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A new biocompatible glass, which is composed of CaO, P2O6, SiO2> and ALjOg (abbreviated
CPSA) and is characterized by higher elasticity than previous bioglass products, was
molded into fibers with a diameter of 9 |xm. With CPSA fibers, two geometrically differ-
ent structures, balls and bundles (each 20 mg in weight), were prepared, combined with
2.2 fig of rhBMP-2 (a gift from Yamanouchi Co., Japan) and implanted subcutaneously
into rats. The histology showed remarkably higher bone formation in the ball-CPSA/
BMP at 2 and 4 weeks than in the bundle-CPSA/BMP. The ball-CPSA/BMP showed 10
times higher alkaline phosphatase (ALP) activity at the second week and 5 times higher
osteocalcin content at the fourth week than the bundle-CSPA/BMP. Vascular develop-
ment in the implants was evaluated by mRNA expression of Flt-1 and KDR, two recep-
tors for vascular endothelial growth factor (VEGF). Both receptors showed higher ex-
pression in the case of the ball, while they were not detected in the bundle. It is con-
cluded that the BMP-induced bone formation depends highly upon the porous vascula-
ture-inducing geometry of the matrix, which can be constructed with the new CPSA
fibers.

Key words: bone morphogenetic protein, bioglass, carrier-geometry, osteogenesis, vascu-
larization.

To clarify the biochemical mechanism of bone formation
and to formulate a tissue engineering strategy for bone tis-
sue, we have proposed that five factors must be taken into
consideration (i—4). These are (i) the cells involved directly
in bone formation, (ii) matrices produced by the cells, (iii)
body fluid provided by vascularization, (iv) regulators of
general cellular activities as well as the calcification pro-
cess, and (v) mechanical stress. These five factors should be
analyzed individually, after which the interactions among
them can be elucidated (4-6), and finally they should be
integrated into the whole picture of bone formation. The
principle can be applied not only to understanding the
mechanism of bone formation but also to reconstructing
local bone defects by tissue engineering (2, 7—11).

To verify the above proposition, we chose as our experi-
mental system BMP-induced ectopic osteogenesis (11, 12).
In this system, body fluid and some mechanical stress are
already available in the local area, if it is in the right place
at the right time. The only items that must usually be
added are the regulators and matrices, which correspond to
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BMP and its carrier, respectively. BMP is a cytokine that
was originally known for its unique character of inducing
bone formation when implanted with a certain carrier into
ectopic tissues such as skin or muscle (13,14). This charac-
teristic has naturally attracted the strong attention of sci-
entists in the orthopedic and dental fields, in anticipation of
its clinical application. One of the major problems to be
overcome before clinical application is now considered to be
the development of the optimal carrier of this cytokine (11).

Thus, we have developed and tested more than ten dif-
ferent carriers, coming to the conclusion that BMP-induced
osteo- and chondrogenesis are highly dependent upon the
carrier (11, 15). This is partly because the carrier of BMP
functions not only as a mere drug delivery system, but also
as an important cell substratum on which the cells undergo
growth and differentiation (11, 15). At the initial stage of
research, BMP-induced bone formation was believed to fol-
low endochondral ossification precisely (12). However, when
new carriers of porous particles of hydroxyapatite (PPHAP)
or fibrous collagen membrane were introduced, it was
found that bone was formed directly following the process
of membranous ossification, without any detectable amount
of cartilage formation (15, 16). Furthermore, the non-
porous particles of hydroxyapatite did not induce bone or
cartilage (ii). These findings led us to investigate the
geometry of the BMP carrier as one of the important fac-
tors that control the efficacy of the phenotype induction in
this experimental system. A series of studies revealed that
there are "cartilage-inducing carriers," such as a fibrous
glass membrane (15), and "bone-inducing carriers," such as
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PPHAP (15) and titanium fiber mesh (17).
In 1997, we found that the optimal pore size of porous

blocks of hydroxyapatite (PBHAP) as a carrier of BMP to
induce direct bone formation is 300-400 \xm (3). Detailed
comparison was done among PBHAPs with a series of pore
sizes from 100 to 600 \xm to examine their bone-inducing
efficacies by determining alkaline phosphatase activities
and osteocalcin contents. Both parameters of bone forma-
tion had the highest values in PBHAP implants with a
pore size of 300-400 |xm combined with rhBMP-2 (3).

To verify the "vasculature-inducing geometry hypothe-
sis," fibrous types may also be useful BMP-carriers, obvi-
ously because collagen fibrils are the essential framework
of the connective tissues. Biomimetic fibrous materials, con-
structed of quartz glass (CaO, SiO2, BO4, ALp3) with a di-
ameter of 1 (j,m and pore size of 1 \x.m, as determined by the
maximum particle size that can get through, have already
been tested as BMP-carriers and shown to induce cartilage
exclusively within the fibrous structure of the membrane
form (18). But a fibrous structure with a larger pore size is
not available with the same quartz glass, mainly due to the
fragility of the material.

