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Background: The purpose of this study was to investigate the influences of nanoscale wear
particles derived from titanium/titanium alloy-based implants on integration of bone. Here
we report the potential impact of titanium oxide (TiO,) nanoparticles on adhesion, migration,
proliferation, and differentiation of mesenchymal stem cells (MSC) from the cellular level to
the molecular level in the Wistar rat.

Methods: A series of TiO, nanoparticles (14 nm, 108 nm, and 196 nm) were synthesized
and characterized by scanning electron microscopy and transmission electron microscopy,
respectively.

Results: The TiO, nanoparticles had negative effects on cell viability, proliferation, and the
cell cycle of MSC in a dose-dependent and size-dependent manner. Confocal laser scanning
microscopy was used to investigate the effects of particle internalization on adhesion, spread-
ing, and morphology of MSC. The integrity of the cell membrane, cytoskeleton, and vinculin
of MSC were negatively influenced by large TiO, nanoparticles.

Conclusion: The Transwell migration assay and a wound healing model suggested that TiO,
nanoparticles had a strong adverse impact on cell migration as particle size increased (P < 0.01).
Furthermore, alkaline phosphatase, gene expression of osteocalcin (OC) and osteopontin (OPN),
and mineralization measurements indicate that the size of the TiO, nanoparticles negatively
affected osteogenic differentiation of MSC.

Keywords: mesenchymal stem cells, titanium dioxide, nanoparticles, cytotoxicity, adhesion,

migration

Introduction

Titanium and its alloys are widely used as bone implants in the clinical setting, mainly
because of their good biocompatibility and mechanical properties.'? Nevertheless,
owing to their inherent surface inertness, titanium-based implants can only integrate
with the surrounding bone tissue via mechanical interlocking, and the ability to do
this is closely related to surface topography at the microscale or nanoscale.>* Titanium
substrates with a nanorough surface have been shown to influence cell adhesion, pro-
liferation, and differentiation of osteoblasts.® Guida et al confirmed that microscale
or nanoscale modification of titanium substrates enhanced proliferation and synthesis
of the extracellular matrix in human bone marrow-derived mesenchymal stem cells
(MSC) and expression of osteoprotegerin.® Annunziata et al also demonstrated that
nanostructured titanium surfaces enhance adhesion and differentiation of human
bone marrow-derived MSC.” Thus, fabrication of titanium substrates with desirable
topography has been a focus in the development of high quality titanium implants in
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recent decades. With the rapid development of nanotechnol-
ogy, surface engineering of titanium using nanotopography
to regulate cell behavior is now attracting much research
attention.®’ In our previous research, we confirmed that
hierarchically microstructured or nanostructured surfaces!'
and nanostructured titanium substrates!! could efficiently
regulate the proliferation and differentiation of MSC.

However, in long-term clinical application (eg, titanium-
based hip joint implants), microscale and/or nanoscale wear
particles can be generated at the implant/bone interface due
to corrosion, aseptic loosening, and prosthesis friction.!!3
On the other hand, composite bone prostheses contain-
ing titanium nanoparticles may be released directly at the
implant/bone interface."* Previous studies have confirmed
that microscale wear debris in the form of titanium particles
released from a titanium implant occur in vivo, resulting
in adverse effects, ie, significant attenuation of osteoblast
function, increased osteoclast recruitment, and decreased
bone integration.'*!

Given the worldwide concerns about nanotoxicity in bio-
materials, the potential cytotoxicity of titanium nanoparticles
has also been investigated in different cell lines. Previous
studies have demonstrated that titanium nanoparticles have
negative effects on cells, including inflammatory reactions
in endothelial cells,'” damage to the DNA of human lympho-
blastoid cells,'® and induction of micronuclei and apoptosis
in Syrian hamster embryo fibroblasts.!” Other reports have
shown that titanium dioxide (TiO,) nanoparticles delivered
to the abdominal cavity and liver in mice cause brain injury
and liver damage, respectively.?*?! Wang et al also confirmed
that TiO, nanoparticles are potentially toxic to major organs
and cause damage to the knee joints in rabbits due to their
ability to catalyze oxidative DNA damage.?

