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Abstract There is an increased use of nanophase titanium
dioxide (TiO,) in bone implants and scaffolds. However,
nano-debris is generated at the bone-biomaterial interface.
Therefore, TiO, nanoparticles (NPs) of many sizes were
investigated for cytotoxic effects on murine MC3T3-El
preosteoblasts. These TiO, NPs induced a time- and dose-
dependent decrease in cell viability. There was a significant
increase in lactate dehydrogenase (LDH) release, apoptosis
and mitochondrial membrane permeability following short-
term exposure of the cells to TiO, NPs. These NPs also
increased granulocyte-macrophage colony stimulating
factor (GM-CSF) and granulocyte colony-stimulating fac-
tor (G-CSF) gene expression. Compared with the 32 nm
TiO, NPs, 5 nm TiO, NPs were more toxic, induced more
apoptosis, increased mitochondrial membrane permeability
and stimulated more GM-CSF expression at a high con-
centration (>100 pg/ml). The results implied that the dif-
ferential toxicity was associated with variations in size, so
more attention should be given to the toxicity of small NPs
for the design of future materials for implantation.
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1 Introduction

Nanobiomaterials show great potential in the application of
bone prostheses, bone engineering scaffolds and bone
implants because of the special properties of their nano-
metric surface topography, such as high specific surface
area, roughness and chemical composition [1, 2]. Titanium
oxide nanoparticles (TiO,, NPs) are used in pigments,
sunscreens, cosmetics and more recently, in biomaterials
[3, 4]. Compared to conventional TiO, formulations, a
nanophase TiO, layer on the surface of implants can
modulate protein adsorption, stimulate cell adhesion,
enhance alkaline phosphatase activity, promote bone min-
eralisation at the bone—biomaterial interface and improve
osteointegration in vivo [5-7]. Furthermore, ceramics
made from TiO, NPs can induce bone-like apatite forma-
tions, stimulate osteoconductivity and can bond directly to
living bone in a shorter period of time after implantation
[8-10]. TiO, NPs have also been reported as potential
fillers in polymeric materials to improve the strength,
toughness and wear of bone-engineered scaffolds [11-13].

Bone prostheses and orthopaedic or dental implants
containing NPs may release nano-debris at the bone—bio-
material interface into the microenvironment [11]. Possible
harmful effects of these NPs on their local environment and
the health of the patient are still uncertain. Certain routes of
exposure to TiO, NP absorption, such as inhalation, have
proven to be toxic. TiO, NPs exhibit a different toxic
potential compared to bulk material or conventional par-
ticles [14, 15]. TiO, NPs have been shown to have a greater
capacity to stimulate interleukin-8 (IL-8) release from lung
epithelial cells and cause lung inflammation when com-
pared to fine TiO, particles [16, 17]. The increased toxicity
may be elicited by the high surface-to-mass ratio of the
NPs. Furthermore, it was reported that 20 nm particles
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were genotoxic, while 200 nm particles did not induce
toxicity [18]. To date, most in vitro studies have focused on
the comparison between TiO, micron- or submicron-size
particles and NPs [18-20]. However, comparisons of TiO,
NPs of many sizes have been seldom mentioned. Recently,
experts have reported that metal oxide particles less than
30 nm in diameter underwent dramatic changes in crys-
talline structure that enhanced their interfacial reactivity
[21]. The surface area of the NPs was also reported to
increase noticeably as the particle size decreased to less
than 10 nm [22]. These observations suggest that nano-
toxicological studies might be better focused on a smaller
set of NPs with unique nanoscale properties, which was the
focus of the present report.

Studies have shown that debris can induce bone loss,
loosen implants and sometimes cause clinical failure of
bone prostheses [23-25]. In addition, there is growing
evidence that debris can directly affect cells of the osteo-
blast lineage [26, 27]. Therefore, the adverse effects of NPs
on peri-implant cells, especially bone cells, should be
determined. Only a few studies have been conducted on the
response of osteoblasts to nanophase TiO, debris. An early
study reported that nanophase TiO, particles (23 nm)
caused a well-spread cell morphology and increased cell
viability within 2 or 6 h [12], while another study con-
cluded that the presence of TiO, NPs (15 nm) in the
extracellular area surrounding osteoblast cells led to a
decrease in cell proliferation after 24 h [28]. These dis-
parities might have been caused by differences in size or
the types of TiO, NP crystal structures analysed (one study
used a combination of rutile and anatase and the other used
anatase). Cellular organelle damage and phenotypical
changes (e.g., the release of cytokines and proteases) in
osteoblast lineages in the presence of TiO, NPs have
scarcely been studied [11].