In this paper, we chose CPSA as a BMP carrier, since
this glass has sufficient rigidity while at the same time is
elastic enough to be molded into fibers of reasonable
strength (19, 20). With this CPSA, we prepared two geo-
metrically different structures, balls and bundles (each 20
mg in weight), combined them with rhBMP-2, and im-
planted them into rats.

MATERIALS AND METHODS

Preparation of CPSA Glass—The components of CPSA
glass (CaO: 32.24, P2O5: 9.26, SiO2: 41.00, ALA,: 17.50
mol%) were mixed, ground and melted at l,400-l,450°C in
a crucible. A nozzle 3.2 mm in diameter at the bottom of
the crucible was opened and the melted glass was led verti-
cally to form a fiber 2 meters in length. The end of the fiber
was wound on a wheel at a speed of 700-1,000 m/min. The
diameter of the final glass fiber (8-30 \JM\) could be con-
trolled by the speed of rotation of the wheel. The tensile
strength and modulus of elasticity of the CPSA fibers were
about 2,100 MPa and 69.0 GPa, respectively.

Preparation of BMP-Carrier Composite—The CPSA glass
fiber (9 pun in diameter) was cut into small pieces about 2-
3 mm in length. These pieces were then molded manually
into a ball 6-7 mm in diameter. This preparation was des-
ignated ball-CPSA. On the other hand, CPSA fibers were
cut into pieces 7 mm in length, and these pieces were gath-
ered into bundles 3 mm in diameter and bound with nylon
strings. This preparation was designated bundle-CPSA.
Both preparations weighed 20 mg. The ball- and bundle-
CPSA were each infused with a solution (2.2 (xg/30 yJ) of
rhBMP-2 (a gift from Yamanouchi Co., Japan).

Implantation—Male Wistar rats (about 70 g) were anes-
thetized intraperitoneally with pentobarbital sodium (4 mg/
100 g body weight). The back was shaved, and cleaned with
70% alcohol and cut by blunt dissection to form subcutane-
ous pockets. Balls and bundles of CPSA glass fibers were
implanted carefully with tweezers in the subcutaneous
pockets and sutured. The animals were killed by an over-
dose of ether 1, 2, 3, 4, 8, or 20 weeks after implantation.
The implants and the surrounding tissues that formed

clearly discrete pellets were removed and subjected to his-
tological observation and biochemical analysis.

Histological Observation—A part of each implant was
fixed in 10% buffered formalin, decalcified with 40% formic
acid, processed for paraffin embedding and cut into sections
5 (Jim thick. Sections were stained with hematoxylin-eosin
and evaluated by light microscopy. One-week samples of
ball-CPSA/BMP were also stained with toluidine blue.

Biochemical Analysis—Alkaline Phosphatase (ALP) Ac-
tivity—The implanted pellets were lyophilied and stored at
—80°C until use. Samples were cut with scissors in conical
microcentrifuge tubes into a fine powder with a particle
size of about 0.1 mm and mixed in 1 ml of 0.2% Nonidet P-
40, 10 mM Tris-HCl, 1 mM MgCL,, pH 7.5. The ALP activ-
ity of the suspension was measured by the Kind-King phe-
nyl phosphate method (21).

Osteocalcin Content—Pulverized samples were decalci-
fied with 40% formic acid at 4°C for 12 h, keeping the pH
constant at 2.0 by the addition of 40% formic acid. The de-
calcified solution was collected by centrifugation at 10,000
Xg for 30 min. The supernatant was dialyzed against dis-
tilled water and lyophilized. The samples were dissolved in
phosphate-buffered saline (PBS) for sandwich ELISA. Rat
osteocalcin and rabbit anti-rat osteocalcin affinity purified
polyclonal antibody were used as standards for osteocalcin
and the first antibody, respectively (a kind gift from Dr. Y.
Dohi, Nara Medical University). A monoclonal anti-osteo-
calcin antibody (Takara, Japan) and goat anti-mouse IgG-
HRP (Horse radish peroxidase), (Kirkegaard and Perry
Laboratories, USA) were also used. For the substrate solu-
tion, ABTS (2,2'-azino-bis[3-ethylbenzothiazoline-6-sulfonic
acidjdiammonium salt) was used (Boehringer Mannheim
GmbH, Germany).

