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Titanium has been utilized in the field of orthopaedic and dental reconstructive
surgery, but mineralization through osteogenic differentiation of osteogenic cells on
titanium surfaces has not been fully investigated. Here we cultured rat mesenchymal
stem cells (MSCs) on the surfaces of titanium dishes in osteogenic media containing
calcein which is a calcium-binding fluorescence dye. On titanium dishes, MSCs
showed high viability to adhere to the surfaces and excellent proliferation. At day 14
of culture, MSCs differentiated into osteoblasts to form mineralized matrices on
titanium dishes as well as tissue culture polystyrene (TCPS) dishes which are widely
recognized as optimal culture substrates. Calcein was incorporated into the bone
minerals fabricated by MSCs cultured on both substrates to show green emission
under fluorescence microscopy. The fluorescence intensity was quantified with an
image analyser during culture periods. These results indicate that the surfaces of
titanium showed a high adhesion/proliferation potential to MSCs and that the
titanium effectively supported the osteogenic differentiation of MSCs comparable to
TCPS dishes. Therefore, the titanium is an effective scaffold that is applicable in
bone reconstruction surgery.

Key words: calcein, cell adhesion, mesenchymal stem cell, osteogenic differentiation,
titanium.

Abbreviations: calcein-AM, calcein-bis [(acetyloxy) methyl] ester; Calcein F. I., calcein fluorescence
intensity; Dex, dexamethasone; EDX, energy dispersive X-ray spectroscopy; EthD-1, ethidium
homodimer-1; FBS, fetal bovine serum; hFbs, human dermal fibroblasts; MEM, minimum essential
medium; MSCs, mesenchymal stem cells; PBS(—), calcium/magnesium-free phosphate-buffered saline; P-1,
passage-1; P-3, passage-3; Ra, surface roughness; SEM, scanning electron microscopy; TCPS, tissue culture

polystyrene.

Mesenchymal stem cells (MSCs) can differentiate into
osteoblasts and undergo mineralization when they are
cultured in the presence of ascorbic acid, B-glyceropho-
sphate and dexamethasone (Dex) (I, 2). From physico-
chemical and biochemical analyses, such mineralization
is not a simple precipitation of calcium and phosphorous
but is a biological accumulation of apatite, which exists
in natural bone (3). Cultured MSCs can differentiate into
osteoblasts not only on tissue culture polystyrene (TCPS)
dishes but also on the surfaces of biomaterials such as
bioactive calcium phosphate ceramics (4, 5) and bioinert
alumina ceramics (6) or titanium alloys (7-9). The
cultured osteoblast/biomaterial constructs show in vivo
osteogenic capability as evidenced by new bone formation
after implantation (10-13). Based on these results, it has
been proposed that autologous MSCs can be used for the
treatment of bone/joint diseases; they have already been
implanted in patients resulting in excellent therapeutic
effects (14, 15). In clinical applications, we must evaluate
the osteogenic capability of cultured cells non-invasively
and accurately because we have found individual
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differences in the osteogenic capabilities of patient’s
MSCs (16). Therefore, in order to set suitable implant
conditions, the evaluation of the regenerative cultured
bone on the biomaterial seems to be very important (17).
In this regard, we reported a novel method of real-time
monitoring of a mineralized matrix by MSCs cultured on
TCPS dishes with a calcium-binding fluorescent dye,
calcein (I8). Using the novel method, we stained the
calcium deposited on the bone matrices with calcein, and
quantified the intensity of the fluorescence emission of
calcein with an image analyser.

Titanium alloys including pure titanium are widely
utilized as substitutes for dental implants (19) and the
fixing of fractures (as fixation plates and screws) (20).
Titanium is bioinert and biocompatible, and shows
osteoconductive property when implanted in bone
defects. In previous study, Ohgushi and Caplan (10)
were reported that osteoinductivity was given by making
the marrow cell/titanium composites (10). However,
mineralization through the osteogenic differentiation of
osteogenic cells on titanium has not been fully examined.
In contrast, TCPS dishes are recognized as the gold
standard of substrates for cultured cells because their
surfaces are chemically modified to be suitable for cell
adhesion.