Herein, 5 and 32 nm TiO, NPs (purity: 99%, anatase; np5
and np32, respectively), which have identical phases, were
evaluated for cytotoxic effects on murine preosteoblast
MC3T3-El cells. Changes in mitochondrial membrane
permeability and pro-inflammatory gene expression, such as
granulocyte-macrophage colony stimulating factor (GM-
CSF), were also investigated to reveal possible mechanisms
of toxicity induced by exposure of the cells to TiO, NPs.

2 Materials and methods

2.1 Characterisation and preparation of particles
Titanium oxide nanoparticles (TiO, NPs; purity: 99%
anatase) of 5 and 32 nm in diameter were purchased from

Alfa Aesar (Ward Hill, MA, USA). TiO, particles were
weighed, sterilised by heating to 120°C for 2 h, and added

@ Springer

to cell culture medium. NPs in the culture medium were
investigated using transmission electron microscopy
(TEM) to determine the shape and aggregation. X-ray
diffractometry graphs were obtained using an X-ray Dif-
fractometer (Bruker-Axs, Germany) with a copper Ko
radiation at 40 kV and 100 mA. The scans were recorded
on a KEVEX detector between 20° (20) and 80° (20) with a
10°/min scan speed. The results of the XRD spectra were
compared to TiO, standards (anatase and rutile; JCPDS
No. 21-1272 and JCPDS No. 21-1276). Prior to the NP
addition to the cells, the particles were sonicated for at least
10 min to produce a less-aggregated and uniform suspen-
sion in culture medium.

2.2 Cell culture

MC3T3-El murine preosteoblasts (subclone 14, obtained
from the Chinese Academy Of Science Cell Bank and
maintained in our research lab) were cultured in Alpha-
Minimum Essential Medium (a-MEM), supplemented with
10% foetal bovine serum and 1% penicillin/streptomycin
(PS) in a humidified incubator (37°C and 5% CO,). The
cells were incubated for 24 h prior to exposure to the
particles, and the culture medium was changed every 2 or
3 days. Cells free of NPs served as the control group
throughout each assay.

2.3 Cell viability and cytotoxicity assays

The tetrazolium salt MTT method and lactate dehydroge-
nase (LDH) assay were used to determine TiO, NP cyto-
toxicity because trials with more than one assay are
recommended to determine cell viability and cytotoxicity
[29]. The viability was assessed using the tetrazolium salt
MTT method; a total of 4 x 10* cells/ml was plated in
24-well plates. After 24 h, different concentrations of NPs
ranging from O to 500 pg/ml were added to the wells, and
the culture was further incubated for 24, 48, or 72 h. After
this treatment, the medium was changed, and the cells were
incubated with 0.5 mg/ml MTT (Sigma-Aldrich) under
normal culture conditions for 4 h. Subsequently, the med-
ium was removed, and 200 ul DMSO was added to each
well. The plates were shaken for 10 min, the solutions were
transferred to a 96-multiwell plate, and the absorbance of
each solution was measured at 490 nm via a spectropho-
tometer (BioTek, Elx 800, Winooski, VT, USA). Absor-
bance values were also corrected with an NP blank. Cell
cytotoxicity was assessed by measuring the release of LDH
from the cytosol of damaged cells into the medium. In
addition, 4 x 10* cells/ml were seeded in a 24-well plate,
allowed to attach for 24 h, and treated with different NP
concentrations ranging from O to 500 pg/ml for 24, 48, or
72 h. LDH release was assayed with the CytoTox 96 non-
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radioactive assay (Promega, Madison, WI, USA) according
to the manufacturer’s instructions.