The polyclonal anti-rat osteocalcin antibody was diluted
300-fold with PBS, added to a Falcon 96-well microtiter
plate, and incubated overnight at 4°C. On the second day,
the antibody was aspirated and 1% BSA (Bovine serum
albumin)-TBS (0.05 M Tris-HCl/0.1 M NaCl, pH 8) was
added as blocking solution and incubated for two hours at
37°C, then aspirated and washed with PBS three times.
Standard osteocalcin antigen was diluted with PBS/15 mM
EDTA at 1,10, 50,100, 250, or 500 ng/ml and added to the
wells. Samples were diluted with PBS/15 mM EDTA, and
also added to the wells and incubated at 37°C for 4 h, then
aspirated and washed three times with 0.05% Tween 20/
TBS (TTBS). The monoclonal anti-osteocalcin antibody
(diluted 2,000-fold with 1% BSA-TBS) was added to the
wells and the mixtures were incubated at 37°C for two
hours. The antibody solution was aspirated, and wells were
washed three times with TTBS. Anti-mouse IgG-HRP
(horse radish peroxidase, diluted 1,000-fold with 1% BSA-
TBS) was added and the mixtures were incubated at 37°C
for 2 h. The antibody was aspirated and the wells were
washed three time with TTBS. ABTS substrate (ABTS
powder/0.1 M citric acid/0.2 M NaHjPO.,/30% H;,O2) solu-
tion was added and a greenish blue color appeared after 5-
10 min, after which the reaction was stopped with 0.1 M
citrate/0.1% NaN3 solution. The absorbance was measured
at 415 nm using a microtiter plate reader. The osteocalcin
contents of the samples were calculated from the standard
curve.

RNA Extraction and RT-PCR-For mRNA Expression of
Osteocalcin, Flt-1, and KDR—Sample RNA was extracted
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with Isogen reagent (Nippon Gene, Japan) according to the
manufacturer's instructions. Briefly, fresh explanted pellets
were homogenized and solubilized in an Isogen/chloroform
solution at 4°C. Supernatants were obtained by centrifuga-
tion at 12,000 Xg for 15 min at 4°C and combined with iso-
propanol, after which the mixtures were centrifuged at
12,000 Xg for 15 min at 4°C. The precipitates were obtained
by decantation and washed with 75% ethanol. Finally, the
RNA pellets were dissolved in RNAase-free water and pre-
served at — 20°C until used.

Using the extracted RNA as a template, reverse tran-
scription reactions were carried out with an RNA-PCR Kit
(Takara Biomedicals, Japan) to synthesize cDNA. Then,
PCR was carried out using osteocalcin and GAPDH (a
housekeeping gene) primers. The sequences of the osteocal-
cin primers were: 5'-ATGAGAGCCCTCACACTCCTC-3'
(sense) and 5'-CTAGACCGGGCCGTAGAAGCG-3' (anti-
sense) (22). The product size was 303 bp. PCR amplification
was performed for 28 cycles in a thermocycler (Takara
PCR, Thermal Cycler Personal, Takara Biomedicals) with
initial denaturation at 95°C for 30 s. Subsequent annealing
was done at 62°C for 30 s, and extension at 72°C for 1.5
min.

For the Flt-1 and KDR mRNA expression study, PCR
was carried out using Flt-1 and KDR primers. The se-
quences of the rat Flt-1 primers were 5'- AAGGTCTACAG-
CACCAAG-3' (sense; corresponding to nt 3220-3237) and
5'-CACATCATCAGAGCTTCC-3') (antisense; corresponding
to nt 3616-3633). The product size was 410 bp. The KDR
primers were 5'-GGGAAAGACTATGTTGGG-3' (sense; cor-
responding to nt 2830-2847) and 5'-ATCAATCTTGACCC-
CAGG-3' (antisense corresponding to nt 3307-3324) (23).
The product size was 490 bp. PCR amplification was per-
formed for 35 cycles in a thermocycler (Takara PCR, Ther-

mal Cycler, Takara Biomedicals) for both Flt-1 and KDR
primers, with initial denaturation at 94°C for 1 min, subse-
quent annealing at 50°C for 1 min, and extension at 72°C
for 10 min. Then, all the PCR products (Osteocalcin, Flt-1,
KDR, and GAPDH) were analyzed by electrophoresis in 2%
agarose gels, and stained with ethidium bromide.

RESULTS

Histological Changes—Figure 1 shows photographs of
ball- and bundle-CPSA before implanting. Figure 2, A and
B, shows the scanning electron microscopy profiles. The
ball-CPSA has a higher porosity than the bundle-CPSA. By
simple calculation, the roughly spherical ball-CPSA with a
diameter of 6 mm comprising 20 mg of fibers with a fiber
diameter of 9 ^m and length of 3 mm, possesses approxi-
mately 3 times more vacant space than the bundle-CPSA

t\t
Fig. 1. Photograph of ball- and bundle-UFSA glass htters Be-
fore implantation. The a bar in the lower right corner indicates 5

m T « A < ;
-B

Fig. 2. Scanning electron micro-
scopic photograph of ball-
CPSA (A) and bundle-CPSA (B)
implants before implantation.