© 2007 The Japanese Biochemical Society.
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In this article, we confirmed the in vitro osteogenic
differentiation of rat MSCs cultured on titanium surfaces
as well as on TCPS dishes and investigated real-time
monitoring of mineralized matrices produced by rat
MSCs on the titanium surfaces throughout the cultiva-
tion period.

MATERIALS AND METHODS

Pure Titanium as Cell Culture Dishes—We prepared
titanium dishes (Hi-Lex Corporation, Takaradsuka,
Japan) for cell culture. Each titanium dish was 17mm
in diameter including the rim (3mm height). The cell
culture surface was 15 mm in diameter x 2mm deep; the
culture surface of the dish bottom was finely polished
with a No. 800 diamond paste (Fig. la). The surface
roughness (Ra) of the titanium dish was 0.25 (um) £ 0.02
(mean value +SD; Handysurf E-35A, Tokyo Seimitsu
Co., Ltd, Tokyo, Japan). Scanning electron microscopy
(SEM) revealed that the culture surface of the titanium
dishes had a smooth surface with a few abrasive marks
(Fig. 1b). In addition, an elementary analysis of the
culture surface was conducted with energy dispersive
X-ray spectroscopy (EDX). The EDX analysis confirmed
that the culture surface of the titanium dishes were
exclusively pure titanium (Fig. 1c). The SEM and EDX
analyses were performed with a scanning electron
microscope (Model S-3500N, Hitachi High-Technologies
Corp., Tokyo, Japan).

Cell Preparation and Culture Method—MSCs derived
from rat marrow or human dermal fibroblasts (hFbs;
Cat. No. 2F0-C25, Cell systems, CA, USA) were used in
this study. Animal experiments were carried out in
compliance with the Japanese (No. 105) law on animal
protection and administration as well as according
to the regulations on the Implementation of Animal
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Fig. 1. Surface characterization of titanium dishes.
(a) Macroscopic view of titanium dish (b) SEM image and
(c) an EDX pattern on culture surface of a titanium dish.
Bar: 100 pm.
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Experimentation of the AIST (Independent Administra-
tive Organization, National Institute of Advanced Indus-
trial Science and Technology). The rat bone marrow cells
were obtained from the bone shafts of the femora of
male, 6-week-old Fisher 344 rats. Preparation and
osteogenic differentiation of the rat MSCs were as
described by Maniatopoulos et al. (1) and modified by
Ohgushi et al. (3). In brief, rat bone marrow was flushed
out by a culture medium, minimum essential medium
(MEM, Nacalai Tesque Inc., Kyoto, Japan) containing
15% fetal bovine serum (FBS, JRH Biosciences, Inc., KS,
USA) and 1% antibiotics (100units/ml penicillin,
0.1 mg/mL streptomycin and 0.25pug/ml amphotericin B;
Sigma-Aldrich Co., CA, USA). The bone marrow cells
were cultured in a humidified atmosphere of 95% air
with 5% COy at 37°C. Adherent cells from rat bone
marrow cells were initially cultured up to 80% confluence
in T-75 flasks (Becton, Dickinson and Company (BD), NdJ,
USA). The adherent cells were released from the
substrates using 0.05% Trypsin/0.53mM EDTA (P-1;
passage-1) and were seeded into 12-well TCPS dishes
at a cell density of 1x 10*cells/cm?® (for the hFbs:
5 x 103 cells/em?), or into titanium dishes placed in 12-
well plates. The culture was in osteogenic media contain-
ing 10nM Dex (Sigma-Aldrich Corporation, MO, USA),
10mM B-glycerophosphate (Merck, Darmstadt, Germany)
and 0.28 mM ascorbic acid 2-phosphate magnesium salt
n-hydrate (Sigma-Aldrich Corp.). The medium was
changed three times per week during the culture
period. The cells were counted by a NucleoCounter®
(ChemoMetec, Allergd, Denmark). The P-1 cells were also
cultured in MEM with FBS until 80% confluency in T-75
flasks and the passages were repeated three times
(P-3; passage-3). The P-3 cells were cultured in the
osteogenic media on both substrates.

