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Abstract

Apatite coating on carbon nanotubes (CNTs) was done with a biomimetic coating method. The multi-walled CNTs (MWNTS) of curled shape
with about 30 nm in diameter were immersed for 2 weeks in the simulated body fluid. Observation by scanning electron microscopy (SEM)
showed the formation of apatite on the MWNTs surface.-The clusters of spherules consisting of needle-shaped apatite crystallites were massively
grown on the aggregated MWNTs. The crystallites of 100 nm in width and 200—500 nm in length were grown perpendicularly to the longitudinal
direction and radially originating from a common center of a single MWNT. Thus, the architecture of crystalline apatite at nano-scale levels could
be produced by simple method and the MWNT may be acting as core for initial crystallization of apatite.

© 2005 Elsevier B.V. All rights reserved.

Keywords: Carbon nanotubes; Biomimetic coating; Apatite

1. Introduction

Carbon nanotubes (CNTs) have been attracting considerable
attention because of their unique physical properties and
potential for a variety of applications. The modifications of
CNTs have been extensively investigated because of their
relevance in electrical, mechanical and biological applications
[1-8]. Immobilization of various functional molecules on CNT
has also been examined in past studies [9—12]. For biomedical
applications, new modification methods to give biocompati-
bility are needed for achievement of various required designs
[13,14].

Biomineralization is a natural process in human being and
animals, resulting in the formation of bones and teeth. Ca-P
solution, such as the simulated body fluid (SBF), has been
frequently used for the biomimetic Ca—P coating to increase
the bioactivity, and has been successfully applied to implant
materials for some special dental and medical cases [15—-17].

Here we developed a biomineralization method to produce
the architecture of apatite crystallites at nano-scale levels on the
surface of MWNTs.

* Corresponding author. Tel.: +81 11 706 4251; fax: +81 11 706 4251.
E-mail address: akasaka@den.hokudai.ac.jp (T. Akasaka).

0928-4931/$ - see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.msec.2005.03.009

2. Experiment

The MWNTs used in this study were obtained from
NanoLab (Brighton, MA, USA). The MWNTs of curled shape
with about 30 nm in diameter were produced by the chemical
vapor deposition (CVD) method. The raw MWNTs were
refluxed in 6 N HCI solution and then washed thoroughly with
deionized water and completely dried. Typical SEM (HITACHI
S-4000) images of purified MWNTs are shown in Fig. 1.

The MWNTs material was dispersed in calcium phosphate
solutions at a concentration of 10 mg/l by ultrasonication for
10 min. Then, the apatite crystallites were grown by
immersing the MWNTs at 37 °C for various periods up to
2 weeks. The composition of the calcium phosphate solutions
is as follows.

Revised SBF (R-SBF): NaCl (866 mg/l), CaCl; (125 mg/l),
K,HPO, (803 mg/l), KH,PO, (326 mg/l), KCl1 (625 mg/l),
MgCl, (59 mg/l) containing NaF (22 mg/l) and the pH was
adjusted to 7.2 using KOH and no precipitation was
observed in the solution during the experimental period.

Dulbecco’s phosphate-buffered saline (PBS(+)): NaCl (8000
mg/l), CaCl, (100 mg/1), KH,PO, (200 mg/l), Na,HPO,
(1150 mg/1), KCl (200 mg/l), MgCl, (47 mg/l) containing
NaF (22 mg/l) and the pH was adjusted to 7.4 using KOH



676 T. Akasaka et al. / Materials Science and Engineering C 26 (2006) 675678

Fig. 1. SEM images of purified MWNTs.

and no precipitation was observed in the solution during the
experimental period.

Standard SBF (S-SBF): NaCl (7996 mg/l), CaCl, (278 mg/
1), K,HPO, (174 mg/l), KCI (244 mg/l), NaHCO3 (350 mg/
1), MgCl, (143 mg/l), Na,SO,4 (71 mg/l), (CH,OH);CNH,
(6057 mg/1), 1 M HCI (40 ml) containing NaF (22 mg/l) and
the pH was adjusted to 7.4 using KOH.

Finally, the resultant MWNTs were separated from the
suspension by filtration, gently washed with deionized water to
remove impurities, and then dried at 60 °C for 6 h. In order to
study the effects of immersing time-course on apatite growth,
they were immersed for 6 h, 1 day, 2 days, and 2 weeks. To
compare the influence of the substrates, we also use a square
piece of carbon plate (10x10x1 mm®) (Nirako, Japan)
instead of MWNTs.

The formation of apatite on the MWNTs surface was
investigated by SEM after coating with carbon. Transmission
infrared spectra were performed by the KBr method using a
fourier transmission infrared spectrometer (FT-IR, JASCO FT/
IR-300E) in the wave number region 400--4000 em™!
collected at resolutions of 4 cm™'. Commercial hydroxyapatite
(Seikagaku Corp.) was used as a control.

3. Resulis and discussion
3.1, Apatite formation in R-SBF

Zhao and Gao recently reported that hydroxyapatite
nanoparticles decorated on the sodium dodecyl sulfate (SDS)
adsorbed MWNTs by an in situ synthetic method with calcium
nitrate, Ca(NQ3),, and ammonium secondary phosphate,
(NH,),HPO, [18]. In contrast, our strategy for the apatite
formation consists of biomimetic coating on the surface of
MWNTs in the calcium phosphate solutions such as a SBF.