Fig. 3. Microphotograph of
cross-sections of ball-CPSA/
BMP at 1 week after implanta-
tion. A, Ball-CPSA combined with
rhBMP-2. Hypertrophic chondro-
cytes are indicated by the box and
shown enlarged in B. Large areas
of chondrogenesis are observed.
Sections were stained with tolui-
dine blue. The bars in the lower
right corners indicate 100 nm.
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Fig. 4. Microphotographs of
CPSA-balls and bundles com-
bined with rhBMP-2 at 2 weeks
after implantation. Much higher
bone and marrow formation in ball-
CPSA/BMP (A) than in bundle-
CPSA/BMP implants (B). Bone and
marrow formation are indicated by
NB and BM, respectively. At 4
weeks after implantation, the ball-
CPSA/BMP shows a large amounts
of bone and marrow formation (C),
whereas bundle-CPSA/BMP shows
scant bone formation (D). At 20
weeks after implantation, lamellar
bone formation with a widening of
the bone marrow spaces is observed
in ball-CPSA/BMP (E). In ball-
CPSA without rhBMP-2 at 4 weeks
time, neither bone nor cartilage is
observed (F). Sections were stained
with hematoxylin-eosin. Arrows in-
dicate the CPSA glass fibers. The
bars in the lower right corners indi-
cate 100 (jim.

Time after implantation (weeks)

Fig. 5. Time-dependent changes in alkaline phosphatase
(ALP) activities in ball-CPSA/BMP from 1-20 weeks after im-
plantation. Vertical bars indicate standard deviations (n = 4).

• p 005

M Ball (TSA'BMP
C H BundleCPSA BMP

Fig. 6. ALP activities in ball-and bundle-CPSA glass fibers
with rhBMP-2 at 2 weeks after implantation. Vertical bars indi-
cate standard deviations (n = 3). Values significantly different from
the bundle-CPSA/BMP are marked: 'p < 0.05, as determined by
paired i-test analysis.

with a diameter of 3 mm, comprising 20 mg of fiber with a
diameter of 9 pun and length of 7 mm.

Figure 3 shows the histology of the ball-CPSA/BMP at
the first week. Numerous characteristic chondrocytes with
some hypertrophic chondrocytes are already observed, indi-
cating active chondrogenesis and differentiation in the ball-
CPSA. At the same period, some areas show the transition

stage from cartilage to bone. At the second week, newly
formed bone all around the implant, and bone marrow for-
mation between the CPSA fibers, are observed as shown in
Fig. 4A. In contrast, bundle-CPSA/BMP at the second week
show fibrous tissues around the implant, with only scanty
bone formation as shown in Fig. 4B. There was also no
detectable formation of cartilage in the bundle-CPSA/BMP
implants (Fig. 4B). At 4 weeks, the ball-CPSA/BMP shows

J. Biochem.

 at Peking U
niversity on O

ctober 1, 2012
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

http://jb.oxfordjournals.org/


Feasible Geometry for Bone Formation 167

increased amounts of new bone and bone marrow increased
around the implant material as shown in Pig. 4C, whereas
only scant bone formation can be seen in the bundle-CPSA/
BMP (Fig. 4D).

The induced ectopic bone in the ball-CPSA continued
active remodeling up to at least week 20 after implanta-
tion. Figure 4E shows abundant lamellar bone formation
with widening of the bone marrow spaces at the twentieth
week in the ball-CPSA/BMP. No inflammatory reaction was
detected throughout the observation period. However, with-
out rhBMP-2, the ball-CPSA generated neither bone nor
cartilage formation, as exemplified by the picture at the
fourth week shown in Fig. 4F, where only fibrous connec-
tive tissue can be seen.

Changes in Alkaline Phosphatase Activity—The time-
dependent changes in the alkaline phosphatase activity
(ALP) of the ball-CPSA/BMP from 1 to 20 weeks showed
the highest ALP activity at 1 week, with a gradual decrease
thereafter (Fig. 5). The ALP activity of the ball- CPSA/BMP
at the second week was 10 times higher (*p < 0.05) than
that of the bundle-CPSA/BMP (Fig. 6).

Expression of mRNA for Osteocalcin—Figure 7 shows the
agarose gel electrophoresis pattern of mRNA expression
using RT-PCR. Lane 1 is the standard. Osteocalcin bands
were detected in lanes 2, 4, 6, 8, 10, and 12, which repre-
sent, 1-, 2-, 3-, 4-, 8-, and 20-week samples, respectively, of
ball-CPSA/BMP at the 303 bp region. Lanes 3, 5, 7, 9, 11,
and 13 show GAPDH expression at 1, 2, 3, 4, 8, and 20
weeks, respectively. The GAPDH bands were observed in
the 343 bp region.

Changes in Osteocalcin Content—Figure 8 shows the
osteocalcin contents of ball- and bundle-CPSA/BMP at 4
weeks after implantation, as measured by the sandwich
ELISA technique. Ball-CPSA combined with rhBMP-2 had
an osteocalcin content 5 times higher than the bundle-
CPSA/BMP implants (*p < 0.05).