Observation of Cell Culture—The cell proliferation and
osteogenic differentiation on the TCPS dishes were
observed by a phase-contrast microscope (Model IX70;
Olympus Optical, Tokyo, dJapan) for 14 days.
Extracellular mineralization was observed by a fluores-
cence microscope (Model IX70), as described later.
Observation of the cell culture on the titanium dishes
was assessed with a combination dye (LIVE/DEAD
Viability Assay Kit; Molecular Probes) based on a
simultaneous determination of living and dead cells
with two probes, calcein-bis [(acetyloxy) methyl] ester
(calcein-AM) for intracellular esterase activity and
ethidium homodimer-1 (EthD-1) for plasma membrane
integrity (21). The cells cultured on titanium dishes for 3,
7 and 14 days were washed with calcium/magnesium-free
phosphate-buffered saline (PBS(—); Invitrogen), and the
working solution (2mM calcein-AM and 5 mM EthD-1in
PBS(—)) was added to the cultures. After 10 min incuba-
tion at 37°C, the stained cells were observed under
objective  fluorescence microscopy (Model SZX12;
Olympus).

Fluorescence  Image Analyses of Extracellular
Mineralization—Calcein (1pug/ml) was added to the
osteogenic media for the entire culture periods.
Immediately before the analyses, the medium containing
calcein was removed and the sample was washed with
PBS(—). The fluorescence of calcein incorporated into the

J. Biochem.

2T0Z ‘8z Joquieides uoeuly) Jo ABojouyas | pue aousids Jo AlisieAlun e /Blo'sfeulnolploixo-qly:dny woly pspeojumoq


http://jb.oxfordjournals.org/

Mineralization by MSCs Cultured on Titanium in vitro

extracellular mineral ingredients was visualized with an
image analyser (Typhoon 8600; 526 nm short-pass filter;
Amersham Biosciences, NJ, USA). The scanned fluores-
cence images were quantified with ImageQuant TL
software Ver. 5.1 (Amersham Biosciences) and repre-
sented as fluorescence intensity per culture well. The
results were transferred to Excel (Microsoft, WA, USA)
and calculated as the pixel intensities per selected
area. The calculated fluorescence intensity values
were referred as to calcein fluorescence intensity
(calcein F. 1.) in this article. Extracellular mineralization
was also observed with an objective fluorescence micro-
scope (Model SZX12, Olympus). Measurement of calcein
F. 1. of the MSCs cultured on the titanium dishes was
performed as shown in Fig. 2 after turning the dish
upside down.

Calcium Staining by Alizarin Red S—The MSCs on
both substrates (TCPS dishes and titanium dishes) were
washed with PBS(—) and fixed with 4% paraformalde-
hyde for 10min at 4°C. The fixed cells were soaked in
0.5% Alizarin Red S/PBS(—) solution for 10 min at room
temperature and washed with water to remove the
remaining stains. After staining, the specimens were
observed by an objective microscope (Model SZX12).

Measurement of Calcium Concentration—After quanti-
fication of the calcein uptake by using an image analyser,
the cells were washed with PBS(—) and then 0.5ml of
20% formic acid was added. The samples were stored at
room temperature for 3h. The acid-hydrolyzed samples
were diluted to 1.0 ml with water. The calcium contents
of the diluted samples were measured using an induc-
tively coupled plasma atomic emission spectrometer
(SPS7800 plasma spectrometer; Seiko Instruments Inc.,
Chiba, Japan).

Quantification of Osteocalcin Deposited on Cell
Layers—After measurement of the calcium contents,
remnants of the samples in 10% formic acid were
centrifuged at 20000 x g for 10 min. An aliquot (0.5 ml)
of the formic acid extract was applied to a column of
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NAP-5 (Sephadex G-25 DNA grade, Amersham
Bioscience, Uppsala, Sweden) and was eluted with
1.0ml of 10% formic acid. Gel-filtered samples were
evaporated to concentrate and prepared for the assay of
intact rat osteocalcin as previously described (22). We
utilized two antibodies that recognize the N- and
C-terminal amino acid regions of rat osteocalcin for an
enzymatic immunoassay (Rat Osteocalcin EIA Kit, No.
BT-490; Biomedical Technologies Inc., MA, USA).
Purified rat osteocalcin was used for a standard and a
positive control.