To optimize this strategy, we first studied the apatite
formation on MWNTs in R-SBF. After immersion for 2 weeks,
the MWNTs apparently became the gray in the solution. SEM
images show the massive growth of the clusters of apatite
crystallites with a needle-like shape on the aggregated MWNTs
(Fig. 2A). Acicularly grown crystallites with about 150 nm in
diameter form the bloom-shape morphology. A further detailed
observation clearly showed that the crystallites of 100 nm in

Fig. 2. SEM images of apatites: (A) needle crystallites grown radially on
MWNT core; (B) barbed wire shape of crystallites on a MWNT core.

width and 200-500 nm in length were grown radially
originating from a common center in the middle of a single
MWNT and perpendicularly to the longitudinal direction of
MWNT. In part, there exist bowknot-like bundles with their
two ends fanning out while the middle part tying together [19].
Barbed wire-like-shaped feature in Fig. 2B was also observed.

From these results, the needle-like apatite crystallites were

~ directly grown starting from the surface of MWNT. Thus, the

MWNT may be acting as core for initial crystallization of the
apatites. However, in this condition, the reproducibility of sizes
and shapes of apatites formed on MWNTs was poor because R-
SBF was highly supersaturated and was difficult to handle.
Fig. 3 shows the infrared transmission spectra of the apatite/
MWNTs after immersion in R-SBF for 2 weeks. Compared
with the spectrum of commercial hydroxyapatite as a control,
very similar peaks at around 3440, 1099, 1040, 966, 607 and
569 cm™ ! on the spectrum were observed. The bands at 3440

AT /qfv
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Y

B

Transmitiance

3000 2000 1000

Wavenumber (cm”)

4000

Fig. 3. FT-IR spectra of the apatite/MWNTS after immersion in R-SBF for 2
weeks (A) and hydroxyapatite as a control (B).
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Fig. 4. SEM images of the apatite/MWNTs in PBS(+) after immersion for 6 h (A), 1 day (B), 2 days (C), and 2 weeks (D).

cm™ ! and 1640 cm™' may come from lattice H,O. The

phosphate modes 1046 cm™ " (v3(PO,)), 1029 cm™ ! (13(POy)),
959 cm™! (v;(POY)), 590 tm™' (v4(POy)), and 577 cm™'
(v4(POy)) are observed. However, no peaks were observed at
3536 and 633 cm™’, which exist in the commercial hydroxy-
apatite and assigned to —OH stretch and —OH liberation,
respectively. The spectrum of hydroxyapatite clearly shows the
bands corresponding to hydroxyl groups. The spectrum of the
apatite/MWNTs formed in R-SBF was similar to that reported
by Harrison et al. [20] and may be composed of partly
fluorided apatite [21,22].

3.2. Influence of the time-course and substrate changes in
PBS(+)

Fig. 4 presents the SEM images of the apatite/MWNTs after
immersion in PBS(+). With the increase of immersion time (1
day to 2 weeks), the size of apatite crystallites increased. The
growth on the MWNTSs started with a nano-sized flake-like
crystallite on 1 day (Fig. 4B) and followed by a constant
growth during 2 weeks. The morphology was changed to the
thicker leaf flake-like shape. After 2 weeks, the apatite
crystallites showed the complete coverage over the aggregate
of MWNTs (Fig. 4D). There was some incubating time for
apatite nucleation. SEM did not observe apatite formation on
surface up to 6 h immersion on the MWNTs treated with
PBS(+) (Fig. 4A). Once the apatite nuclei are formed, they can
grow spontaneously by consuming calcium and phosphate ions
from PBS(+), since PBS(+) is already highly supersaturated
with respect to apatite.

On the other hand, the immersion of MWNTs in S-SBF
showed no apatite formation after 2 weeks (data not shown
here). The S-SBF was stable without the precipitation during
immersion for up to 2 weeks, while both R-SBF and PBS(+)
were unstable. For nucleation to occur, an activation energy
barrier must be exceeded. This activation energy can be

decreased by increasing the degree of supersaturation of
calcium phosphate solutions. Thus, in the strategic point of
view to modify MWNTs surface, it is effective to immerse in
the higher supersaturated solutions as R-SBF or PBS(+).

The apatite formation in PBS(+) afer a 2-week immersion
was compared using SEM on both carbon plate and MWNTs
substrates. Carbon plate substrate showed much less apatite
formation sites than MWNTs. The few apatites formed on the
carbon plate near its edge have a similar morphology as those
formed on the MWNTs surface (Fig. 5). The results indicated

Fig. 5. SEM images of the apatites precipitated on carbon plate (A) and
MWNTs in PBS(+) after 2 weeks (B).
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that MWNTs have the stronger affinity for nucleation than
carbon plate. ’

4, Conclusions

A simple route was developed to synthesize the apatite/
MWNTs using the higher supersaturated calcium phosphate
solution at ambient conditions. We obtained the apatites on the
MWNT surface with different size and morphology within 2
weeks. The nano-sized apatite crystallites were produced in R-
SBF for 2 weeks with a width of about 100—200 nm and a
length of about 200~500 nm. The comparison of the apatite
formation on both carbon plate and MWNTs substrates
revealed significant differences in the density of apatite
crystallites. The MWNT substrate showed much apatite
formation more favorable than carbon plate. The results
indicated that the MWNT acts as an effective nucleation
surface to induce the formation of a biomimetic apatite coating.
MWNTs with the defined surface morphology of nano apatite
crystallites could be useful as biomaterials for scaffolds and for
the biomedical applications.
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Dentin resorption and
cementum-like tissue
formation by bone
morphogenetic protein
application