2.4 Annexin V apoptosis detected by a flow cytometric
assay

MC3T3-El preosteoblasts were seeded in 6-well plates
(4 x 10* cells/ml) and incubated for 24 h. The cells were
then treated with different concentrations of TiO, NPs
ranging from 0 to 500 pg/ml for another 24 h. Cells were
trypsinized with 0.125% trypsin solution, washed with PBS
and collected by centrifugation (1000 rpm for 5 min). Then
cells resuspended in binding buffer and stained with both
Annexin V-FITC and propidium iodide (PI) (Annexin
V-FITC Apoptosis Detection Kit, BioVision, USA). The
cell suspension was ready for the analysis by the flow
cytometry (Becton-Dickinson, San Jose, CA, USA). The
cells were then analysed for Annexin V using the fluor-
esceinisothiocyanate (FITC) signal detector (FL1) and PI
using the phycoerythrin emission signal detector (FL2).

2.5 TEM analysis

MC3T3-El preosteoblasts were cultured at 37°C in 6-well
plates as described above. After 24 h, the cells were treated
with TiO, NPs (10 and 100 pg/ml, moderately cytotoxic
doses) for another 24 h and then fixed with glutaraldehyde
at 4°C for 1 h. After further fixation with osmium acid, the
cells were dehydrated with pyruvic acid and coated with
epon. The samples were then examined by TEM.

2.6 Mitochondrial membrane permeability assay

Cells were initially seeded in 6-well plates for 24 h and
treated with TiO, NPs (from O to 100 pg/ml, moderately
cytotoxic doses) for another 24 h. Changes in mitochon-
drial membrane permeability were detected using the
Mitochondria Staining Kit (Sigma-Aldrich) according to
the manufacturer’s instructions. The staining mixture was

prepared by mixing the staining solution with an equal
volume of «-MEM, and the cells were then incubated in the
staining mixture (2 ml/well) for 20 min at 37°C in a
humidified atmosphere containing 5% CO,. Afterwards,
the cells were washed with growth medium twice and then
observed using an epifluorescence microscope (IX-71,
Olympus).

2.7 RNA extraction and real-time quantitative RT-PCR
analysis

Following the treatment with NPs for 24 and 48 h, total
cellular RNA was extracted using the TRIzol Plus RNA
Purification Kit (Invitrogen, USA) according to the rec-
ommended protocol. The quantity and quality of the RNA
obtained was analysed using a NanoDrop 1000 spectro-
photometer (Thermo Scientific, San Jose, CA, USA),
according to the manufacturer’s instructions. The extracted
RNA was subsequently reverse transcribed to cDNA using
a PrimeScript_RT reagent kit (Takara Bio, Shiga, Japan).
The gene-specific primers for GM-CSF, granulocyte col-
ony-stimulating factor (G-CSF), IL-1, tumour necrosis
factor alpha (TNFa) and the calibrator reference gene
f-actin were synthesised commercially (Shengong, Co. Ltd.,
Shanghai, China). The specific primer sets are outlined in
Table 1. All quantitative RT-PCR (RT-qPCR) reactions
were performed with a MyiQ Single-Colour Real-Time PCR
Detection System (Bio-Rad Laboratories, USA). For quan-
titative PCR, 10 ul SYBR Premix Ex Tag™, 0.4 pl of each
forward and reverse primer and 1 pl cDNA template were
used in a final reaction volume of 20 pl. Cycling conditions
included an initial denaturation step of 180 s at 95°C fol-
lowed by 40 cycles of 10 s at 95°C, 30 s at 60°C and 30 s at
72°C. Data collection was enabled at 72°C in each cycle, and
the Cr (threshold cycle) values were calculated using Q5
software. Analysis was based on calculating the relative
expression level of these genes compared to the expression of
the controls at 24 and 48 h (n = 4). The level of expression
was normalised to ff-actin.