Expression of Flt-1 and KDR—Figure 9 shows the 2%
agarose gel electrophoretic pattern of mRNA expression of
both ball- and bundle-CPSA combined with rhBMP-2 at 2
weeks, using GAPDH, Flt-1 and KDR primers. Lane 1 is
the standard. GAPDH (as a control) expression was de-
tected as a band corresponding to 343 bp in both ball- and
bundle-CPSA/BMP in lanes 2 and 3, respectively. The ball-
CPSA/BMP implants showed Flt-1 and KDR expression
detected as bands at 410 and 490 bp in lanes 4 and 6, re-
spectively. In contrast, no detectable bands were observed
for bundle-CPSA/BMP implants in lanes 5 and 7.

Figure 10 shows the 2% agarose gel electrophoresis pat-
tern of the mRNA expression of ball- and bundle-CPSA
with rhBMP-2 at 4 weeks after implantation. Lane 1 is the
standard. In lanes 2 and 3, GAPDH expression is observed
as a bands in the 343 bp region for ball- and bundle-CPSA/
BMP implants, respectively. Bands at 410 and 490 bp for
the ball-CPSA/BMP implants indicate the expression of
Flt-1 and KDR (lanes 4 and 6, respectively), whereas, no
detectable Flt-1 and KDR bands are observed in case of
bundle-CPSA/BMP in lanes 5 and 7. Flt-1 and KDR, two
important receptors of VEGF, are expressed in the ball-
CPSA/BMP implants but not in the bundle-CPSA/BMP at
both 2 and 4 weeks after implantation.

1 2 3 4 5 6 7 8 9 10 11 12 13 1 2 3 4 5 6 7

343bp
;- 303bp

500bp

Fig. 7. Photograph of 2% agarose electrophoresis gels show-
ing the RT-PCR products of mRNA extracted from the ball-
CPSA/BMP at 1, 2, 3, 4, 8, and 20 weeks after implantation
and stained with ethidium bromide. The GAPDH bands appear
in lanes 3,5,7, 9,11, and 13 at the 343 bp site. The bands at the 303
bp site are osteocalcin in 1, 2, 3, 4, 8, and 20 week samples in lanes
2, 4, 6, 8, 10, and 12, respectively. The first lane on the left is a 100-
bp marker ladder.

• p . 005

• Ball CPiA/BMP

• Bundle CPSA'BMP

Fig. 8. Osteocalcin contents of ball- and bundle-CPSA/BMP at
4 weeks after implantation. Vertical bars indicate standard devi-
ations (n = 3). Values significantly different from that of the bundle-
CPSA/BMP are marked: 'p < 0.05, as determined by paired t-test
analysis.

500bp 490bp
410bp
343bp

Fig. 9. Photograph of 2% agarose electrophoresis gels show-
ing the RT-PCR products of mRNA extracted from ball- and
bundle-CPSA/BMP at 2 weeks after implantation and stain-
ed with ethidium bromide. The GAPDH bands of ball- and bun-
dle-CPSA/BMP samples appearing at the 343 bp sites are observed
in lanes 2 and 3, respectively. Flt-1 and KDR bands of the ball-
CPSA/BMP samples appear at the 410 and 490 bp sites in lanes 4
and 6, respectively. No detectable Flt-1 or KDR bands are seen for
bundle-CPSA/BMP (lanes 5 and 7, respectively). The first lane on
the left is a 100-bp marker ladder.

1 2 3 4 5 6 7

500bp

Fig. 10. Photograph of 2% agarose electrophoresis gels show-
ing RT-PCR products of mRNA extracted from 4-week ball-
and bundle-CPSA/BMP stained with ethidium bromide. The
GAPDH bands of ball- and bundle-CPSA/BMP samples appearing at
the 343 bp sites are observed in lanes 2 and 3, respectively. Flt-1 and
KDR bands for the ball-CPSA/BMP samples appear at the 410 and
490 bp sites in lanes 4 and 6, respectively. No detectable Flt-1 or
KDR bands are observed for bundle-CPSA/BMP (lanes 5 and 7, re-
spectively). The first lane on the left is a 100-bp marker ladder.
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DISCUSSION

Significance of CPSA as a Biomaterial—In this study, we
attempted to use a novel material called CPSA glass fiber
as a BMP-carrier, and proved that it works effectively if
molded into a porous ball. The results were interpreted in
terms of the "vasculature-inducing geometry" of the CPSA
glass fibers. These results support the hypothesis that good
vascularization and a suitable matrix scaffold are essential
factors for bone formation.