Miyaji H, Sugaya T, Kato K, Kawamura N, Tsuji H, Kawanami M. Dentin
resorption and cementum-like tissue formation by bone morphogenetic protein
application. J Periodont Res 2006, 41: 311-315. © Blackwell Munksgaard 2006

Background and Objective: Recent studies have shown that bone morphogenetic
protein-2 (BMP-2) stimulates mineralization and osteoclast differentiation.
Osteoclastic resorption by BMP-2 application may play an important role

in the regulation of new cementum-like tissue formation on the dentin
surfaces. Therefore, this study aimed to examine the effect of BMP-2 applica-
tion on dentin resorption and cementum-like tissue formation at the dentin
surfaces.

Material and Methods: Seventy-two flat dentin blocks were prepared from rat
roots and treated with 24% EDTA. Each block was assigned to group 0, group
100, or group 400, and immersed correspondingly in 0, 100, or 400 pg/ml BMP-2.
The dentin blocks were then implanted into palatal connective tissue of rats, and
specimens were prepared 2, 4 and § wk after surgery for histologic and histo-
morphometric analyses.

Results: BMP-2 caused a dose-dependent increase in dentin resorption by osteo-
clastic cells. New cementum-like tissue was randomly formed on parts of the
nonresorbed and resorbed dentin surfaces in groups 100 and 400. Dentin
resorption in groups 100 and 400 was significantly greater than group 0

(p < 0.01). However, at 8 wk, new cementum-like tissue formed in 41.8% of
group 100, as compared with 16.2% of group 400 (p < 0.05).

Conclusion: Dentin resorption was stimulated by a high dose of BMP-2, and
cementum-like tissue was induced by a low dose of BMP-2, effectively suggesting
that BMP-2 application, at an appropriate dose, to a dentin surface may enhance
periodontal regeneration.
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Various growth factor therapies have
been developed for periodontal regen-
eration in animal models. Specifically,
bone morphogenetic protein-2 (BMP-2)
has been found to be involved in pro-
moting the mineralization of nonosteo-
genic cells (1-3), ectopic bone formation

(4-6), and periodontal regeneration (7—
10). Miyaji et al. (11) designed a study
wherein BMP-2 was applied to dentin
blocks that were then transplanted into
rat connective tissue where there was
little osteogenic tissue. This resulted not
only in the formation of new cementum-

like tissue on the dentin surfaces, but
also the dentin in the resorbed area with
multinucleated cells and/or deposition
of new cementum-like tissue was dis-
played frequently.

Recent studies, using a dentin pit
resorption assay in vitro, have shown
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that BMP-2 significantly stimulated
osteoclast differentiation and osteo-
clastic resorbing activity (12,13). In the
mineralized tissue field, this is known
as a coupling process, wherein osteo-
blasts and osteoclasts conserve the
same spatial and temporal connection
between each other (14). In periodontal
wound healing in animals, newly min-
eralized tissue was frequently formed
on the resorbed root surface areas
(15,16). Therefore, osteoclastic resorp-
tion by BMP-2 stimulation may play
an important role in the regulation of
new cementum-like tissue formation.
To enhance the hard tissue induction
activity on the dentin surface site, it is
necessary to investigate the interaction
between BMP-2-related dentin resorp-
tion and cementum-like tissue induc-
tion.

Thus, we prepared the dentin blocks
applied with graded doses of BMP-2,
and implanted these in rat palatal
connective tissue. Using this model, we
examined, histologically and histo-
morphometrically, the BMP-2 dose-
related tissue responses at the dentin
surface site.

Material and methods

Preparation of dentin blocks

Seventy-two flat dentin blocks (size
1 x1x 0.3 mm) were prepared from
rat roots, treated for 3 min with 24%
EDTA (pH 7.0), and incubated in
1000 U/ml penicillin and 1000 pg/ml
streptomycin overnight. Dentin
blocks were then assigned to one of
three groups (0, 100 or 400), accord-
ing to BMP-2 application, and proc-
essed as follows: the blocks of groups
0, 100, and 400 were immersed,
respectively, in 0, 100, or 400 pg/ml
recombinant human BMP-2 (Astellas
Pharma Inc., Tokyo, Japan), in
phosphate-buffered  saline  (PBS;
5 mM, pH 7.2) for 10 min. Following
BMP-2 application, the overflow of
the BMP-2 solution was removed by
gauze. ‘

Surgical procedures

Seventy-two Wistar male rats (10 wk
old) were used in this experiment in

accordance with the guide for the care
and use of laboratory animals,
Graduate School of Dental Medicine,
Hokkaido University. The rats were
anesthetized with an intraperitoneal
injection of sodium pentobarbital
(Nembutal injection, 30 mg/kg body
weight; Abbott Laboratories, Abbott
Park, IL, USA). Partial-thickness
flaps of the masticatory mucosa of the
hard palate were elevated, a BMP-2-
applied dentin block was implanted
into the connective tissue, and the
flaps were repositioned and tightly
sutured.