Table 1 Nucleotide sequences

for real-time RT-PCR primers Gene Primer sequence (forward/reverse) Zrzoedl(l]:; | grrﬁl;j:;?fre o)

IL-1 5'-CAACTGTGAAATGCCACC-3’ 176 60
5'-GTGATACTGCCTGCCTGA-3'

GM-CSF 5'-GCCATCAAAGAAGCCCTGAA-3' 113 60
5'-GCGGGTCTGCACACATGTTA-3’

G-CSF 5'-GGGAAGGAGATGGGTAAAT-3’ 147 60
5'-GGAAGGGAGACCAGATGC-3'

TNFo 5'-CCTCCTGGCCAACGGCATGG-3' 196 60

5'-GCAGGGGCTCTTGACGGCAG-3'

@ Springer



1936

J Mater Sci: Mater Med (2011) 22:1933-1945

2.8 Statistical analysis

The data were expressed as the mean + the standard
deviation (SD). Data comparisons were performed using a
standard analysis of variance (ANOVA) followed by Tu-
key’s or Dunnett’s T3 test for multiple comparisons. The
independent sample 7 test was used to compare two-group
variables; P < 0.05 was considered statistically significant.
For cell cytotoxicity experiments, value of P < 0.01 was
considered significant. Every experiment was repeated at
least three times. The statistical analyses were performed
using SPSS 11.0 software (SPSS, Chicago, IL, USA).

3 Results
3.1 Particle characterisation

The TEM morphological assessment (Fig. 1a) showed that
np32 was larger and had a smaller surface area-to-volume
ratio compared to np5. In the presence of the cell culture
medium with 10% FBS, both np5 and np32 were found in
aggregates. Most np32 particles were round with a smooth
surface, while np5 appeared similar to irregularly shaped
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Fig. 1 Characteristics of TiO, nanoparticles. a TEM images of np5
and np32. b XRD patterns of np5 and np32
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platelets. The XRD patterns (Fig. 1b) of the two particle
samples indicated that they were primarily in the anatase
phase with some rutile phase characteristics, and all of their
diffraction peaks were assigned according to standard
anatase and rutile. There were no significant differences
between np5 and np32 with respect to the phase.

3.2 Cell cytotoxicity assay

The TiO, NP-mediated cytotoxicity of MC3T3-E1 preosteo-
blasts was assayed using the MTT and CytoTox 96 assays.
Figure 2a shows the relationship between the optical density
and the different sizes and concentrations of the NPs. Com-
pared to the control, the viability of np32 clearly decreased at
50 pg/ml following 24 h exposure, while the viability of np5
began to decrease at a higher NP concentration (100 pg/ml).
The two NPs also showed a reduction in viability at low
concentrations at longer exposure time. A significant increase
in cytotoxicity was also observed for np32 at 5 pg/ml and np5
at 50 pg/ml. The results of the study also showed a slight
increase in viability in cells treated with np5 at 5 pg/ml.

At concentrations of 5-500 pg/ml, the two NP sizes
induced a concentration-dependent increase LDH release
(Fig. 2b). This assay indicated that the two NP samples
caused a significant increase in LDH leakage at a higher
concentration (>50 pg/ml) compared to the control. The
treatment of cells with particles at 5 pg/ml did not result in
significant cell death. Compared to np32, np5 caused
greater LDH release at 500 pg/ml in the first 24 h.

3.3 Apoptosis detected by flow cytometry

According to the flow cytometry results, the TiO, NPs
induced apoptosis (Fig. 3), and the abnormal cells were in
the lower right quadrant (Annexin V+ (Ann+)/propidium
iodide— (PI-), early apoptosis), upper right (Ann+/PI+,
terminal apoptosis) and upper left (Ann—/PI+, necrosis).
In the control group, nearly no apoptosis occurred after
24 h cultivation. However, when the cells were treated
with TiO, NPs, the numbers of apoptotic cells increased as
the NP concentration increased. At 500 pg/ml, both np5
and np32 caused significant increases in the numbers of
apoptotic cells compared to the control group. The highest
rate of apoptotic cells reached 19.84% when cells were
treated with 500 pg/ml np5. These results demonstrate that
np5 induced greater apoptosis than np32 at 500 pg/ml. It is
possible that apoptosis was the mechanism of cell death.