To be able to confirm further the feasibility of devel-
opment of surface nanostructured titanium-based bone
implants, there is an urgent need for increased knowledge
about how titanium nanoparticles affect biological function
in cells involved in bone formation. In a previous study,
we established a correlation between the cytotoxicity of
TiO, nanoparticles and different particle sizes on a sub-
200 nm scale in respect to osteoblasts.?? In this study, we
investigated the interaction between TiO, nanoparticles and
MSC. Although a previous study investigated the interaction
between nanoparticles and neural stem cells,? the effects of
titanium nanoparticles on the biological behavior of bone
marrow-derived MSC have not yet been reported. The
rationale for choosing bone marrow-derived MSC was that
the head of a titanium-based hip joint must be inserted into

the medullary cavity of a long bone for fixation in clinical
application, and the medullary cavity contains plentiful
MSC. At this site, titanium implants can interact with MSC
directly. In our previous study,” we investigated the influence
of different-sized titanium nanoparticles on the biological
behavior of osteoblasts.

The objective of this study was to use titanium nanopar-
ticles of different sizes mimicking the wear debris poten-
tially loosening from a joint implant and to investigate how
titanium nanoparticles influence the biological behavior of
MSC, including cell adhesion, migration, proliferation, and
differentiation.

Materials and methods

Materials

Reagents used in this study, including fluorescein isothio-
cyanate (FITC), alkaline phosphatase (ALP), a bicinchoninic
acid assay kit, Hoechst 33258, dexamethasone, L-ascorbate-
2-phosphate, 1,25-dihydroxy vitamin D3, b-glycerol
phosphate, and alizarin red-S, were purchased from Sigma-
Aldrich Chemical Co (St Louis, MO, USA). Rhodamine-
phalloidin was purchased from Invitrogen Co (Carlsbad,
CA, USA). A CCK-8 assay kit was provided by Dojindo
Laboratories (Kumamoto, Japan). Vinculin antibody was
purchased from Santa Cruz Biotechnology Co (Santa Cruz,
CA, USA). DyLight 649 goat anti-mouse secondary antibody
was supplied by ZSGB-Bio Co (Beijing, People’s Republic of
China). Other reagents were sourced from Oriental Chemical
Co (Chongqing, People’s Republic of China).

Synthesis and characterization of TiO,

nanoparticles

A series of TiO, nanoparticles was synthesized with a hydro-
thermal method.” The morphological features of the TiO,
nanoparticles were characterized by field emission scanning
electron microscopy (FEI Nova 400 Nano SEM, Philips,
Eindhoven, The Netherlands) and transmission electron
microscopy (TECNAI-10, Phillips), respectively.

Cell culture

MSC were isolated from the bone marrow of the femur and tibia
of a Wistar rat (weight 150-200 g) using a technique reported
previously.” The MSC were cultured in a 75 cm? flask containing
5 mL of Dulbecco’s Modified Eagle’s Medium supplemented
with 10% bovine serum (Gibco, Grand Island, NY, USA) at 37°C
ina 5% CO, atmosphere. The cell culture medium was changed
on the first day and thereafter every 2 days. After reaching con-
fluence, the cells were detached with 0.25% trypsin in 1 mM
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tetrasodium EDTA, centrifuged, and resuspended in complete
medium for reseeding in new culture flasks. The complete
medium contained osteogenic supplements, ie, L-ascorbate-
2-phosphate 50 mg/mL, dexamethasone 0.1 mM, b-glycerol
phosphate 10 mM, and 1,25-dihydroxy vitamin D3 10 nM. Cells
at the third passage were used for our experiments.

Cell viability assay

The viability of MSC was examined using the CCK-8 assay
kit. Briefly, the cells were cultured in a 24-well plate with or
without (control) TiO, particles at an initial seeding density of
2 x 10* cells/cm?. For investigation of dose-dependent effects,
MSC were incubated with different concentrations of TiO,
nanoparticles (0.05, 0.10, and 0.20 mg/mL) for 48 hours. For
investigation of time-dependent effects, MSC were incubated
with TiO, 0.10 mg/mL nanoparticles for 3, 7, and 14 days.
CCK-8 kit reagents were added to each well according to
the manufacturer’s instructions. Absorbance was measured
using a microplate reader (model 550, Bio-Rad Laboratories,
Hercules, CA, USA) at a wavelength of 450 nm (n = 6).