Histological procedures

Specimens were prepared at 2, 4 and
8 wk postsurgery. The dentin blocks
with surrounding tissues were excised,
fixed in 10% formalin, decalcified in
10% EDTA, and embedded in par-
affin. Serial, 5-pm-thick sections were
prepared in frontal plane and stained
with hematoxylin and eosin (H&E)
and tartrate-resistant acid phospha-
tase (TRAP). Immunostaining of
osteocalcin was carried out by the use
of a streptavidin-biotin staining kit
(Histofine; Nichirei Co., Tokyo,
Japan) and bovine monoclonal anti-
osteocalcin (1 : 200; Takara Bio Inc.,
Otsu, Japan). Dewaxed paraffin sec-
tions were incubated with 10% rabbit
serum to block nonspecific reactions
and subsequently with an optimal
solution of a primary antibody for
osteocalcin for 24 h at 4°C. The sec-
tions were then incubated with bioti-
nated secondary antibodies for
10 min, and then treated with 3,3'-
diaminobenzidin. As a negative con-
trol, sections were stained after
replacing the primary antibody with
PBS. :

Histomorphometric analysis

Three H&E-staining sections were
taken, one from approximately the
center of the dentin block and the
other two from 200 um to either side of
the center. The following four meas-
urements were performed for each
staining section wusing NIH Image
software (National Institute of Health,
Bethesda, MD, USA):

o number of TRAP-positive cells: ratio
of TRAP-positive cells per total
dentin block surface length;

o length of resorbed dentin surface: the
percentage of the resorbed dentin
surface length to the total dentin
block surface length;

o area of resorbed dentin: the per-
centage of the resorbed dentin area
to the total dentin block area; and

o length of new cementum-like tissue:
the percentage of the newly formed
cementum-like tissue length to the
total dentin block surface length.

Statistical differences in each group

were analyzed using Kruskal-Wallis

and Mann—Whitney U-tests with

Stat View® (Abacus Concepts Inc.,

Berkeley, CA, USA).

Resulis

Histological observations

In group 0, there were few signs of
dentin block resorption. No cemen-
tum-like tissue formation was observed
on the dentin surfaces at any experi-
mental stage (Fig. 1A).

In group 100, distinct dentin re-
sorption and cementum-like tissue
deposition were demonstrated
(Fig. 1B-D). The cementum-like tissue
layer was thin, with irregular thickness,
and typically included cementocyte-
like cells. There was no insertion of
collagen fibers, such as Sharpey’s fi-
bers, and no other periodontal liga-
ment-like structures. At 2 wk, new
cementum-like tissue was formed on
parts of the nonresorbed and resorbed
dentin surfaces randomly environed
with numerous osteoblastic and osteo-
clastic cells (Fig. 1B). At 4 wk, the
resorbed dentin areas were frequently
lined by osteoblastic cells with new
cementum-like tissue deposits
(Fig. 1C). At 8 wk, osteoclastic and
osteoblastic cells were rarely demon-
strated around the dentin, and newly
formed cementum-like tissue was evi-
dent and lined by fibroblastic cells
(Fig. 1D).

In group 400 at 2 wk, not only the
formation of cementum-like tissue, but
also positive dentin resorption by
osteoclastic cells, were shown on the
dentin surface sites. However, new




Fig. ]. Hematoxylin and eosin (H&E)
staining: (A) group 0 at 8 wk; (B) group 100
at 2 wk; (C) group 100 at 4 wk; and (D)
group 100 at 8 wk. In group 0, fibroblastic
cells and no cementum-like tissue formation
were observed on the dentin (d) surfaces. In
group 100, new cellular cementum-like tis-
sue (arrowheads) was demonstrated on the
dentin (d) surface. Frequently resorbed
dentin areas were lined by osteoblastic cells
with new cementum-like tissue deposition
(asterisk). Scale bar, 50 pm.

cementum-like tissue was poorly
formed both on the nonresorbed and
the resorbed dentin (Fig. 2A). In the
4-wk specimens, dentin resorption was
frequently demonstrated and resorbed
areas were composed of some resorp-
tion lacunae associated with TRAP-
positive cells (Fig. 2B,D). At 8 wk, few
osteoclastic cells, but numerous oste-
oblastic cells, were displayed on the
dentin. Resorption lacunae were par-
tially replaced by new cementum-like
tissue (Fig. 2C). Osteocalcin was noted
around the lining of osteoblastic cells
at the surface of the newly induced
cementum-like tissue at each experi-
mental period (Fig. 2E).

Histomorphomeiric analysis

Significantly more TRAP cells were
present in group 400 than in group 0
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g,
SR R

.
SR

eosin
(H&E) staining: (A) group 400 at 2 wk; (B)
group 400 at 4 wk; and (C) group 400 at
8 wk. Dentin resorption by multinucleated
cells (arrows) was shown on the dentin (d)

Fig. 2. (A-C) Hematoxylin and

surfaces. New cementum-like  tissue
(arrowheads) had formed on dentin surfa-
ces. (D) Tartrate-resistant acid phosphatase
(TRAP) staining at 4 wk. TRAP-positive
cells (arrows) were observed in the resorp-
tion lacunae. (E) Osteocalcin immunolocal-
ization at 8 wk. Osteocalcin was localized

on the osteoblastic cells. Scale bar, 50 pm.

(p < 0.05) or group 100 {(p < 0.01) at
4 wk (Fig. 3A).

The length of dentin resorption in
groups 100 and 400 was significantly
greater thanin group 0 (p < 0.01)atall
stages. Resorbed dentin surface lengths
in groups 100 and 400 extended to 40%
of the dentin surface, and no significant
differences were found between the
groups (Fig. 3B) at any of the experi-
mental points. On the other hand, the
dentin-resorbed areas in group 400 were
significantly higher than those in group
0(p < 0.01)oringroup 100 (p < 0.05)
at all stages (Fig. 3C).

