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(a) (b)

Figure 1. Macroscopic aspect of B-TCP coarse granules: (a) before coating, (b) after coating with PLA-DX-PEG. B-TCP
granules exhibit adhesive-like properties at room temperature when coated with the polymer.

(d)

Figure 2. SEM micrographs of B-TCP granules coated with PLA-DX-PEG: (a) original magnification X100, (b) original
magnification X 1000, (c) original magnification X3000 and noncoated B-TCP as a control; (d) X3000. OSferion® is composed
of 1 pm sintered B-TCP granules with 100~400 um interconnected pores. The surface of B-TCP granules in the experimental
group is uniformly covered by a thin polymer layer.
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Figure 3. Typical soft X-ray photographs at 3 and 6 weeks after implantation are shown. The number on left side of each
photograph indicates the number listed in Table L. Note that the new bone encasing the 8-TCP granules is significant in group
1,2, 6, and 7 compared to other experimental groups. The diminished density of -TCP is recognized in the encased bone at

6 weeks in group 1.

Briefly, the deparaffinized sections were placed in the
TRAP-staining solution consisting of acetate buffer (pH 5.0)
50 mM sodium tartrate, 25 mg/mlL Naphthol-AS MX phos-
phate (Sigma Chemical Co., St. Louis, MO) and 0.5 mg/mL
fast red violet salt (Sigma Chemical Co.). The specimens
were incubated with the solution at 37°C for 120 min. After
the solution was removed by washing, the specimens were
counterstained with hematoxylin and observed under a light
mMicroscopy.

RESULTS

Surface structure of B-TCP granules

The porous granules of B-TCP are white in color
and are easily crumbled by hand pressure. When com-
bined with the polymer, the surface of the B-TCP
granules became sticky to the touch at room temper-
ature (Fig. 1). Scanning electron microscopy of the
B-TCP granules revealed pores of 100-400 pm in di-
ameter and the wall of the pores were comprised of
tiny granules of approximately 1 um in diameter.

Electron micrographs (X3000) showed the uniform
covering of each tiny B-TCP granule with the polymer
(Fig. 2).

Ectopic bone formation on and in the implants
Soft X-ray examination

On soft X-ray radiographs, a shell-like radiopaque
image encasing the B-TCP granules (indicating new
bone formation) was noted in experimental groups 1
and 6 at 3 weeks after implantation. The same shell-
like bone formation was recognized in groups 1, 2, 6,
and 7 at 6 weeks after implantation. No bone forma-
tion on the X-ray radiographs was confirmed in other
experimental groups at either 3 or 6 weeks after im-
plantation. In the experimental group 1, the B-TCP
granules had a more porous appearance and overall
reduced density when compared with the original
granules. At 6 weeks after implantation, the margins
of the B-TCP granules became unclear as they were
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(©)

Figure 4. Typical histological sections at 6 weeks are shown: (

(d)

a) group 1. (b) group 6, (c) group 5, and (d) group 8 (T, B-TCP;

BM, bone marrow-like tissue; arrows, newly formed bone; Hematoxylin-eosin, decalcified sections; original magnification

X40).

progressively resorbed. The controls and composite
implants from other groups did not show this appear-
ance at the same interval after implantation (Table I
and Fig. 3).

Histological examination

Histological examination of the composite implants
revealed that both the outer and inner surface of the
B-TCP was covered predominantly with new bone in
the experimental groups 1, 2, 6, and 7 at 6 weeks.
Hematopoietic and fatty marrows, like tissues, were
also seen in the pore spaces. A significant difference in
the amount of ectopically induced bone mass was
noted between experimental groups 1 and 6. The im-
plants used in these groups contained the same dose
(5 ng per implant) of thBMP-2 but used different
amounts of carrier polymer (10 mg and 0 mg per

implant, respectively). Harvested implants from
group 1 were encased within the induced bone. How-
ever, in experimental group 6, a small amount of new
bone mass unevenly covered the peripheral surface of
the B-TCP granules. The implants lacking either rh-
BMP-2 (group 5) or PLA-DX-PEG (group 8) failed to
induce ectopic bone, and granulation tissues filled the
B-TCP granules at 6 weeks (Fig. 4).

A typical pattern of ectopic bone formation induced
by the material over time is shown. A large number of
hypertrophic chondrocytes and mesenchymal cells
were located between the B-TCP granules at 1 week.
Trabecular bone encasing 8-TCP granules and a few
residual hypertrophic chondrocytes were seen at 2
weeks. The encasing bone had thickened and fatty
marrow-like tissue occupied the space between the
B-TCP granules at 3 weeks. At 6 weeks, prominent
trabecular bone, and marrow-like tissue enveloped the
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Figure 5. Time-dependent bone formation in group 1: (a) 1 week, (b) 2 weeks, (c) 3 weeks, and (d) 6 weeks after implantation
(C, cartilage; T, B-TCP; BM, bone marrow-like tissue; arrows, newly formed bone; Hematoxylin-eosin, decalcified sections;

original magnification X40).

remnants of the B-TCP granules (Fig. 5). Dose-depen-
dent ectopic bone formation was shown (Fig. 6). TRAP
staining revealed that most of the surface of the
BMP2/polymer-coated B-TCP granules was sur-
rounded by numerous multinucleated TRAP positive
osteoclasts. Few osteoclasts were seen on the surface
of B-TCP in the group without polymer or rhBMP-2
for the duration of the experiment (Fig. 7).