Cell cycle assay using flow cytometry

The cells were cultured in a 24-well plate at an initial cell
seeding density of 1 x 10° cells/cm*. TiO, nanoparticles
were added into each well when cell confluence reached
around 70%, and the final concentration of nanoparticles
was adjusted to 0.10 mg/mL. After culture for one, two, and
three days, the cells were washed twice with phosphate-
buffered solution and centrifuged. The cells were then fixed
with 70% ethanol at 4°C for one hour and washed with
phosphate-buffered solution. Next, the treated cells were
resuspended with propidium iodide solution 0.05 mg/mL
containing RNase and incubated in the dark at room tem-
perature for 30 minutes. The DNA content of the cells was
then analyzed using a flow cytometer (EPICS XL-MCL,
Beckman Coulter, Fullerton, CA, USA).

Particle internalization assay

FITC-TiO, nanoparticles were constructed in a manner
reported elsewhere® and their translocation was investigated.
Briefly, 15 mg of TiO, nanoparticles were suspended in 1 mL
of distilled water and treated with ultrasonication at room
temperature for 45 minutes. The sample was then centrifuged
to remove the aqueous solution. Next, 0.4 mL of dopamine
1 mM solution was added with stirring for 10 minutes. After
removal of the free dopamine by centrifugation, the result-
ing dopamine-modified TiO, nanoparticles were further
reacted with FITC to yield FITC-labeled TiO, nanoparticles.

Free FITC molecules were removed by centrifugation.
FITC-labeled TiO, nanoparticles were resuspended in phos-
phate-buffered solution for further experiments. Cells were
cocultured with or without (control) FITC-TiO, nanoparticles
for 24 hours. Internalization of the TiO, nanoparticles was
investigated by confocal laser scanning microscopy (TCS
SP5, Leica Microsystems, Wetzlar, Germany).

Cell adhesion

MSC were cultured with 0.10 mg/mL of FITC-TiO, nano-
particles for 12 and 24 hours, respectively. The cells were
washed with phosphate-buffered solution three times and
fixed with 4% paraformaldehyde at 4°C for 30 minutes. The
treated cells were then permeabilized with 0.25% Triton
X-100 for 10 minutes and washed with phosphate-buffered
solution three times. Next, the cells were incubated with 5%
bovine serum albumin/phosphate-buffered solution at 37°C
for one hour. Subsequently, mouse monoclonal antibody
against vinculin (1:200) was added and incubated at 4°C
overnight. Next, DyLight 649 goat anti-mouse secondary
antibody (1:100) was added and incubated at 37°C for a
further hour. Subsequently, the cells were stained with
5 U/mL of rhodamine-phalloidin at 4°C overnight and
counterstained with 10 pg/mL of Hoechst 33258 at room
temperature for 5 minutes. Finally, the cells were mounted
with 95% glycerinum and visualized by confocal laser scan-
ning microscopy.

Wound healing

Wound healing experiments were performed for quantitative
investigation of the migration of MSC when stimulated by
TiO, nanoparticles of different sizes. MSC were incubated
without (control) or with the different TiO, nanoparticles
(0.10 mg/mL) at 37°C for 4 hours. The initial cell seeding
density was 1 x 10° cells/cm?. A linear wound was made by
scratching with a cell scraper. The cells were washed twice
with phosphate-buffered solution and incubated with fresh
medium for another 12 and 16 hours, respectively. Cells were
then visualized by confocal laser scanning microscopy.

Transwell assay

A further cell migration assay was performed as reported
elsewhere.”” MSC were cultured with TiO, nanoparticles
(0.10 mg/mL) for 8 hours. After detaching with trypsin, the
treated cells were seeded into a Millicell (Greiner Bio-One,
Frickenhausen, Germany) containing pores 8 jum in diameter
at an initial seeding density of 1 x 10° cells/cm? suspended
in Dulbecco’s Modified Eagle’s Medium containing 1%
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fetal bovine serum. Next, the Millicell was put into the
well of a 24-well plate containing 20% fetal bovine serum
in Dulbecco’s Modified Eagle’s Medium. The cells were
allowed to migrate at 37°C for another 8 hours. After staining
with crystal violet (0.1 wt%), the migrated cell clones were
recorded using an optical microscope. The cell number was
counted at 12 different areas, and the data were averaged
from three parallel experiments and normalized by data from
the control group.

