated with 30% quetol in acetone for 1 h,
further infiltrated with 60% quetol in ethanol for 1 h, and
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treated with pure quetol for 4 h thereafter. Sections were poly-
merized at 65 °C for 24-36 h. Ultra-thin sections were
mounted on grids, contrasted for 10 min in 4% aqueous
uranyl acetate, and rinsed in water. Contrast was enhanced by
placing the samples in Reynolds’ lead citrate for 2 min and
then rinsing them with water. Samples were cut into 0.5 mm
monitor sections, stained with toluidine blue, and immersed
in immersion oil for TEM.

Cell viability analysis

The cytotoxicity effect of TiO, NMs on cell viability was deter-
mined via the MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxy-
methoxy-phenyl)-2-(4-sulfonyl)-2H-tetrazolium) assay. Briefly,
cells (2000 cells per 100 pL) were seeded onto 96-well plates
and incubated overnight at 37 °C under a 5% CO, atmos-
phere. The medium in the wells was replaced with a fresh one
that contained TiO, nanoparticles (0, 12, 50, 200, and 800
pg mL ") and incubated for another 72 h. After 72 h of incu-
bation with various concentrations of TiO, NMs, 20 pL MTS
reagent was added into each well of the 96-well plate. Cells
were incubated for up to 3 additional hours at 37 °C. The
absorbance in each well was analyzed on a plate reader using
an exciting source with a 490 nm wavelength to determine cell
viability.

Flow cytometric analysis of cell cycle

Cell cycle distribution was quantified by flow cytometry. BEAS
cells were treated for 36 h and 72 h with TiO, NMs (AFDC and
cNRs) at 100 pg mL™" concentration. At the end of incubation,
the cells were collected and resuspended in 70% ice-cold
methanol. After fixation at —20 °C overnight, the cells were
treated with 1 mg mL™" RNase for 30 min at room tempera-
ture. Propidium iodide was added into the solution at a final
concentration of 50 mg mL~". The cell cycle was analyzed via
FACScanto flow cytometry, and data were analyzed using Cell-
Quest software.

Flow cytometric analysis of apoptosis

Apoptotic cells were identified using FITC Annexin-V Apoptosis
Detection Kit IT (BD Pharmingen, USA). A cell death marker,
7-aminoactinomycin D (7-AAD), was also used according to the
protocol of the manufacturer. Oral and lung cells (2 x 10°
cells) were exposed to TiO, NMs (100 pg mL™') for 72 h,
detached by trypsin-EDTA, washed with phosphate buffered
solution (PBS), and stained with 5 pL annexin-V and 5 pL 7-
AAD for 15 min in the dark. Apoptosis was analyzed via FACS-
canto flow cytometry, and the results were investigated using
CellQuest software.

Caspase-3/7 activity assay

The activity of caspase-3/7 was quantified using Caspase-Glo 3/
7 assay (Promega Corporation, Fitchburg, WI, USA). Cells were
seeded at a density of 10® cells per well in a 100 uL medium.
After 24 h of incubation, the culture media were replaced with
100 pL media that contained 1000 pg mL™ AFDC TiO, TMs. At
different incubation periods (24, 36, 48 and 72 h), caspase-3/7
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activity was determined by adding 100 pL Cell Titer Glo
reagent to each well and then incubating at room temperature
for 30 min in the dark. Luminescence was detected and
recorded using a luminometer according to the protocol of the
manufacturer. Caspase-3/7 activity was calculated as a percen-
tage compared with the untreated control at different time
points.

Western blot analysis

Equal quantities of protein (20 pg) were separated by
SDS-PAGE and transferred onto nitrocellulose membranes
(Amersham Bioscience, Buckinghamshire, UK) using a Bio-
Rad wet transfer system. After blocking with 5% non-fat
dried milk in PBS + Tween 20 buffer for 1 h at room temp-
erature the membranes were incubated with PARP antibody,
cleaved PARP antibody, caspase-3, and a-tubulin antibody for
1 h at room temperature, followed by incubation with horse-
radish peroxidase-conjugated secondary antibody for 1 h at
room temperature. Proteins were visualized via enhanced
chemiluminescence.
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