3.4 Observation of internalisation and apoptosis
by TEM

TEM microphotographs (Fig. 4) showed that MC3T3-El
preosteoblasts (4 x 10* cells/ml) treated with 10 or
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Fig. 2 Effect of np5 and np32 TiO, NPs on cell survival based on the
MTT (a) and CytoTox 96 (b) assays. Cells were treated with different
nanoparticle concentrations (5-500 pg/ml) for 24, 48, or 72 h,

100 pg/ml TiO, NPs formed intracellular vesicles con-
taining endocytosed material in the cytoplasm. There were
also visible changes in the cell membrane when endocy-
tosis occurred (Fig. 4a). In all groups, TiO, NPs agglom-
erated on both the surface and inside the cells and vesicles,
while irregular-shaped aggregates remained in the cyto-
plasm but not in the nucleus. Compared to the control,
10 pg/ml TiO, NPs (especially np32) did not stimulate
visible cellular organelle changes. When the cells were
treated with 100 pg/ml npS or np32 (especially np5) for
24 h, a number of mitochondria swelled, vacuoles
appeared and karyoplasms were found concentrated in
some samples (Figs. 4d, 5). Therefore, the TEM results
indicate that preosteoblast cells function to take up TiO,
NPs and that apoptosis appears at 100 pg/ml npS and
100 pg/ml np32 after 24 h.

3.5 Changes of mitochondrial membrane permeability

JC-1 is a potentiometric dye that changes mitochondrial
membrane permeability as J-aggregates transition to JC-1
monomers. In healthy cells with a normal mitochondrial
membrane potential gradient, JC-1 spontaneously forms red

48 h

72h

respectively. n = 3; *, Significantly different compared to control
(no particles); #, significant difference between np5 and np32 in the
individual group for each concentration, P < 0.01

fluorescent J-aggregates, whereas in apoptotic or unhealthy
cells, JC-1 remains in the green fluorescent monomeric form.
Changes in mitochondrial membrane permeability were
evaluated after a 24 h treatment with TiO, NPs (Fig. 6).
Positive control cells treated with 0.4 pl valinomycin for
30 min had drastically increased mitochondrial membrane
permeability. Figure 6 illustrates that the two TiO, NPs
(especially np5) increased mitochondrial membrane per-
meability at 100 pg/ml. Compared to the control, cells
treated with 10 pg/ml TiO, NPs displayed almost no change
in mitochondrial membrane permeability.

3.6 Pro-inflammatory response to NPs

To investigate the effect of TiO, NPs on the expression of
GM-CSF, G-CSF, IL-1 and TNFu« in preosteoblasts, real-
time RT-qPCR analysis was performed at defined time
points (24 or 48 h) using moderately cytotoxic doses of
TiO, NP (10 and 100 pg/ml). The presence of TiO, NPs
(especially np5) clearly influenced GM-CSF expression
(Fig. 7a); GM-CSF mRNA was dramatically increased in
cells exposed to np5 and np32 at 100 pg/ml for 24 h (50.53
and 12.71 fold, respectively) and 48 h (28.83 and 7.32 fold,
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concentration (ug/ml)

Fig. 3 Flow cytometric analysis of MC3T3-El preosteoblast apop-
tosis induced by TiO, nanoparticles for 24 h. a np5, b np32, ¢ control,
d bar graph to present the number of apoptotic cells (n = 3). *,

Fig. 4 TEM preparations after 24 h. a endocytosis of TiO, NPs,
b control (untreated) cells, ¢ and d MC3T3-E1 preosteoblasts after
treatment with 10 or 100 pg/ml np5, e and f MC3T3 cells stimulated
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Fig. 7 Evaluation of pro-
inflammatory gene expression
in MC3T3-E1 preosteoblasts
after treatment with TiO, NPs
for 24 and 48 h: a GM-CSF,
b G-CSF, ¢ IL-1 and d TNFa.
Cells were exposed to np5 or
np32 TiO, (10 or 100 pg/ml).
Data are presented as the
mean £+ SD (n = 3); *,
Significantly different compared
to control (no particles); #,
significant difference between
np5 and np32 in the individual
group for each concentration,
P < 0.05
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respectively). When cells were exposed to 10 pg/ml TiO,
NPs at defined time points, the increased GM-CSF
expression was also significant for both np5 and np32,
although np5 only induced significantly higher GM-CSF
expression than np32 at 100 pg/ml. Treatment of MC3T3
cells with np5 or np32 at any tested dose for 24 h increased
G-CSF expression (100 pg/ml, 4.46 and 4.07 fold,
respectively; 10 pg/ml, 3.44 and 2.63 fold, respectively).
G-CSF expression following a 24 h treatment with 10 pg/ml
np5 was 1.31 fold higher than that following treatment with
10 pg/ml np32 (P < 0.05). At 100 pg/ml, np32 induced
1.35 fold greater IL-1 mRNA expression than np5
(P < 0.05), and no change was seen in TNFo mRNA
expression after TiO, NP exposure compared to the control
(Fig. 7c, d).