Total intracellular protein content

MSC were cultured without or with TiO, nanoparticles
(0.10 mg/mL) in Dulbecco’s Modified Eagle’s Medium with
10% fetal bovine serum for 7 and 14 days, respectively. The
initial cell seeding density was 2 x 10* cells/cm?. At pre-
scribed time intervals, the cells were lysed using 1% Triton
X-100 with three freeze-thaw cycles. Total protein content
in the cell lysates was determined spectrophotometrically
using a commercially available kit (bicinchoninic acid,
Sigma-Aldrich). The light absorbance of the samples was
measured at 570 nm with the Bio-Rad 550 spectrophotomet-
ric microplate reader. Total intracellular protein (expressed
as mg) synthesized by the cells was determined from a stan-
dard curve of absorbance versus the known concentration of
albumin run in parallel experiments.

Alkaline phosphatase activity

Cells were incubated with 0.10 mg/mL TiO, particles for
7 and 14 days, respectively. The initial seeding density was
2 x 10* cells/cm?. Cells were then collected and lysed as
mentioned above. The supernatant was used for determining
ALP activity, with paranitrophenyl phosphate as a substrate.
Absorbance at 405 nm was measured using a spectropho-
tometer in a 96-well microplate reader (Bio-Rad 550). ALP
activity (expressed as nmol of p-nitrophenol converted per
minute) was normalized by total intracellular protein synthe-
sis and expressed as mol p-nitrophenol per minute per mg
protein. The ALP activity of MSC cultured without TiO,
particles was used as the control.

Mineralization

Cell mineralization was quantitatively measured after alizarin
red-S staining elution as described elsewhere.? Briefly, MSC
were incubated with TiO, particles (0.10 mg/mL) for 15 days
at an initial seeding density of 5 x 10* cells/cm?. The cells
were washed with phosphate-buffered solution and fixed
with 2% glutaraldehyde at 4°C for 20 minutes. The samples
were then washed three times in distilled water and stained

with 40 Mm alizarin red-S (pH 4.1) with shaking at room
temperature for 20 minutes. Next, 400 pL of 10% acetic acid
was added to each well and incubated for another 30 minutes
with shaking. The cell monolayer was then scraped with a
cell scraper and transferred into a 1.5 mL tube with 10%
acetic acid. Samples were heated up to 85°C for 10 minutes
and centrifuged at 20,000 g for 15 minutes. Subsequently,
300 uL of the supernatant was transferred into a new tube
and neutralized with 200 UL of 10% ammonium hydroxide.
The absorbance of supernatant (100 uL) was measured at a
wavelength of 405 nm using a spectrophotometric microplate
reader (Bio-Rad 680). Cell mineralization was finally normal-
ized for protein content.

Reverse transcription polymerase chain

reaction

Cells were collected after culture for 14 days. The total RNA
in the cells was extracted according to the instructions on an
RNA extract kit (Bio-Tek Instruments Inc., Winooski, VT,
USA). Aliquots of total RNA (5 mL) were reverse transcribed,
and a 5 mL cDNA sample was amplified. The following oligo-
nucleotide primer pairs related to the targeted RNA were used
in this study: B-actin, 5’-ATATCGCTGCGCTGGTCGTC-3’
and 5'-AGGATGGCGTGAGGGAGAGC-3’; osteo-
calcin, 5"-TGGCCCTGACTGCATTCTGC-3" and
5'"-GCTGTGCCGTCCATACTTTCG-3"; and osteo-
pontin, 5’-CCTCTGAAGAAACGGAT GACT-3" and
5-CTGTGTGTTTCCACGCTT-3". The polymerase chain
reaction conditions were as follows: first cycle at 94°C for
5 minutes, followed by 35 cycles at 94°C for 30 seconds, 56°C
for 30 seconds, and 72°C for 30 seconds, and the final cycle
at 72°C for 10 minutes. The amplified cDNA was analyzed
by gel electrophoresis with 1.5% agarose gel.

Statistical analysis

All data are expressed as the mean + standard deviation. The
statistical analysis was performed using the Student’s -test
and one-way analysis of variance at confidence levels of 95%
and 99% (OriginPro, version 7.5).

Results

Synthesis and characterization of TiO,
nanoparticles

TiO, nanoparticles of different sizes were home-synthesized
by a hydrothermal method,” and characterized by scanning
and transmission electron microscopy, respectively. Three
types of TiO, nanoparticles with average particle sizes of
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14 nm, 108 nm, and 196 nm were synthesized by simply
changing the ratios of peptizing agents, titanium precursor
solution (titanium butoxide), and reaction time. Scanning
and transmission electron microscopic images (Figure 1)
show that the TiO, nanoparticles had a relatively uniform
morphology with a narrow size distribution.