Statistical Evaluation—The correlation between the
calcein F. I. and the amount of bone matrices (calcium
and osteocalcin) was tested by Pearson’s correlation
coefficient. The significance of the correlation coefficient
was followed by Fisher’s r to z-test (P-value). These data
were analysed using the StatView J Version 4.5
(SAS Institute, Cary, NC).

RESULTS

Proliferation and Differentiation of Rat MSCs—Under
osteogenic conditions, Dex induces undifferentiated
MSCs into osteoblasts that produce mineralized matrices
as we previously reported (3). During 14 days of culture,
the MSCs cultured on TCPS dishes formed a calcium
deposit stained with calcein (Fig. 3c and d). In contrast,
calcein deposition was never observed for hFbs (Fig. 3g
and h). Regardless of the differentiation, both the MSCs
and hFBs showed good adhesion and proliferation on the
TCPS dishes (Fig. 3a—c and e—g). As shown in Fig. 4, cell
adhesion, proliferation (viability) and differentiation of
MSCs on the titanium dishes were observed by objective
fluorescence microscopy. Because titanium dishes are not
transparent, cultured cells are usually never observed
under light microscopy. To visualize the cells under
microscopy, LIVE/DEAD staining was used. In this
method, cell-permeable calcein AM enters the cell
plasma to be cleaved into calcein and AM by intracellular
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Fig. 2. Schematic representation of procedures for mea-
surement of fluorescence emission. During the culture of rat
MSCs and hFbs, calcein calcium-binding dye was added to the
culture medium. The emission from the calcein deposited on
the mineralized matrices in the TCPS dish can be detected due to
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the transparency of the TCPS dish (left figure). However, the
titanium dish is opaque, and fluorescence emission cannot be
generated under ordinary condition (middle figure). Therefore,
the titanium dish was put upside down in another dish
(right figure).
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Day 14

Fig. 3. Observation of rat MSCs and hFbs with calcein
seeded on TCPS dishes. Both rat MSCs and hFbs were
seeded on TCPS dishes. The cells were cultured for 14 days in
osteogenic media containing calcein. The cultures were
observed with a phase-contrast microscope (a—c and e-g), or a
fluorescence microscope (d and h). The rat MSCs and hFbs

(a)

Viable
cells

MSCs

hFbs

Fig. 4. Visualization of rat MSC and hFb cultured cells on
titanium dishes by LIVE/DEAD staining. MSCs (a—f) and
hFbs (g-1) were seeded on titanium dishes. The cells were
cultured in osteogenic media without calcein for 14 days. The
cells were observed with an objective fluorescence microscope
after treatment with LIVE/DEAD staining at the culture days
indicated. Cytoplasm of the viable cells (green emission, a—c and
g—i) and the nuclei of the dead cells (red emission, d—f and j-1)
are shown. MSCs as well as hFbs adhered/proliferated on the
titanium surface and reached confluency at day 7 of culture
(a, b, g and h). At day 14 of culture, MSCs formed mineralized
nodular aggregates (c). The high cell viability of both rat MSCs
and hFbs were shown throughout the culture periods. Bar:
100 pm. (Original magnification: x100).

esterase of living cells. The free calcein shows a green
emission with a fluorescence microscope. On the titanium
dishes, both types of cells showed good cell adhesion
accompanied by cell spreading (Fig. 4a and g).
Subsequently, MSCs cultured on TCPS dishes as well
as titanium dishes showed a similar pattern of prolifera-
tion, and reached confluency at day 7 (Figs. 3b and 4b).
The hFbs also showed good cell adhesion and proliferated

showed good adhesion and proliferation from day 3 to day 14
of culture (a—c¢ and e-g). Mineralization with calcein
deposition (green emission) was confirmed by fluorescent micro-
scopy on 14 days of culture (d; arrowhead). In contrast,
hFbs showed no mineralization (h). Bar: 100pum. (Original
magnification: x100).