The term "bioactive material" indicates "a material that
elicits a specific biological response at the interface of the
material, which results in the formation of a bond between
the tissues and the materials" (Hench and Wilson, 1993).
Many bioactive glasses have been introduced by different
investigators. Bioglass® was first discovered by Hench and
was shown to bond to both bone and soft tissues (24, 25).
Recently, Kokubo et al. developed A-W (apatite-wollasto-
nite) glass by mixing hydroxyapatite with wollastonite (26).
This new bioglass is characterized by its mechanically high
strength and biocompatibility. Nakamura et al. (27) and
Ijiri et al. (28) also confirmed these properties. More recent-
ly, Kobayashi et al. (19) invented another new bioglass,
CPSA glass, in a fiber form. Morishita et al. (19) worked
out the mechanical properties and biocompatibilities of
CPSA fibers, which show a tensile strength of 2.10 GPa and
Young modulus of 69.0 GPa. They implanted CPSA fibers
into the bone marrow cavity of a rabbit femur for 6 weeks
and showed that bone formation occurred in the area sur-
rounding the CPSA fibers and that there was no tissue
rejection. Thereafter, CPSA glass fibers were employed as a
fiber-reinforced composite (FRC) for various clinical uses in
the dental field, especially as aesthetic wire in orthodontic
treatment combined with methyl methacrylate (20). We
noticed that this is the only bioglass that can be molded
into a fiber form. Thus, in this study, we fabricated geomet-
rically different ball- and bundle-shaped structures and,
combined with rhBMP-2, implanted them subcutaneously
in rats.

Superiority of the Ball over the Bundle-Shape—The his-
tological evidence showed clear-cut higher and faster carti-
lage and bone formation using the ball-CPSA/BMP rather
than the bundle-CPSA/BMP (Fig. 4, A-D). One-week after
implantation, the ball-CPSA/BMP showed chondrogenesis
with the formation of hypertrophic chondrocytes (Fig. 3).
More bone and marrow formation were observed for ball-
CPSA/BMP than bundle-CPSA/BMP 2 weeks after implan-
tation (Fig. 4, A and B). After 4 weeks, a very small amount
of bone was observed around the bundle-CPSA/BMP,
whereas the ball-CPSA/BMP showed large amounts of
bone formation between the glass fibers with the formation
of bone marrow spaces (Fig. 4, C and D). Lamellar bone
with marked widening of the marrow spaces was also ob-
served in the case of ball-CPSA/BMP at 20 weeks with no
inflammatory reaction (Fig. 4E). Neither bone nor cartilage
formation was observed for ball-CPSA without rhBMP-2,
even 4 weeks after implantation (Fig. 4F).

Alkaline phosphatase (ALP) is a widely distributed glyco-
sylated membrane-bound ectoenzyme. Bone ALP is located
on the surface of osteoblasts and is thought to play a major
role in bone formation and mineralization. Its levels are
considered to reflect osteoblastic activity. Therefore, bone

ALP levels can also be used as a biochemical marker for
assessing bone related diseases, including bone metastasis
(29). In our study, the ball-CPSA/BMP showed 10 times
more ALP activity than bundles at the second week (Fig. 6).
At the fourth week, the osteocalcin content of the ball-
CPSA/BMP was 5 times higher than that of bundle-CPSA/
BMP implants (Fig. 8). These results clearly indicate that
the ball-CPSA/BMP is much more feasible for bone forma-
tion than bundle-CPSA/BMP.

Porosity of the BMP Carrier and Vasculature—Based on
the five factors for bone formation described in the Intro-
duction, there are two possible explanations for the differ-
ences between the ball- and bundle-CPSA/BMP. One is the
efficacy of the migration of mesenchymal cells into the two
carriers, and the other is vascularization into the carrier.
The fundamental difference between the ball- and bundle-
CPSA is their porosities. The ball-CPSA, with its diameter
of 6 mm, has approximately 3 times as much vacant space
as the bundle with a 3 mm diameter. It can easily be
assumed that the higher porosity in the ball-CPSA will
accept a much higher degree of mesenchymal cell migra-
tion and vascularization than in the bundle-CPSA. Vascu-
lar endothelial growth factor (VEGF) is a key regulator of
vasculogenesis and angiogenesis that acts especially on
endothelial cells, because VEGF receptors are expressed
almost exclusively by the endothelium (30). As VEGF has
the potency to increase vascular permeability, it has also
been termed a vascular permeability factor (VPF). The fins-
like tyrosine kinase (Flt-1) and kinase-domain-region
(KDR) are the VEGF receptors (31, 32). Both receptors
share common features including seven Ig-like extracellu-
lar domains, a single transmembrane region, and a consen-
sus tyrosine kinase sequence interrupted by a kinase insert
domain. Their molecular masses are about 220 kDa, and
they are highly glycosylated. Several studies have mapped
the binding site for VEGF to the second Ig-like domains of
Flt-1 and KDR, and deletion of the second Ig-like domain of
Flt-1 completely abolishes VEGF binding (33, 34). In our
study, the results of the evaluation of vascular development
by the RT-PCR study of Flt-1 and KDR receptor expression
clearly indicated that the ball-CPSA/BMP shows strongly
positive reactions at 2 and 4 weeks after implantation
while the bundle-CPSA/BMP shows no detectable amounts
at the same implantation periods (Figs. 9 and 10). These
observations are consistent with the much higher osteogen-
esis for the ball-CPSA/BMP as judged by alkaline phos-
phatase activity, osteocalcin and histological observations.