Cell viability and proliferation assay
A CCK-8 kit was used to investigate the influence of TiO,
nanoparticles on the biological behavior of MSC, ie, their

Figure | Characterization of TiO, nanoparticles with different sizes from scanning
electron microscopy observation (except for A from transmission electron
microscopy observation). (A) 14 nm, (B) 108 nm, and (C) 196 nm.

potential cytotoxicity. First, we investigated the dose-
dependent effects of TiO, nanoparticles on the viability of
MSC. The results show that high concentrations of TiO,
nanoparticles (0.10 and 0.20 mg/mL) had strong adverse
effects on the viability of MSC (Figure 2).

Second, we investigated the effects of TiO, nanoparticle
size on cell proliferation (Figure 3). MSC were cultured with
TiO, nanoparticles (0.10 mg/mL) for 3, 7, and 14 days. The
results show that the negative effect increased significantly
with increasing particle size. After culture for 3 days with
TiO, nanoparticles 196 nm in size, relative cell viability
decreased to 51.73% compared with the control group.
Relative cell viability decreased further to 36.39% and
34.92% after culture for 7 and 14 days, respectively. Over all
time intervals, the TiO, nanoparticles showed a clear tendency
for size-dependent inhibition of growth (P < 0.01).

Third, we investigated the influence of different-sized
TiO, nanoparticles on cell division by flow cytometry to
show the cell cycle during proliferation. Previous research
has suggested that metal nanoparticles might potentially
induce oxidative stress, leading to intracellular changes and
alterations in the cell cycle.® In this study, we measured
the change in percent proliferation index (percent synthesis
phase of DNA [%S] + percent post-synthesis phase of DNA
[%G,]) in the cell cycle to indicate the effects of the TiO,
nanoparticles on MSC.

The percentage of TiO, nanoparticle-treated MSC in G1
phase increased when compared with that of the control after
culture for one, two, and three days, respectively. Accord-
ingly, the percent proliferation index (%S + %G,) of MSC
treated with TiO, nanoparticles decreased after culture for
one, two, and three days (Table 1). Further, inhibition of
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Figure 2 Dose-dependent effects of various nanoparticles on cell viability after
culture for 2 days. The initial cell seeding density was 2 x 10 cells/cm?.
Abbreviation: ABS, absorbance.
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Figure 3 Viability of mesenchymal stem cells incubated with various TiO,
nanoparticles for different time periods.

Notes: The initial cell seeding density was 2 x 10* cells/cm?. Error bars represent
the mean + standard deviation for n = 6, **P < 0.01.

Abbreviation: ABS, absorbance.

proliferation of the TiO, nanoparticles was also dependent
on their particle size at each time interval. In particular, the
percent proliferation index of MSC treated with 196 nm TiO,
nanoparticles decreased 2.51-fold compared with controls
after culture for 3 days. This result indicates that the change
in percent proliferation index for the MSC was mediated
mainly by the size of the TiO, nanoparticles. This finding
was consistent with a previous study showing that polysty-
rene nanoparticle size and charge had a pronounced effect
on mitotic spindle formation and chromosomes during cell
division.’! Moreover, other studies have demonstrated that
DNA strand breaks were related to cell cycle arrest and cell
death in epithelial cells treated with TiO, nanoparticles and
copper dioxide nanoparticles.’>*

Table | Cell cycle analysis. Cells were incubated without
(control) or with various titanium dioxide nanoparticles for one,
two, and three days, respectively

Time (days) Samples G % S% G,% Pl (S+G))%
| Control 71.30 1860 10.10 2870
14 nm 7230 1230 1540 27.70
108 nm 7724 576 17.00 2276
196 nm 8208 372 1420 17.92
2 Control 6980 11.60 18.60 30.20
14 nm 7351 579 20.70  26.49
108 nm 7941 879 11.80 2059
196 nm 8423 8.07 7.70 1577
3 Control 67.39 1220 2040 32.60
14 nm 7585 8050 16.10 24.15
108 nm 7805 13.00 895 21.95
196 nm 87.00 5.2I 779 13.00

Notes: Initial cell seeding density was | x 10° cells/cm® DNA content was analyzed
by flow cytometry. G, S, and G, indicate cell cycle phases.
Abbreviation: P, proliferation index; DNA, deoxyribonucleic acid.