In 8-wk specimens it was observed
that new cementum-like tissue formed
in 41.8% of group 100, as compared
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Fig. 3. Effects of bone morphogenetic pro-
tein-2 (BMP-2) application on (A) the
number of tartrate-resistant acid phospha-
tase (TRAP)-positive cells; (B) the length of
resorbed dentin surface; (C) the area of re-
sorbed dentin; and (D) the length of new
cementum-like tissue in groups 0 (&), 100
(), and 400 (A). The results are expressed
as mean + standard deviation (SD).
*p < 0.05, **p < 0.01. Statistical differ-
ences in each group were analyzed by using
the Kruskal-Wallis and Mann—Whitney
U-test with STATVIEW®.

with 16.2% in group 400 (p < 0.05).
In group 0, no cementum-like tissue
formation occurred (Fig. 3D).

Discussion

The present study focused on dose-
related morphological tissue reactions
at the BMP-2-applied dentin surfaces.
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Ordinarily, BMP-2 solution is
administered by a carrier, such as a
collagen sponge, which has a unique
quality as a drug slow-release system in
periodontal regenerative therapy (8~
10). However, in the present study, it
was not necessary to maintain the
release of BMP-2 for a long time. As a
resnlt, the BMP-2 application system
was aimed at guiding the localized
deposition of new hard tissue to the
dentin surfaces early in the periodontal
regenerative  processes. This easy
method, in which root surfaces are
conditioned by both EDTA and BMP-
2 without biological carriers, may be
widely used for future clinical trials.

Osteogenic and osteoclastic differ-
entiations were affected by variations
in the dose of BMP-2 (1,12). However,
there has been no research on the
relationship between BMP-2 dosage
and dentin resorption i vivo. In this
study, in group 400, the TRAP-positive
cell numbers at 4 wk were significant
compared with group 100, while the
data of group 400 for the dentin-
resorbed area displayed consistently
high levels and differed significantly
compared with group 100. These
results suggest that a relatively high
dose of BMP-2 may preserve a long-
term high level of resorbing activity in
the osteoclastic cells, and stimulate
osteoclastic cell formation, in accord-
ance with previous in vitro findings
(13). The length of dentin resorption
was also analyzed and it showed no
significant difference between groups
100 and 400. The length of dentin re-
sorption may be independent of the
dose of BMP-2 applied to the dentin
surfaces.

Histological findings demonstrated
that new cementum-like tissue formed
on resorbed and/or nonresorbed dentin
surfaces following the application with
BMP-2. From this evidence, we spe-
culate that two different biological
mechanisms occur during the process
of cementum-like tissue formation
caused by BMP-2. Some investigators
have indicated that BMP-2 enhances
osteogenic differentiation of undiffer-
entiated mesenchymal cells and various
osteoblastic properties in immature
osteoblastic cells (1-3). Thus, BMP-2-
applied dentin may have the potential

of hard tissue formation in connective
tissue resulting from osteoblastic dif-
ferentiation of undifferentiated mesen-
chymal cells directly by biological
signal(s). On the other hand, formation
of mineralized tissue was dependent on
initial resorption of the denuded root
surface in periodontal wound healing
(16). Following the early healing of
periodontal tissue, a remodeling pro-
cess, with osteoclastic resorption and
deposition of repair cementum, was
seen at the root surface (17). Further-
more, Gong et al. (18) reported that
bone maturation was not observed in
the long term by bisphosphonate
administration, which  suppressed
resorption by osteoclasts during ecto-
pic bone formation with BMP appli-
cation, suggesting that osteoclastic
resorption may participate in hard
tissue maturation in a coupling
phenomenon. As BMP-2 stimulates
TRAP-positive cell formation (11,19),
additional deposition of new cemen-
tum-like  tissue  associated  with
resorbed dentin may have resulted in
osteoclastic cell-based remodeling at
the BMP-2-applied dentin.

Previous studies have reported a
dose-dependent effect of BMP-2 on the
activity of calcification at the BMP-
treated dentin surfaces in vitro (20,21).
However, it is interesting to note that
in the present study, more cementum-
like tissue was formed in group 100
than in group 400. Some investigators
reported (13,22,23) that in vitro bioac-
tivities of cells were accelerated by
growth factors such as BMP, platelet-
derived growth factor (PDGF) and
transforming growth factor-p (TGF-p)
at optimal concentrations, but inhib-
ited at elevated concentrations. Thus,
in the current experiment, application
of an overdose concentration of BMP-
2 for rats may have an inhibitory
action for cementum-like tissue induc-
tion with osteoblastic differentiation or
coupling phenomenon selectively. In
addition, tissue reactions in vivo at the
dentin surfaces may be conceivably
regulated by variations in the dosage of
BMP-2 with additional conditions,
such as cell-cell and/or cell-extracel-
lular matrix interactions and various
biological inhibitors. Further studies

are needed to explain these mecha-
nisms.