4 Discussion

Although the development of nanotechnology has led to
the increased use of nanobiomaterials, such as TiO,
nanoparticles (TiO, NPs), in bone prostheses and ortho-
paedic and dental implants, the possible harmful effects of
TiO, NPs to osteoblast-like cells (especially for NPs of
different sizes) are relatively unknown [1, 2, 12, 28]. The
present study evaluated the cytotoxic effects of 5 and
32 nm TiO, NPs (np5 and np32) on the murine preosteo-
blast cell line MC3T3-El. The results from this study
demonstrated that np5 caused greater apoptosis, induced
significantly more mitochondrial damage and stimulated
more pro-inflammatory gene expression than np32, sug-
gesting that this differential toxicity was associated with
the size of the TiO, NPs.

To determine the state of the particles before cellular
exposure, the NP morphology and behaviour in cell culture
medium was evaluated by TEM; np5 was significantly
smaller than np32. As the NP size decreased (typically to
diameters less than 20-30 nm), there was an exponential
increase in the number of atoms localised at the surface and
crystallographic changes, such as lattice contraction or
deformation, rearrangements of the surface atoms, or
changes in morphology [21]. In the TEM investigation of
the nanoparticles, most np32 particles were round, whereas
np5 particles were similar to irregularly shaped platelets.
These unique nanoscale features affected the interfacial
reactivity. TEM also showed the aggregation of both sizes
of TiO, NPs in the cell culture medium. The aggregation of
the differently sized NPs was in line with reports showing
similar behaviour by other NPs [19, 26, 30], although these
aggregates can still maintain a large surface area and other
characteristics of individual NPs [31, 32].

The MTT assay was based on the conversion of tetra-
zolium salt by mitochondrial dehydrogenases as marker of

cell viability [33]. Only a slight change in viability at
low NP concentrations was found, while cell viability
decreased drastically at higher concentrations (>50 pg/ml).
The results presented here using MC3T3-E1 preosteoblasts
supported a number of previous studies, which have dem-
onstrated that NP exposure decreases the viability in both a
dose- and time-dependent manner using a variety of cell
culture systems [34-37]. Hussain et al. have reported that
TiO, NPs do not produce a significant reduction in viability
at doses between 10 and 50 pg/ml in rat liver cells, but they
did observe a significant effect at higher concentrations
(100-250 pg/ml) [38]. Additionally, increased cytotoxicity
was not observed in human bronchial epithelial cells
exposed to approximately 20 pg/ml TiO, NPs, while sig-
nificant cytotoxicity was reported in another study using
lower concentrations [39, 40]. These differences in results
may be because of differences in susceptibility to NPs from
one cell line to another. One study using osteoblast cells
reported that TiO, NPs led to a decrease in cell prolifera-
tion, even when an increase in optical density was observed
at 25, 50 and 100 pg/ml in UMR106 cells, which were
measured using MTT assays [28]. MTT assay could show
cytotoxicity after exposure to low NPs concentration of 50
or 5 ng/ml. This phenomenon may be related to mito-
chondrial damage [41]. Figure 6 clearly showed that par-
ticles were potent to cause mitochondrial damage. The
present study also displayed a higher absorbance in cells
treated with np5 than np32 at lower concentrations (5 and
50 pg/ml) which may be correlated with the cell endocy-
tosis. Liu et al. [42] reported that MTT was not permeable
to lipid membranes and was taken into cells through
endocytosis. All these factors which may affect the endo-
cytosis of MTT could lead to the cellular MTT reduction.
The present study displayed that cells exposed to np5
endocytosed more particles than cells exposed to np32
under identical concentrations. So we believe that cell
exposed to np5 may also have endocytosed more MTT than
np32 group which may have led to a higher absorbance in
cells treated with np5 at lower concentrations. Besides, cell
endocytosis requires the energy which may up-regulate the
activity of the mitochondrial respiratory chain and finally
increase the absorbance value in MTT assay [28, 43, 44].
These assumptions was also supported by a research by Di
Virgilio et al. [28]. The author found that TiO, NPs would
lead to a decrease in osteoblast proliferation even when the
increase in absorbance value was observed for MTT and
neutral red (RN) assays. During the first 24 h, the two NP
samples only caused a marked increase in LDH leakage at
500 pg/ml. With increased exposure time, the two NPs
caused an increase in LDH release at a lower concentration
(>50 pg/ml) compared to the control. These results indi-
cated that the toxicity increased with increasing amounts
of TiO, NPs presented to the MC3T3-E1 preosteoblasts.
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The MTT and LDH release assays consistently demon-
strated that the NP-induced cytotoxic effect was concen-
tration and time dependent and was pronounced at
concentrations greater than 50 pg/ml. For the MTT assay,
only at higher concentrations (>50 pg/ml) that np5 was
more toxic than np32. The LDH assay clearly showed that
the NP-induced cytotoxic effect was size dependent, and
np5 was more toxic.