to reach confluency at day 7 (Figs. 3f and 4h). At day 14,
the MSCs cultured on both substrates formed nodular
aggregates (Figs. 3¢, d and 4c) to show mineralization. In
contrast, the hFbs did not exhibit these aggregates (Figs
3g, h and 41). As seen in Fig. 4e, f, k, and 1, most cells on
both culture substrates appeared viable and only a few
cells appeared dead.

Visualization of Extracellular Mineralized Matrix of
Rat MSCs by Fluorescence Staining—We obtained the
calcein fluorescence images of rat MSCs cultured on
TCPS dishes and titanium dishes by using an image
analyser. The visualized fluorescence images were com-
pared with Alizarin Red S staining. On both substrates,
calcein deposited on the mineralized regions appeared to
be a green fluorescent emission (Fig. 5d and h), and
objective microscopy showed the mineralized nodules
surrounded by the MSCs to be stained with Alizarin Red
S (Fig. 5b and f). The results confirmed that calcein was
specifically incorporated and deposited into the extra-
cellular bone matrices as evidenced by the costaining
with Alizarin Red S (Fig. 5).

Correlation between Calcein Uptake and Contents of
Extracellular Matrix Components of Calcium and
Osteocalcin—The relationship between calcein F. I. calcu-
lated from a scanning image and the bone matrices
fabricated by MSCs was evaluated by measuring the
calcium content and the osteocalcin content. The
MSCs cultured on TCPS dishes in osteogenic media were
cultured for 7-35 days in the presence of calcein. The
calcein F. I. values increased with the calcium and
osteocalcin contents, and the data showed a strong cor-
relation between calcein F. I. and extracellular bone
matrices (Fig. 6). MSCs cultured on titanium dishes in
osteogenic media were cultured for 5-28 days in the
presence of calcein. As shown in Fig. 7, there were also
strong correlations between calcein F. I. and extracellular
bone matrices for MSCs cultured on titanium dishes.

Real-time Monitoring of Extracellular Mineralized
Matrix Formation—Real-time monitoring of the amount
of mineral deposition was performed by using an image
analyser with visualization of the degree of fluorescence
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Fig. 5. Alizarin Red S staining and fluorescence emission
of mineralized matrices of rat MSCs cultured on TCPS
dishes and titanium dishes. The rat MSCs were cultured on
TCPS dishes (a—d) for 13 days or on titanium dishes (e-h) for
16 days in osteogenic media with calcein. The cells were washed
with PBS(—) and observed with an image analyser (c and g) or
with an objective fluorescence microscope (d and h). After
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Fig. 6. Correlation between calcein uptake and contents
of extracellular matrix components of calcium and
osteocalcin of rat MSCs cultured on TCPS dishes.
The rat MSCs were cultured on TCPS dishes for 35 days in
osteogenic media containing calcein. At each culture period of
day 7, 14, 18, 21 and 35, calcein F. I. of rat MSCs was

intensity of the calcein. Time-course images of MSCs
cultured on titanium dishes are shown in Fig. 8. Areas of
mineralized matrices on the titanium dishes are seen as
black spots. In the case of P-1 MSCs (Fig. 8a—f), black
spots appeared around 11 days of culture, and these
areas increased in a time-dependent manner. In the case
of P-3 MSCs (Fig. 8g—1), mineralization started around 14
days of culture, but the level of mineralization was very
low compared with that of P-1 MSCs. In contrast, no
black spots appeared during the entire culture period for
hFbs (Fig. 8m-r). The calcein F. I. value increased
from 11 days of culture in P-1 MSCs, while the value for
P-3 MSCs increased only slightly (Fig. 9). In contrast,
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observation with the image analyser, the cells were stained
with Alizarin Red S and observed with an objective microscope
(a, b, e and f). The magnification of panels b, d, f and h are higher
than those of a, ¢, e and g indicated in the rectangles,
respectively. The objective micrographs of panels b and f show
the same objective fluorescence microscopic regions of panels d
and h, respectively. Bar: 1 mm. Double bar: 5 mm.
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calculated. After calculation of calcein F. I. at each culture
period, the calcium contents and osteocalcin contents were
measured using the same samples. Calcein F. 1. was
plotted against the calcium contents (a) or the osteocalcin
contents (b) of the corresponding cells. The total sample
number is 48.

calcein F. 1. of hFbs stayed at the base line throughout
the culture period (Fig. 9).