In conclusion, this study elucidated
that the dentin resorption by osteo-
clastic cells was facilitated by the
application of a high dose of BMP-2,
and cementum-like tissue formation
was promoted effectively with a relat-
ively low dose of BMP-2. Application
of BMP-2 to dentin surfaces under
appropriate dose control may enhance
new predictable cementum-like tissue
formation on the surfaces and selective
periodontal regeneration.
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Suppression of cementum-like tissue formation on BMP-2-applied dentin
surface by bisphosphonate
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Abstract : We studied the effects of bisphosphonate administration on cementum-like tissue formation and
dentin resorption induced by BMP-2 in rats.

Incadronate (lug/kg/day) was administered intraperitoneally to rats three times per week, from two weeks
before implanting dentin blocks to the end of the observation period. Saline was administered under the same
protocol without incadronate to the control group. We prepared 130 dentin blocks from rat teeth roots and treated
them with 24%EDTA. Each block had 0,100 or 400ug/ml rhBMP-2 applied. Blocks were then implanted into
palatal connective tissue of rats, and specimens were prepared 2, 4, and 8 weeks after implantation for
histological and histomorphometric examination.

Results showed that dentin resorption in the control group was significantly greater than that m the
experimental group (p < 0.01). New cementum-like tissue formed in the experimental group was also significantly
less than that in the control group (» < 0.01). 80% of new cementum-like tissue were formed on resorption site of
dentin and 20% on the nonresorption site. TRAP positive cell numbers did not show any significant difference
between groups.

These findings suggested that osteoclast-like cells mediated new cementum-like tissue formation, and dentin
resorption was suppressed by bisphosphonate administration and osteoclasts this play an important role in has
been new cementum-like tissue formation on dentin surfaces to which BMP-2 applied. Nihon Shishubyo Gakkai
Kaishi (] Jpn Soc Periodontol) 48 : 285-296, 2006.

Keywords : rhBMP-2, dentin resorption, cementum-like tissue, bisphosphonate
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1gG,IgA IgM 5 7% 5 Wk (=F L4, B3 %
FRTI05EER S, 0.6%@BRbAkEMS, 3 -
TIINYFULAEREN) AEBRREHRCTREES
7z,

AR B P B OEAR & £ DOHITR
200pm BENZHEAR D 3B E BN L /2. MEE K%
= Fnara—4F =R Y A& Scion Image
(Frederick, Maryland, U.S.A.) ZHWTLTOHE
BEEHIL 7=,

(1) SFEWIEE  SFER OEREBT 2 FINH

DEIFEHIL, RFERFEEEAOESIIH
THESETHEB L,

(2) HEMBIERE  SFERFERLIOER S N
WHBOEIZEEIL, ZFERFEEEHAOR
ST HEFETEH L

(3) WIUBREE « ST EAREH RIS N/ EBALIC
Bl SN -EEGOES 2L, SFERE
HeRORESIIHTA2EAETHER L,

(4) FERIUERE  FEREEHORPENTWi
WELICEEBR SN BHEEOE S T EH
L, 8T ERFEREAOE ST 2ESET
BH L,

(5) WINE IR T ARTEREE « KB EmIHR
IS - BT S N o & S 250
L, BIEOESICHT AESRTEE L

(6) FEWRINTE RT3 A IERINURLE « & B EE
DFI S N TR WEAICEBER S 7z
BOESZEL, FRNEORSICHT 2H
FETER L,

(7) TRAP BMEMfa%: - TRAP MRS % 5l
L, BFEEmeA0ESTHLTER L.

B EME O MENFER ST ICE, SPSS (Chicago,
Ilinois, U.S. A.) % L Kruskal-Wallis /R %E &
Mann-Whitney @ U #E% H\ 272,

& R

2EDTy MIMBEREBLUBESETEROE
HATA S D50l > 5 B4 L, SEEREF - BMP-2
B Oug/ml 13 26 IT, 100ug/ml i3 25 P&, 400.g/ml
i$ 27 IE, RFEREE - BMP-2 B Oug/ml 13 24 I, 1004
g/ml i 29 I, 400ug/ml d 27 B2 5 L 72,

1. ERFNEEER

1) BMP-2 8% Oug/ml

MmE L DRIER BTSSR THEIN, &
FEEEHOWNIIERBRETIIZEAEALNT, R
BETIXTbTicabis (A1A,B)o

2) BMP-2 &% 100ug/ml

EEREE 2 AT, ERUOSRTERRE, AV b
EREEBERSRD b, BhEniEA VM E
BT, EATECERHERAONTEX Y M
iz et aEMatchd o (M2A). 4B X
8T 2 v MlfaslR T S0t A ¥ P ERE
KD ST B R ORI I 20um BOBEALTREK S
NTW2(E2B,C)e Tz, 8ETITEX Y FEKRE
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BMP-2 & Oug/ml(8 #) : HE Zfi, (A):
EEE, R (QFEEICEHSEZREAS
N orze (B) : xfEEEE. KB & ERIC
TEHEEERIEA SN, —HMOKTEREIZ
FEEEDORI (L) & S5 N 7ze Scale bar :
50m

DS B RE O FEFANH IS BRI S EAR D
H 57z ([ 2D).