Based on previous cytotoxicity tests, 10, 100 and
500 pg/ml TiO, NPs were chosen for further study. To
quantify apoptotic cells, Annexin V-FITC and PI were used
to analyse the number of apoptotic MC3T3-E1 preosteo-
blasts induced by NPs. During early exposure, np5 induced
more apoptosis than np32 at 500 pg/ml, but there was no
significant increase in apoptosis with increasing amounts of
NPs presented to cells (from 10 to 100 pg/ml). This result
was in agreement with the results from the LDH assay.
Previous work has demonstrated that the microtubule
cytoskeleton is reformed during apoptosis and plays an
important role in plasma membrane integrity. After mito-
chondrial depolarisation, apoptotic microtubule network
disorganisation has been associated with increased LDH
release as a result of increased plasma membrane perme-
ability [45]. Another study has reported on the concentra-
tion-dependent apoptosis of rat peritoneal macrophages
treated with hydroxyapatite NPs [46]. Their data suggested
that apoptosis could be a mechanism of cytotoxicity for
some NPs, such as TiO, NPs.

TEM observations demonstrated cellular vesicle for-
mation after treatment with both TiO, NP sizes for a 24 h
period. Nearly all metal oxide NPs can be endocytosed by
cells [28, 34]. Endocytosis occurs through different
mechanisms, including phagocytosis, pinocytosis and
receptor-mediated endocytosis. The formation of a coated
vesicle, clearly visible by TEM, indicated that the uptake
of TiO, NPs occurred via receptor-mediated endocytosis
[47, 48]. Tt has been speculated that serum proteins are
adsorbed onto NP surfaces, facilitating NP binding to the
corresponding cell membrane receptors, followed by sub-
sequent cellular uptake [49]. Although NPs were found in
aggregates in the cell culture medium, the surface area and
size of the NPs seemed to be an important aspect for in-
ternalisation [50]. Cell death may occur by either apoptosis
or necrosis. Apoptotic cells are generally characterised by a
number of morphologic, molecular and biochemical fea-
tures [51, 52]. The characteristic ultrastructural changes
include cytoplasmic crimpling, concentrated karyoplasms
and karyon lysis [53, 54]. In this study, TEM images
showed that most cells exhibited mitochondrial swelling
following treatment with either 100 pg/ml np5 or np32
over 24 h, while some cells showed typical morphological
features of apoptosis. Furthermore, 500 pg/ml TiO, NPs
induced karyotheca breakup (image not show).
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Any change in mitochondrial membrane permeability is
known to be an early event in apoptosis. After the formation
of a permeability transition pore in the mitochondrial
membrane, many pro-apoptotic proteins are released from
the mitochondria into the cytosol [55]. A mitochondrial
staining kit was used to indicate changes in mitochon-
drial membrane permeability and identify mitochondrial
involvement in TiO, NP-induced cytotoxicity. Mitochon-
dria are targets for endocytosed particles, and mitochondrial
damage can lead to mitochondrial depolarisation and
apoptosis. TiO, NPs increased mitochondrial membrane
permeability in MC3T3-E1l preosteoblasts, as reported in
this study. TiO, NPs have been suggested to impact mito-
chondria by forming reactive oxygen species (ROS) in
several cell types, such as brain microglia, bronchial epi-
thelial cells and peripheral lymphocytes [37, 56]. ROS can
be formed via transition metals, radicals or other chemicals
on the particle surface, or as a consequence of the interaction
between particles and cellular components [14]. It has been
postulated that the NP surface area (even when in the form
of aggregates) plays an important role in ROS production.
One study has reported a linear correlation between the NP
surface area and oxidative stress [57]. This data implied that
the different cytotoxicities between np5 and np32 are related
to the surface area, and this work also suggested that particle
size was a determining factor in NP cytotoxicity.