It has been well documented that vascularization is an
essential requirement for bone formation, but not for carti-
lage formation (35). However, little direct biochemical evi-
dence for the correlation between osteogenesis and vascu-
lature is available. To our knowledge, our report is the first
to show a direct relationship between osteogenesis and vas-
culature.

Although the precise molecular mechanism of the differ-
ential requirements of osteoblasts and chondrocytes for
vasculature is still not fully understood, this study provides
positive evidence for the strong relationship between vascu-
lature and osteogenesis in a BMP-induced ectopic system.
Previously, several researchers have suggested possible
mechanisms for the relationships among osteogenesis, vas-
culature, and matrices. One group emphasized vasculature
as a source of osteoblasts (36); another group was inter-
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ested in the higher oxygen and nutrient requirements of
osteoblasts compared with chondrocytes (37, 38). Recently,
it was proposed that pericytes in the newly formed capillar-
ies contribute to osteogenesis as a source of osteoblasts and
signals for osteoblast recruitment in remodeling bone (35).
Conclusive evidence is still lacking, although an, involve-
ment of pericytes in supplying osteoblasts would indicate a
stronger relationship between bone and vasculature.

Higher Oxygen Requirement of Osteoblasts—The higher
oxygen and nutrient requirements of osteoblasts, were first
proposed by Bassett (37). He showed that low oxygen ten-
sion (5%) favors chondrogenesis in organ cultures of chick
embryo tibial cortex, while high oxygen tension (35%)
favors bone formation. Reddi and Huggins (1973) showed
that matrices of open and dead-end tube structures have
different effects on osteogenesis and chondrogenesis inside
the tubes (39). These two geometrically different forms
were prepared using the middle and apical parts of rat inci-
sor dentin for the open and dead-end tubes, respectively.
The tubes were packed with decalcified bone particles and
implanted into rat skin. The results showed that the open
tubes induce osteogenesis and the dead-end tubes induce
chondrogenesis. The authors interpreted the results by the
higher vasculature in the open tube, suggesting that the
higher supply of oxygen and nutrients in the open tubes
favored osteogenesis while chondrogenesis was favored in
dead-end tubes. Their report was also one of the first to
describe the geometrical effect of the extracellular environ-
ment (39, 40). Later, Sampath and Reddi (1984) reported
that a coarse powder (particle size of 420-850 |xm) of dem-
ineralized bone induces a much higher yield of bone than a
fine powder (44-74 |xm) when used as a carrier of BMP-
induced bone formation (41).

Ripamonti and colleagues (1994) demonstrated the regu-
lation of the geometrical factor of the substratum using
porous hydroxyapatite (42) and monolithic discs of hy-
droxyapatite (43). However, the authors did not mention or
verify vasculature as a causative factor in the differentia-
tion between chondrogenesis and osteogenesis.

Vascular-Inducing Geometry—We have developed and
tested more than ten BMP-carriers with different geomet-
ric properties, and have reached the conclusion that vascu-
lature and bone formation are highly related to one another
(1, 3, 8, 11, 15-18, 44, 45). Kuboki et al. (1995) demon-
strated the effect of geometrical maxtrix factors in cell-dif-
ferentiation using two distinctive BMP-carriers, fibrous
glass membranes (FGM) and porous particles of hydroxya-
patite (PPHAP), which induce zonal chondrogenesis and
membranous ossification, respectively (15). The fibrous
glass membrane (FGM), an unwoven sheet of glass fibers
(fibril diameter, 1 jun; thickness, 1 mm), when combined
with BMP and implanted into rat skin produces exclusively
cartilage within the membrane. This result was explained
by the finding that FGM prevents capillary invasion while
allowing young mesenchymal cells to enter, proliferate and
differentiate into chondrocytes (15). However, over a pro-
longed time, the network structure of FGM is gradually
degraded except for the vascular development, and carti-
lage is replaced by bone (18). When the same glass fibers
were molded into a ball, combined with BMP, and implant-
ed onto rat skin, they did not induce the formation of carti-
lage or bone (data not shown). This was probably due to the
small pore size within the ball that excluded both cellular

migration and vasculature.
Recently, Takita et al. (44) showed that the same FGM

combined with rhbFGF and rhBMP2 enhances osteogene-
sis at 2 weeks, while cartilage formation decreases, proba-
bly due to the increasing effect of bFGF on vascularization.