PHEREE 1 2 TId, ERELFERRICEENIISRTE
Brasil s, WRANE ORFE REIIEE F R
MRBPEEIR, X PEBEHESER I TY
72 (" 3A)0 4 BLUSBTIE, HFERIIWITIE
7L, I O — B B OSTERL S T 72 (3B,
Qo BFEOIMINE IR S N7zt 2 v P EIREE
AR SN (K 3D)e T/, AV NERERAR
FERII3% < B FMasRsEsEsh, Thoil
FAFFANY VEETH 27 (H3E),

3) BMP-2 2 400ug/ml

EEREE 2, 4, SSBOEHEENRMIIBVWTREROR
FERNSBEESN, BNEHO—HEZE) L )12 A
VBB A SN, A v AR
it BMP-2 i 100ug/ml TR O N2 O & R,
Efar cRFIEFEREIIBEBRENL TV (E
4A B,C)o T/, ZFEERPERNETICERE LA ¥
FERBAATEEENTHE 0L bThicALR

XTIREE 2 BT, ERELRABICEEEORTE
WAL E v A > NEFREARERFEE S (E
5A)0 4 BTIXZETHICHRIIAEIT L, RINEICIZ
TRAP B CEEZ OB E MM sEE Sz (E
5B,C)e 8B TIZRINE O —EITFMBE THES R,
AR I B RasEEsh, I hboil
FAFEAANY VEHETH o/ (RED), iz, &F

2 BMP-2 i 100pg/ml EE# © HE 6,
(A)2 38 &I E (d) EROBNITRAEET,
—E b A Y AR () ORI AL

N, B)4#E - WNEO—FHICEAY ME
HETE A (&) DB S LTz, (C)8 4 ¢
WUWE D% < OB A > b E BT
(B)PBHR ST, (D)8# - &RFHEX
EPRILL TR WEZICER A~ VE#
R (A)PEK SN TV 72, Scale bar :
50pm

B OIERIEBIZ b £ 2 ¥ PERERGE DT PICEE
é ﬂf:o

2. {EBPRIEHAER

1) SEFEWRE

BMP-2 i Qug/ml Tid, 2 BDERREHNF4.2%,
STREEEAS 4.4%, 4B TIX4.2% & 7.8%, 3BT
4.5%& 7.9% T, 4, 8B TERENSMERL VAR
o7z (p <0.01)0 BMP-2 & 100ug/ml T, 2
BOEBED6.0%, *THEE20.1%, 4:BTIZ9.0%L
30.2%, 8B TIL20.0% & 38.3% T, & TOEHELH
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3 BMP-2 B 100ug/ml $TEBE : (A-D)
HE &8, (B) FRAFF AN rihERa,
(A)2 3 TR L 72 & () EEITEFHA
BEMESBESh, Ay AR
(A) P SN, F0 BB EFHiaRE
MaDTEE L. B4 M HFEH ZRITAH
AT L, BN ORI A > b ERRRE
(A BB E N Tv7z, (C)8 8 RINE D
%Ik X v P ERTERE () PR SR,
BB B FHRERasEES Nz, (D)
83 FFE () XFORNAH LN, EE
BHESBIHERE I LTV 250 BEIN,
()88 : &FE (D) EFIER I NI A Y
RS () OBBICIIF AT ALY
RIS (1) A3 5 M7z Scale bar : 50u4m

B 400ug/ml EBREE | HE %t
(A)2:# (B)4:A (C) 88 : HFHE ()
EEAREEICECREL, —8iZEA T
BRETEHA (A) DB S LTV 72, Scale bar
: 50pum

CBWTEBRBEPSRBEIVAEIE 2720 <
0.01)o BMP-2 i ¥ 400ug/ml T3 4 38 O EEREEN
18.0% CTHHHEEEHS 31.0%, 8 B TITEERED 18.5% T
WHEENFH O TEREFAEILEIo( L
0.01) (E6)o

BMP-2 B CTHET 5 &, MBEOLTOBIELM
2 BT, BMP-2 i 100ug/ml & 400ug/ml DE T
HAEEZE XL LN o7 (p > 0.05)s F 72 BMP-2
B Oug/ml & 100 3 & U8 400pug/ml THET 5 &,
D 2T OBEHENIC BT BMP-2 i Oug/ml
BEBEIE» 572 (p <0.01)0

2) HREBMEMTARR

BMP-2 i Qug/ml TIIMEE & b &EBRIE T
HBIIER S e h o7

BMP-2 i 100ug/ml T, 2 HICBWCEREL
HREOM TAEZRRON L -72(0 > 0.05), E
ERBED 458754.1%, 8BH17.5% T, HERED 48
7516.2%, 8BA38.7%TH Y, 4, 8B TIIEEREI
WHEICH~NEEIL KD 272 (p <0.01)o BMP-2 i
B 400ug/ml @ 2, 4 ATIIERBELNBREOMTE
BEEZIEIRONT (0> 0.05), SETIXEEREEN5.0%,
MEBES BIRTEBRESEEICEKI2720 <
0.01) (B47)
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5 BMP-2 ¥ 400ug/ml *TEREE (A,B,
D) HE ¥ 1, (C) TRAP % 6. (A) 2
B EEMCRFE () FREIRIL, -5
12k A Y PERERE Q) PERSATY
770 (B) 4B  RFEMFETHICHINL, &
WEIESHERR (D) PA LN (C)4
B . TRAP BiEdR (1) 05 RF ERINE 12
HbNize (D)8# : BPNBNSL {ITk A
N EREEA (a) DS B L7, Scale bar
- B0um

F7-, BMP-2BECRHET 5 &, 2 ATIRMELD
BMP-2 i#EF 100ug//ml & 400ug/ml B THEZ LA~
&Aoo (p > 0.05)0 43T HEEED BMP-2
V2R 100pg/ml 75 400pg/ml 1B L TEEICE L (@
< 0.05), EEE O BMP-2 B 100ug/ml & 4004
g/ml B TIRAEZEIALN o572 > 0.05). 8
BETIREEE b BMP-2 B E 100ug/ml »° 400ug/ml
LW EBIIEDPo7(p <0.01)