Particle internalization and cell adhesion
To identify the location of TiO, nanoparticles within cells and
the effect of particle size on adhesion of MSC, FITC-TiO,
particles (green), vinculin (focal adhesion protein, cyan),
actin (cytoskeleton) filaments (red), and cell nuclei (blue)
were visualized by confocal laser scanning microscopy. MSC
cultured without (control) or with FITC-TiO, nanoparticles of
different sizes were observed after culture for 12 and 24 hours
(Figure 4A), respectively. Large amounts of FITC-TiO, nano-
particles (108 nm and 196 nm) were observed to accumulate
in MSC (green). Moreover, the digested nanoparticles were
only distributed in the cytoplasm rather than the nuclei of
MSC. The same phenomenon was also observed in previous
studies of neural stem cells** and fibroblasts.**

Adhesion is the first response of the cell when it comes
into contact with a biomaterial, and plays an essential role
in regulation of the subsequent biological behavior of cells.
Previous research indicates that the adaptor protein of vin-
culin is a key regulator of focal adhesion, which is activated
by binding of talin.’ Compared with the controls, a distinct
difference was observed regarding cell adhesion (vinculin
spots, arrows) and the cytoskeletons of MSC treated with
TiO, nanoparticles. The larger the size of the TiO, nano-
particles, the lower the amount of vinculin that was present
(Figure 4A). A similar tendency was also observed for cell
spreading, indicated by distribution of actin within cells.

The amount of vinculin in MSC treated with 14 nm TiO,
nanoparticles was significantly greater (P < 0.01) than that in
MSC treated with 108 nm TiO, nanoparticles, and yet greater
(P < 0.01) in MSC treated with 196 nm TiO, nanoparticles
after culture for 24 hours (Figure 4B). The average amount
of vinculin in MSC treated with 196 nm TiO, nanopar-
ticles decreased to 63.4% of control levels after culture for
12 hours, and decreased further to 51.3% of control levels
after culture for 24 hours. These results suggest that TiO,
nanoparticle size strongly affects adhesion of MSC, which
is consistent with previous reports.!63¢

Cell migration

Focal adhesion of cells generally has a close relationship
with cell migration.”” To investigate the effect of TiO,
nanoparticles on cell migration, a wound healing (scrape
migration) assay was performed, as described elsewhere.
After culture for 12 hours, many cells treated with 14 nm
TiO, nanoparticles migrated to the center of the wound field,
whereas few cells treated with 108 nm TiO, nanoparticles
and even fewer cells treated with 196 nm TiO, nanoparticles
did so (Figure 5).
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Figure 4 (A) Confocal microscopic images of mesenchymal stem cells incubated without (control) or with FITC-TiO, particles (0.10 mg/mL) for 12 and 24 hours, respectively.

FITC-TiO, particles (green), vinculin (cyan), actin filaments (red), and cell nuclei (bl
fluorescence intensity per cell was normalized to the control sample.

Notes: Error bars represent the mean + standard deviation for n = 50, **P < 0.01.
Abbreviation: FITC, fluorescein isothiocyanate.

To investigate further the effects of TiO, nanoparticles on
cell migration, a matrigel invasion assay was performed using
Transwell chambers. Figure 6A shows representative images
for control MSC and those treated with TiO, nanoparticles.
Quantitative analysis showed that treatment with TiO,
nanoparticles significantly decreased migration of MSC.
Moreover, the relative migration of MSC treated with 14 nm
TiO, nanoparticles was significantly greater (P < 0.01) than
that of MSC treated with 108 nm TiO, nanoparticles, and

lue). Scale bar = 20 um. (B) Relative fluorescence intensity analysis of vinculin. Average

yet higher (P < 0.01) than migration of MSC treated with
196 nm TiO, nanoparticles (Figure 6B). Our results suggest
that TiO, nanoparticle size strongly affects migration of
MSC, and are consistent with those of a previous study of
hydroxyapatite nanoparticles.

Cell differentiation
To investigate the effects of TiO, nanoparticles on osteogenic
differentiation of MSC, we firstly measured ALP activity
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Figure 5 Wound healing in mesenchymal stem cells incubated without (control) or with different TiO, particles (0.10 mg/mL) shown by confocal laser scanning microscopy.