DISCUSSION

Various materials have been used as cell culture
scaffolds for supporting in vitro osteogenic properties of
cells (23-26). For bone regeneration, we confirmed that
rat and human MSCs derived from bone marrow could
differentiate into active osteoblasts, which produced bone
matrices on bioactive ceramics such as pB-tricalcium
phosphate and hydroxyapatite under culture conditions
with Dex (27-29). Furthermore, we demonstrated that
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Fig. 7. Correlation between calcein uptake and contents
of extracellular matrix components of calcium and
osteocalcin of rat MSCs cultured on titanium dishes.
The MSCs were cultured on titanium dishes for 28 days
in osteogenic media containing calcein. At each culture
period of day 5, 8, 11, 14, 18, 21 and 28, calcein F. 1. of rat
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MSCs was calculated. After calculation of calcein F. I. at each
culture period, the calcium contents and osteocalcin contents
were measured using the same samples. Calcein F. 1. was
plotted against the calcium contents (a) or the osteocalcin
contents (b) of the corresponding cells. The total sample
number is 44.
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Fig. 8. Real-time fluorescence monitoring of mineralized
matrices formed by rat MSCs. The rat MSCs (passage-1: P-1
and passage-3: P-3) and hFbs were cultured on titanium dishes
for 21 days in osteogenic media containing calcein. After the
cultures were washed with PBS(—), the entire titanium surfaces
were visualized with an image analyser at each culture day

human MSCs could show in vitro osteogenic differentia-
tion and bone formation on bioinert alumina ceramics.
Similar to alumina ceramics, titanium is well known as a
bioinert material (10, 30). However, quantitative ana-
lyses of bone formation by cultured cells throughout the
duration of osteogenic differentiation have not been
performed on titanium surfaces. In the present study,
we tried to monitor the cell behaviour of rat MSCs
cultured on titanium surfaces and confirm whether rat
MSCs could show osteogenic differentiation on titanium
surfaces by quantitative analyses.

In this study, cell behaviours including cell adhesion,
cell proliferation and osteogenic differentiation on tita-
nium surfaces were compared with those on TCPS
dishes. TCPS dishes are fabricated from crystal-grade
polystyrene by using a vacuum-gas plasma treatment.

indicated. The rat MSCs of P-1 fabricated mineralized matrices
shown as black spots from day 11 of culture; the black
spots increased as the culture days progressed (a—f). The rat
MSCs of P-3 showed weak mineralization levels throughout
the culture periods (g-1). In contrast, hFbs showed no
mineralization (m-r).

Since the treatment introduces carboxyl and hydroxyl
groups onto their surfaces, the TCPS surfaces show
slightly hydrophilic characteristics. Under appropriate
culture conditions, various types of cultured cells can
adhere and proliferate on the surfaces. For this reason,
TCPS dishes are commonly used as cell culture sub-
strates. Consequently, TCPS dishes were used in the
present study as positive controls. Observation of cell
behaviours might be important for clarifying cell/mate-
rial interactions. Cell behaviours including cell adhesion
and cell proliferation are usually observed by light
microscopy. However, observation of cells cultured on
titanium surfaces is difficult by light microscopy since
the titanium is opaque. In order to visualize cells
cultured on titanium surfaces, we stained the cells with
fluorescent materials, LIVE/DEAD reagents, which are
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Fig. 9. Change in fluorescent quantity of rat MSCs with
time. The rat MSCs of P-1 (filled square), P-3 (filled triangle)
and hFbs (open circle) were cultured on titanium dishes for 21
days in osteogenic media containing calcein. Calcein F. I. was
measured with an image analyser at the culture days indicated.
Each symbol represents the mean value +SD of calcein F. I.
taken from 5 cultures.