3) BRAFERCE

BMP-2 i2F 100pg/ml 1, 4 B TITEERFEDI 2.8%
THHDIIHE L THBEDS 14 5% TEREVPAE
W (p < 0.01), 8B TIXEBREE 13.8% 12K Lt

=

50

40

BMPO 1 g/ml

30

20

ot F AL 5

o

50

40

BMP100 g g/ml

30

20

10

%S HR I

@

50

40

BMP400 1 g/ml

30

20

%S EW I

10

X6

&

238 438 81

-

! I l

28 438 818

SO EWINEE : (A)BMP-2 i Oug/ml  (B)
BMP-2 5 100g/ml  (C)BMP-2 i#FE 400x
g/ml @ EERE, A iR, k:p<

0.01
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>

50

40 |~

BMP100 ¢ g/ml

30 —

20 |~

10 |-

Yo TR MY FRL 2R

40 =

30 }—

20

Y TR AL BMP400 1 g/ml
1

238 438 83

7 REEABERE . (A)BMP-2 & 100ug/mi
(B) BMP-2 i F 400ug/ml @ : EERH,
A REEE, % 1p <0.01

FRBE(Y 33.4% CEBRBEIAEICED 072(p < 0.01)o
BMP-2 i 400ug/ml 13, 4 B TIZERED 2.4%1C
BB LT BBEN 5 3% CEBREINFEIEL (L
0.01), 8B TIIEERRE 2.0%IIx LITFEEIL 9.8%T
EBESEEIEY o7 (<0.01) (K8,
BMP-2EEChRETS L, 2AIEMEL D BMP-2
B 100ug/ml & 400ug/ml B THEZZALNT
o7z (p > 0.05), 4 BTIXEERED BMP-2 B E
100ug/ml & 400ug/ml FTIREEZERA LN D5
7= (p > 0.05) 2%, ¥TEEEED BMP-2 B 100ug/ml X

A

50 |
40
30 |—

20 -

%WEINTEAEER  BMP100 1 g/ml

218 48 88

50 |~

40 -

30 |-

BMP400 12 g/ml

20 |~

% W B R

10

238 43 838
8 IV (A)BMP-2 &% 100ug/ml  (B)
BMP-2 i 400ug/ml @ : EEE, A
BB, % :p<D0.01

400ug/ml L W BEIWLE D272 (p < 0.01), 8 BT
T & b BMP-2 2 & 100ug/ml 7f 400ug/ml & W &
BIED o7 (p <0.01)0 ’

4) FERINFE R ER

BMP-2 & 100pg/ml, 400pg/mi &b, $XTO
EBIAMICB W CERE, JREOMICEEERIIAL
Nidor(p>0.05) (M.

BMP-2 BECTOLETIX, T XRTOEEHAMTH
BLOUIAEBEZERAON o7 (p>0.05)0

6) WRINEICHET BRI E

BMP-2 I8 100ug/ml TiZ 4 B TEEREEAHT 32.0%,
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o>

BMP100 12 g/ml

% FEUR IS TR

os)

%FERINTZALER  BMP400 1 g/ml

| | |
23 48 83
9 FEWIULAE: (A)BMP-2 & 100ug/ml
(B) BMP-2 i 400ug/ml @ : EEEH
A oHEREE, * 1p <0.01

PHEBEEAS 50.2%, 8 A TIIEEREEA70.2%, HFEBEEAS
80.4% T 4,8 WM& bEBRHEINBHRL VEZILED -
72(p < 0.05)o BMP-2 i 400ug/ml TiX 2, 458T
MEMICEEEZEEAO N2 o728, 8B TIIERE
759.2%, IEEED20.8% CEBRESEEICEr 072
(p <0.05) (B 10)o

BMP-2 BETHET 5 &, EBHIZ2 4BTHEE
EFALNLD o725, 8B TiE BMP-2 i 100y
g/ml % 400ug/ml \Z _EBIZE D o 770 FREICH
BBEED 4, 8 BTH BMP-2 ¥ 100ug/ml BB EICE
oz,

7)  FERINE AT T B FERINFE R R

>

100 |-

0

80 I~ *

60 —

T ARIVIERES  BMP100 1 g/ml
3
T

40 |- * ok

Z

%% WU

oo

100 |~

90

70

60 |

R ARINFZELSR  BMP400 1 g/ml

Z

or 1% %

%W IT

0 ! |
28 4 8i

10 BREIA§ 5 RINERER © (A)BMP-2 i
B 100ug/ml (B) BMP-2 & & 400ug/ml
© ERHE A NEN *:p<0.0l
*% 1 p<0.05

BMP-2 #&FF 100ug/ml, 400ug/ml & 3T DE
ZHMCBWTERBE L ABEOMICEEEZERALN
Haro7z(p>0.05) (K11,

BMP-2 BB CIhET L L, 2BLUSHETHEL
3 BMP-2 B 100ug/ml, 400ug/ml OB I EEEL
AN hol(p>0.05), 4BITERBFECIIEES
IG5 7zh, WREETIE BMP-2 BE 100x
g/ml %% 3.3%, 400ug/ml %% 0.9% < BMP-2 & &