Notes: Scale bar = 100 um. The initial cell seeding density was | x 10° cells/cm%

in MSC treated with different-sized TiO, nanoparticles
(Figure 7). ALP is an early mineralization-related protein
marker for osteogenesis of osteoblasts.** MSC cultured
with different-sized TiO, nanoparticles showed significantly
weaker (P < 0.01) ALP activity than the control group at
all time points. After culture for 7 days, MSC treated with
14 nm and 108 nm TiO, nanoparticles demonstrated signifi-
cantly higher (P < 0.01) ALP activity than those treated with
196 nm TiO, nanoparticles. After culture for 14 days, MSC
treated with 14 nm TiO, nanoparticles showed significantly
more (P < 0.01) ALP activity than those treated with 108 nm
and 196 nm TiO, nanoparticles. Next, we measured miner-
alization ability in MSC treated with TiO, nanoparticles of
different sizes. The normalized mineralization demonstrated
a trend similar to that for ALP activity after culture for
15 days (Figure 8).

To investigate further the impact of TiO, nanoparticles
on differentiation of MSC, we characterized messenger
RNA (mRNA) expression of osteocalcin and osteopontin by
reverse transcription polymerase chain reaction. Osteocalcin
and osteopontin are noncollagenous matrix proteins, which
are regarded as mature osteoblast markers in MSC at a late
stage.*' We found that MSC treated with 196 nm TiO, nano-
particles produced significantly less (P < 0.05 and P < 0.01)
osteocalcin and osteopontin, respectively, than MSC treated
with 14 nm and 108 nm TiO, nanoparticles (Figure 9). This
result is consistent with the findings of a previous study
showing that calcium phosphate-based particles of increas-
ing size impaired osteogenic differentiation and bone matrix
mineralization in MSC.** However, other research has con-
firmed that a high dose of zinc oxide nanoparticles is lethal

to proliferating pluripotent MSC but has negligible toxicity
in osteogenically differentiated MSC.* Nanohydroxyapa-
tite and nanohydroxyapatite-poly(lactic-co-glycolic acid)
(PLGA) composites promote osteogenic differentiation of
human MSC.* In another study, iron oxide nanoparticles of
different sizes and surface charge were found to regulate the
differentiation of MSC.*

Discussion
In recent years, much effort has been made to improve
the properties of nanostructured titanium implants 37510
Nevertheless, nanoscale wear debris could potentially be
generated during long-term implantation in the clinical setting,
mainly because of abrasion and invasion of various enzymes
and chemicals in an environment containing biological fluids.
Therefore, investigation of the potential cytotoxicity of nano-
scale debris released from a titanium implant is essential.
The head of a titanium joint implant not only comes into
contact with osteoblasts derived from the surrounding bone
tissue but also interacts with bone marrow stem cells in the
long bone cavity. In a previous study,® we highlighted the
size-dependent negative effects of different titanium nano-
particles on viability of osteoblasts, liver cells (L-02), and
kidney cells (HEK 293), and investigated the size-dependent
cellular uptake pathways and activation of matrix metallo-
proteinase 9. In this study, we used titanium nanoparticles
(ie, a debris model) to investigate how titanium nanoparticles
of different sizes affect adhesion and proliferation (ie, DNA
synthesis), osteocalcin and osteopontin gene expression, and
migration of MSC. Investigating the migration of MSC sur-
rounding a titanium implant is of particular importance for
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Figure 6 Characterization of cell migration. (A) Qualitative cell migration assay shown by Transwell assay after culture for 8 hours. a: control; b: 14 nm; c: 108 nm; d: 196

nm; and (B) quantitative analysis of relative cell migration from A (n = 100).

Notes: The initial cell seeding density was | X 10° cells/cm?. Scale bar = 100 um. **P < 0.01.

understanding how MSC potentially contribute to osseous
integration in implant/bone tissue.