DISCUSSION

To construct an artificial implant with bone-induc-
ing capacity similar to that obtained with autogenous
bone graft materials, porous B-TCP coarse granules
were combined with a degradable polymer and rh-
BMP-2. The data from the present study indicates that
this composite material retains bone-inductive and

biodegradable properties. Because B-TCP itself is
known to be osteoconductive, we examined the bone-
inducing potential of the composite in tissues other
than bone.>"? B-TCP granules with pore sizes of 100-
400 pm in diameter were chosen in the present study
to provide a sufficient local concentration of BMP2 via
the polymer carrier material. The polymer carrier was
critical for the induction of new bone in and on the
B-TCP granules. In this study, we compared the ec-
topically induced bone among each implant at 3 and 6
weeks after implantation because the obvious bone
formation was not detected by radiographs until 3
weeks. In control implants bearing thBMP-2 in the
absence of the carrier polymer, only a small amount of
new bone was observed within the pores of the porous
B-TCP. In a previous study, we had demonstrated that
the carrier polymer enhanced new bone formation
through its slow degradation and continuous release
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(c)

(d)

Figure 6. Dose-dependent bone formation at 6 weeks after implantation: (a) group 1 (b) group 6, (c) group 5, and (d) group
8 (T, B-TCP; BM, bone marrow-like tissue; arrows, newly formed bone; Hematoxylin-eosin, decalcified sections; original

magnification X40).

of thBMP-2 in vivo. The dose of thBMP-2 in 3-TCP
appeared to be the determinant of the bone mass in
the present study.

The dose of thBMP-2 required to elicit ectopic bone
formation has been the focus of considerable experi-
mental attention. It is known that the minimum dose
of the rhBMP-2 required for bone formation is differ-
ent depending on the animal species. The minimum
dose required in primates or humans is approximately
Img per 1 cm® carrier material (collagen sponge). This
requirement makes this approach a very expensive
clinical option. We have, therefore, pursued methods
that would reduce the dose of thBMP-2 required to
repair injured bone in clinical practice. Another im-
portant consideration is the delivery system for rh-
BMP-2. Currently, collagen sponge, which has no me-
chanical strength, is used as the standard carrier
material for the clinical use of rhBMP-2."*7'® We pos-
tulated that one possible way to overcome these issues

might be to coat the surface of biomaterials such as
ceramics or metals with a thin layer of the thBMP-2/
polymer delivery material. The coating might en-
able a reduction in the efficacious dose ofrhBMP-2
required for bone induction. Additionally, the com-
bination of the rhBMP-2 delivery system with the
biomaterial would provide the implant with me-
chanical strength.'”

In the present study, B-TCP granules with a porous
structure and absorbable potential were used with
expectation that they would enable bone formation by
BMP and replacement by normal bone. This absorb-
able nature of 3-TCP has been reported both in exper-
imental animal models and in clinical cases.*'® In the
murine model used in the present study, the B-TCP
granules, as expected, appeared to be resorbed in the
induced bone. Their reduced density and marginal
line image became equivocal on radiography over the
experimental period. The changes of the B-TCP im-



NEW BONE-INDUCING BIODEGRADABLE POROUS B-TRICALCIUM PHOSPHATE

457

BN AN

%

!

Figure 7. Tartrate resistant acid phosphatase (TRAP) stained histological sections of decalcified specimens harvested at 2
weeks: (a) original magnification x40 and (c) original magnification X200 from group 1, (b) original magnification x40 and
(d) original magnification X200 from group 8. A wide range of B-TCP granules coated with PLA-DX-PEG and rhBMP-2 are
surrounded by TRAP positive multinucleated osteoclasts (arrows, stained red). (T, B-TCP; OC, osteoclast; C, cartilage).

ages were seen consistently in samples with new bone
and may have occurred through resorption of the
B-TCP by osteoclasts within the bone. The reduction of
B-TCP mass indicates enhanced degradation of B-TCP
within bone because the densities of the B-TCP gran-
ules were not reduced in control samples in the ab-
sence of new bone formation over the experimental
period. The time for complete disappearance of B-TCP
granules in the ectopically induced bone was not de-
termined due to the short length of the observation
period.

In conclusion, an implant with properties similar to
autogenous bone-graft material was constructed by
combining porous B-TCP granules with a hydrogel
polymer and rhBMP-2. The efficacy of the composite
implants was determined by the degree of ectopic
bone formation and mass reduction of B-TCP over a
6-week period. The composite implants retaining an

adequate amount of the BMP delivery system consis-
tently induced new bone on and in the porous 3-TCP
with a reduction in mass of B-TCP at 3 weeks after
implantation. These findings suggest that it may be
possible to develop a bone graft substitute through the
combination of specific osteoinductive materials. This
type of bone graft would obviate the need for autog-
enous bone and thereby eliminate the functional and
cosmetic morbidities associated with surgical procure-
ment of the bone grafts. However, further studies in
large mammals or primates to check for safety and
efficacy will be necessary before this material can be
used in the clinic.
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