On the other hand, direct bone formation without chon-
drogenesis definitely occurred using the porous particles of
hydroxyapatite (PPHAP) when combined with BMP as the
carrier (11, 15). This direct bone formation was explained
by rapid vascularization through the interconnected pores
in the PPHAP, which did not provide the hypoxic microen-
vironment necessary for chondrogenesis (11, 15). Recently,
Murata et al. (45) demonstrated the carrier dependency of
cellular differentiation using porous particles of hydroxyap-
atite (PPHAP) combined with BMP and confirmed that the
PPHAP/BMP composite induces only direct bone formation
without chondrogenesis. Sasano et al. (16) also showed
direct bone formation in the local area within the carrier,
independent of endochondral ossification, using a fibrous
collagen membrane (FCM) with BMP. Kuboki et al. (11)
compared three hydroxyapatite ceramics with different ge-
ometrical structures for their efficacies as carriers for BMP-
induced osteogenesis: solid non-porous particles, coral- rep-
licated porous discs of hydroxyapatite (5 mm in diameter
and 2 mm in height, a gift from Interpore International,
Irvine, USA), and PPHAP were subcutaneously implanted
into rats. The results indicated that PPHAP and coral-HAP
induced osteogenesis effectively due to the geometry of the
interconnected porous structures that creates spaces for
vasculature. On the other hand, solid non-porous particles
did not induce osteogenesis or chondrogenesis because the
smooth structure and close contact of the particles inhibits
vascular formation and the proliferation of mesenchymal
cells. They proposed that a feasible geometry of hydroxyap-
atite for osteogenesis is an interconnected porosity that
leads to vascularization.

Tsuruga et al. (3), using a carrier geometrically different
but composed of the same material, demonstrated that the
most favorable pore size in the porous hydroxyapatite block
(PBHAP) combined with BMP for osteogenesis is 300-400
H,m. Interestingly, the Haversian system in bone remodel-
ing (approximately 300 jim in diameter) coincides with the
optimal size of the same material.

Vasculature-Inducing Geometry of CPSA—The carrier-
dependent osteogenesis and chondrogenesis in the above
reports may be attributed to the high oxygen tension and
nutrients provided by the increased vascularization in the
feasible geometry, which favors osteogenesis, whereas, low
oxygen tension favors chondrogenesis, a fact verified by
Bassett and Herrmann (46). Thus, we propose that as a
general rule: BMP, if combined with a carrier in which vas-
cular invasion is geometrically feasible, can induce imma-
ture cells to become bone-forming cells that cause the direct
formation of bone. On the other hand, BMP combined with
a carrier for which vascular invasion is geometrically less
feasible first induces cartilage, which eventually leads to
bone formation as the capillaries grow. Thus, the porous
structure is crucially important for vascularization.

More recently, a new BMP carrier, a honeycomb-shaped
hydroxyapatite (HCHAP), confirmed the idea of tubing ge-
ometry for vascularization (47). This BMP-carrier contains
7 tunnels, each 110 \im in diameter and about 1.5 mm
length, in which the biomimetic process of endochondral
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ossification was observed.
Unlike with other hydroxyapatite BMP-carriers, carti-

lage first filled the space within the tunnel. Then, the carti-
lage was replaced by vascular invasion along with bone
formation on the inner surfaces of the tunnels. This was
considered to be due to the delay of vascular development
throughout the extremely long length of the tunnel (47).
The results further confirm the above conclusion that the
geometry of the BMP-carrier controls the differentiation
into chondrogenesis and osteogenesis.

The ball-CPSA/BMP in the present paper, due to its
porous structure, is favorable for the invasion of cells and
blood capillaries in implants, leading to more bone forma-
tion than in the case of bundle-CPSA/BMP. This vascula-
ture-inducing geometry may also favor the phenotypic ex-
pression of bone cells as a cell substratum. However, since
the spaces created by fibrous material are relatively heter-
ogenous in nature, it is assumed that there will be many
local sites lacking vascular development, allowing cartilage
formation until the second week after implantation.

From the above observations, "vasculature-inducing ge-
ometry" is denned as the optimal porous scaffold of the im-
plant material in either solid or fiber form that functions as
cell substrata, provides spaces and guides for vascular cap-
illary invasion, and affects cell growth and differentiation
leading to a certain phenotypic expression of cells to grow
into tissues. The concept of 'Vasculature-inducing geome-
try" of the BMP-carrier proposed here may be applicable to
tissue-engineering techniques in advanced clinical treat-
ment, and more efficient cell cultures, particularly for bone
and cartilage cells. A scaffold with a vasculature-inducing
geometry is indispensable if the cells are to grow into tis-
sues larger than a certain size. A simple and clear example
of a feasible geometric form composed of fibrous biomate-
rial is presented in this paper.

Vascularization as a New Marker for Bone Formation—
Also in this paper, to correlate osteogenesis with vascular-
ization, we analyzed the mRNA expression of important
specific receptors of VEGF, Flt-1, and KDR, in the two geo-
metrically different scaffolds, ball- and bundle-CPSA/BMP,
in an ectopic model system. The results showed that Flt-1
and KDR are distinctly expressed in ball-CPSA/BMP at 2
and 4 weeks after implantation (Figs. 9 and 10). In con-
trast, no expression was detectable in the bundle-CPSA/
BMP at the same post implantation times, indicating a
clear relationship between higher neovascularization and
osteogenesis in the porous CPSA balls. To our knowledge,
this is the first demonstration of the relationship between
mRNA of vasculature-related proteins and active osteogen-
esis. Thus, the expression of these mRNAs or proteins can
be used as a new marker of osteogenesis.
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