NPs were also investigated for the ability to stimulate pro-
inflammatory gene expression when murine preosteoblasts
were exposed to TiO, NPs. In many in vivo and in vitro
studies, the exposure of cells to particles induced inflam-
matory effects and stimulated pro-inflammatory gene
expression [57-60]. There have been recent discussions
about the correlation between nanoparticle size and the pro-
inflammatory response. Results from this study indicated
that TiO, NPs clearly induced the expression of GM-CSF;
the GM-CSF mRNA expression level induced by 100 pg/ml
np5 was significantly higher compared to the 100 pg/ml
np32 sample. Other in vivo studies have also reported higher
GM-CSF mRNA expression in response to ultrafine particles
compared to larger sized particles [57, 61, 62]. TiO, NPs
(15 nm) exhibited a greater potential to cause GM-CSF
release compared to 50 nm TiO, NPs in the epithelial cell
line [57]. All of these studies have indicated a strong corre-
lation between particle size and in vitro GM-CSF mRNA
expression caused by TiO, NPs. TiO, NPs have been shown
to generate ROS to a greater extent than larger particles,
which lead to the increased transcription of pro-inflamma-
tory mediators via intracellular signalling pathways,
including calcium disturbances and oxidative stress [39].
Specifically, when particle size decreased to 5 nm, GM-CSF
mRNA expression markedly increased, as the NP surface
area was noticeably increased. In addition, the internalised
NP concentration should be considered in the TiO,
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NP-induced dose-dependent pro-inflammatory response
[57]. As studied in this study, higher concentrations of TiO,
NPs can trigger cells to express higher levels of G-CSF
compared to controls. The IL-1 mRNA expression was sig-
nificant up-regulated in presence of np32 TiO, after 24 and
48 h. However, the increase was minimal, it was less than 1.5
fold compared to the non-treated cells. There was no effect
on TNFa mRNA expression. This result was consistent with
the research of Valles et al. [63]. They reported that TNFo
and IL-1 were not detected in the media from osteoblasts
exposed to TiO, particles for 24 h. But there are some
experiments indicated that TiO, particles leaded to high
expression of TNFa or IL-1 in macrophage and epithelial cell
[37, 63, 64]. This disparity in TNFo or IL-1 expression might
be caused by differences in cell types.

As a final note, TiO, NPs may also affect osteoblast
differentiation, matrix formation, or osteoclast recruitment
and possibly result in decreased bone formation. These
effects were not measured in this work, and further studies
will be performed to investigate these effects in MC3T3-E1
preosteoblasts.

5 Conclusions

Results from this study show that TiO, NPs (purity: 99%,
anatase) induce cytotoxicity in a time- and dose-dependent
manner. There was a significant increase in LDH release
and apoptosis following early exposure of the cells to high
doses of TiO, NPs (500 pg/ml). Pro-inflammatory GM-
CSF and G-CSF gene expression also increased in response
to exposure to TiO, NPs. Furthermore, np5 stimulated
significantly greater LDH release, mitochondrial damage
and apoptosis when compared to np32, which implies that
the differential toxicity is associated with the TiO, NPs
size. Consequently, the effects of TiO, NPs on osteoblast
cell lines is dependent on the particle concentration and
size as well as exposure time. The toxicity of NPs of
diameters less than 30 nm should be addressed in the
creation of future materials for implantation.
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