used for assessing cellular viability. After staining the
cells, we could clearly observe the cells on titanium
surfaces by fluorescence microscopy during the culture
periods (Fig. 4). As shown in Figs. 3 and 4, titanium
surfaces exhibited cellular adhesive and proliferative
characteristics comparable with those of TCPS dishes. As
observed by SEM, the surface of titanium is very smooth,
similar to TCPS surfaces (Fig. 1). Cell adhesion mole-
cules could be considered the reason that titanium
surfaces showed high cellular affinity. Although further
experiments are required to clarify the mechanisms of
the excellent properties of titanium surfaces, extracellu-
lar matrix proteins such as collagen and fibronectin in
serum or produced by the cells are thought to be the
principal factors promoting cellular adhesion and spread-
ing on the substrates. The degree of cell adhesion and
cell proliferation on titanium dishes was similar to that
on TCPS dishes (Figs. 3 and 4). The results suggest that
the surface properties of titanium are almost equivalent
to those of TCPS dishes, which results in the capability
of supporting cellular adhesion and proliferation.

For evaluating the in vitro osteogenic differentiation of
cultured cells, quantitative measurement (protein
synthesis or gene expression) (I8, 31) and qualitative
staining (immunochemical staining or chemical staining)
have usually been used. The measurement of calcium
content is also important, since calcium is the main
component of extracellular bone matrix (6, 32). As shown
in Figs. 3, 4 and 5, we demonstrated that the MSCs
differentiated into osteoblasts, which formed mineralized
bone matrices on both the TCPS and titanium surfaces.
MSCs maintained high viability on the titanium dishes
throughout culture periods by assessment of LIVE/DEAD
staining (Fig. 4). As shown in Figs. 3 and 5, a green
fluorescent emission was seen when the MSC culture
was done in the presence of calcein. The fluorescent
areas were also stained with Alizarin Red S (Fig. 5),
confirming that calcein was incorporated into the regions
corresponding to the calcium of the extracellular
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matrices (Fig. 5F and H). When the MSCs were seeded
on the titanium dishes, mineralization as evidenced by
calcein uptake occurred on the titanium dishes as well as
on the TCPS dishes (Figs. 3D, 5D and H). In addition,
calcein F. I. values accurately reflected the amount of
mineralized matrices formed by the MSCs because there
were strongly positive correlations among the calcein
F. 1., calcium content and osteocalcin content (Fig. 7).
The results also showed the capabilities of titanium in
supporting the in vitro osteogenic differentiation of
rat MSCs.

We also performed real-time monitoring of mineraliza-
tion by cultured cells for the duration of the culture
periods (Fig. 8). In addition, quantification of calcein
F. 1., which reflects osteogenic capability, could be done
among different cells, as shown in Fig. 9. Since rat MSCs
have the characteristic of showing decreased osteogenic
capability after repeated passages (33), we monitored the
mineralization by the cells at P-1, P-3 and the control
cells of fibroblasts (hFbs). As shown in Fig. 8, we could
easily compare the mineralization levels among the cells
having different levels of osteogenic capability in a time-
dependent manner and demonstrated the decreased
capability of mineralization after passage.

In conclusion, we evaluated the efficiency of titanium

surfaces used as bone regeneration scaffolds using rat
MSCs. Cell adhesion, proliferation and osteogenic differ-
entiation of rat MSCs on titanium dishes were signifi-
cantly similar to those on TCPS dishes. Therefore,
titanium is an excellent material for hard tissue repair
for use in the field of bone tissue engineering.
The authors thank Mr Hiroyuki Shiota (Medical Device
Group, Hi-Lex Corporation) for the surface analyses of the
titanium scaffolds and Dr Yoshiko Dohi (Department of
Public Health, Nara Medical University, School of Medicine)
for advice on statistical analyses.
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