Once wear debris (ie, TiO, nanoparticle model) detaches
from a titanium implant, it can affect the biological function
of the surrounding cells in two ways, firstly by affecting
protein adsorption around cells and secondly by being taken
up directly by cells. The extent of this in both cases depends

on particle size and nanotopography. However, the exact
contribution of each factor needs to be investigated in more
depth. Our interest was focused on the latter in this study.
Our results confirmed that the synthesized TiO, nanopar-
ticles (14 nm, 108 nm, and 196 nm) had a cytotoxic effect
on MSC depending on their concentration (Figure 2). This
phenomenon could be interpreted as highly concentrated TiO,
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Figure 7 Alkaline phosphatase activity of mesenchymal stem cells cultured with
different-sized TiO, nanoparticles (0.10 mg/mL) for 7 and 14 days, respectively.
Notes: The initial cell seeding density was 2 x 10* cells/em?. Error bars represent
the mean * standard deviation for n = 6, *P < 0.05, **P < 0.01.

nanoparticles producing oxidative stress as well as reactive
oxygen species, leading to cell death.** Furthermore, we
confirmed that growth and division of MSC were negatively
affected in a size-dependent manner by the TiO, nanoparticles
(Figure 3 and Table 1) potentially via a mechanism causing
intracellular acidity, thus inhibiting cell proliferation.*

It is well known that uptake of nanoparticles can occur
via different pathways in cells, depending on the nanoparticle
dimensions. In a previous study, we confirmed that large TiO,
nanoparticles (74 nm and 196 nm) were taken up by osteo-
blasts mainly via clathrin-mediated and caveolae-mediated
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Figure 8 Quantification of cell mineralization. Mesenchymal stem cells were cultured
without (control) or with different TiO, particles (0.10 mg/mL) for |5 days.
Notes: The initial cell seeding density was 5 x 10* cells/cm?. Error bars represent
the mean =+ standard deviation for n = 6, *P < 0.01.

pathways, whereas small TiO, nanoparticles (14 nm)
were digested by osteoblasts through a caveolae-mediated
pathway.” We assume that TiO, nanoparticles were taken
up by MSC in a similar manner. In our study, we found that
greater amounts of 196 nm TiO, nanoparticles accumulated
within MSC than did 108 nm and 14 nm TiO, nanopar-
ticles (Figure 4A). Previously, Win et al demonstrated that
Caco-2 cells took up much fewer 50 nm PLGA nanoparticles
than particles with sizes of 200 and 500 nm.*” Unlike the
small (14 nm) TiO, nanoparticles, high accumulation of
large (196 nm) TiO, nanoparticles within MSC led directly
to more cytotoxicity, in turn affecting biological functions,
such as migration, differentiation, and gene expression
(Figures 4-9).

The relatively low accumulation of small-sized (14 nm)
TiO, nanoparticles might be interpreted as meaning that
small nanoparticles could escape more easily from endo-
cytic vesicles in cells, thus resulting in limited cytotoxicity
to MSC. Pan et al confirmed that 1.2 nm gold nanoparticles
were markedly less cytotoxic than 1.4 nm gold nanopar-
ticles, despite a three-fold higher concentration.*® Another
example was internalization of FITC-mesoporous silica
nanoparticles that did not affect cell viability, proliferation,
or differentiation potential of MSC.*’ An explanation for this
is that FITC-mesoporous silica nanoparticles could escape
endosomal vesicles in MSC and retain their architectonic
integrity after internalization.

On the other hand, the physicochemical properties
(chemistry and surface charge) of a nanoparticle could affect
its escape mechanism and potential cytotoxicity.® A previ-
ous study showed that poly-L-lysine-functionalized PLGA
nanoparticles could escape more rapidly and efficiently
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from endosomes than native PLGA nanoparticles and result
in 10-fold higher intracellular delivery of an encapsulated
model protein.’!

Although the positive effects of the nanotopography
of biomaterials on cell function are well documented, for
instance, cell density and cell adhesion are greatly enhanced
by surface-nanostructured biomaterials,>>* the present study
implies that loss of such a nanoscale structure may have
negative effects on cell and tissue function. Thus, ensuring
the stability of a nanostructured entity is one of the major
concerns when nanostructuring a biomaterial or exploiting
a new nanostructured biomaterial, in particular inorganic
materials.

Conclusion

In this study, the cytotoxicity of a series of TiO, nanopar-
ticles was systematically investigated from the cellular to
the molecular level. We confirmed that TiO, nanoparticles
of different sizes have a negative impact on viability, adhe-
sion, migration, proliferation, and differentiation of MSC in
a size-dependent and dose-dependent manner. Accumulation
of such knowledge might provide new insights into the devel-
opment of novel nanostructured titanium implants.
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