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ABSTRACT

Purpose: The present study was designed to investigate whether synthetic octacalcium phosphate (OCP) combined with
collagen (OCP/collagen) can repair a critical-sized defect in dog skull. OCP/collagen has been shown to biodegrade and to
tend to be replaced by newly formed bone if implanted in rat calvaria defects.

Materials and Methods: An OCP/collagen disk was prepared from pepsin-digested atelocollagen isolated from porcine
dermis and synthetic OCP. Two critical-sized defects (20 mm in diameter) were made in a dog skull. Ten disks of
OCP/collagen or collagen (control) were implanted in the bone defects and resected with surrounding tissues at 3, 6, or 12
months after the implantation. The specimens were analyzed radiographically, crystallographically, histologically, and
histomorphometrically.

Results: X-ray diffraction and FTIR analyses showed that OCP tended to convert to a poorly crystallized hydroxyapatite,
similar to that of biological apatite, by 3 months. Radiographic and histologic analyses showed that the implantation of
OCP/collagen disks initiated new bone formation in the defects at 3 months after implantation. However, there was no
promotion of bone formation by control collagen disks even with prolonged implantation up to 12 months. Histomor-
phometric analysis revealed that the percentage of newly formed bone in the defect implanted with OCP/collagen increased
significantly, from 30.91 1 6.65 at 3 months to 51.22 1 5.99 at 12 months, although the value tended to reach a plateau at
6 months (44.49 1 3.34). On the other hand, the percentage of remaining OCP was estimated at approximately 10% at 3
months and remained nearly unchanged thereafter.

Conclusion: The results suggest that bone regeneration of a critical-sized bone defect of dog calvaria by OCP/collagen can
be enhanced for 3 to 6 months and that OCP/collagen holds potential as a bone substitute material.
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INTRODUCTION

Reconstruction of a large bone defect is an important

issue in oral and orthopedic surgeries.1–3 Today,

although synthetic bone substitute materials such as

hydroxyapatite (HA) or beta-tricalcium phosphate

(b-TCP) have been utilized clinically,4–7 autogenous
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bone is still the first choice in bone reconstruction

because it can repair the bone defect more effectively than

other biomaterials can.8 However, the use of autogenous

bone has disadvantages, including limited availability

and morbidity associated with harvesting bone from a

second operative site.5 Furthermore, the application of

autogenous bone is not easy in common medical offices

due to the large-scale surgery required. Synthetic bioma-

terial, therefore, is widely used as a bone substitute to

overcome the disadvantages of using autogenous bone.

Octacalcium phosphate (OCP) is a precursor of

initial mineral crystals of biological apatite in bone and

teeth.9 In fact, direct evidence of the presence of OCP

was found in the central part of human dentine crystals,

and apatite was found in the outermost layers of the

same crystal,10 in porcine enamel,11 and in the sutures of

mouse calvaria during intramembranous osteogenesis.12

The biological responses have also been investigated in

forms of coatings on metallic implants13–16 by estimating

the longevity of the coatings.13 We established a method

of OCP synthesis in 1991 on a relatively large scale17

and found its osteoconductive characteristics of syn-

thetic OCP in murine bone.17,18 Recent in vitro studies

have revealed that synthetic OCP facilitates osteoblastic

cell differentiation.19–21 The effect of OCP on the pro-

motion of in vitro osteoblastic cell differentiation has

been reported to be dose dependent.22 It has been dem-

onstrated that OCP enhances bone regeneration more

than nonsintered stoichiometric HA,17,23 Ca-deficient

HA,17,19 sintered HA ceramic,24 or biodegradable b-TCP

ceramic.23 However, unlike HA or b-TCP, OCP cannot

be sintered because of the large number of water

molecules in its structure.9 b-TCP is a biodegradable

ceramic and, therefore, is recognized as a material that is

progressively replaced by bone.6 However, the implanted

OCP is resorbed by osteoclast-like cells24–26 and is more

resorbable than HA and b-TCP.23 Synthetic OCP has

been shown to convert to apatite when implanted in

various sites, including muscle pouches,27 the subperi-

osteal region of calvaria17,18 and the subcutaneous region

in mouse,18 as well as critical-sized calvarial bone

defects19 in rat. The conversion from OCP to HA has

been proved in some in vitro physiological environ-

ments, such as culture media,19 simulated body fluid,28

serum29 and so forth.30–34

A scaffold constructed from synthetic OCP and

porcine collagen sponge has been engineered to over-

come the poor moldability of OCP.25,35 OCP combined

with collagen (OCP/collagen) has been shown to

enhance bone regeneration more than OCP alone in a

rat skull defect35 or in rabbit bone marrow.25 It has been

demonstrated that OCP/collagen augments bone regen-

eration correlated with OCP content in vivo.36 However,

it is still unclear whether OCP/collagen is capable of

stimulating bone regeneration in large defects created in

the bones of large animals. In the present study, we

investigated the bone regenerative properties of OCP/

collagen disks in a critical-sized bone defect of dog skull.

Critical-sized bone defects of skulls have been used in

the quantitative analysis of bone regeneration by bioma-

terials.3,35,37 The experimental model used in the present

study was developed for a pre-clinical test of treatment

of human bone defects with OCP/collagen.

MATERIALS AND METHODS

Animals

Eighteen-month-old male beagle dogs (SLC, Shizuoka,

NARC Co., China) were used. The principles of labora-

tory animal care, as well as national laws, were followed.

All procedures were approved by the Animal Research

Committee of Tohoku University.

Preparation of Collagen and Composite of
Octacalcium Phosphate/Collagen Disks

OCP was prepared by mixing a calcium and phosphate

solution as described previously.17,38 The sieved granules

(particle size of 300–500 mm) of OCP, obtained from

dried OCP, were sterilized by heating at 120°C for 2

hours. Our previous study showed that such heating

does not affect physical properties such as the crystalline

structure or specific surface area of OCP granules,18,30

although it was reported that increasing the temperature

above 100°C induced the collapse of the OCP structure

because of dehydration.39,40 Collagen was prepared from

NMP collagen PS (Nippon Meat Packers, Tsukuba,

Ibaraki, Japan), a lyophilized powder of pepsin-digested

atelocollagen isolated from porcine dermis. NMP col-

lagen PS was dissolved with distilled water and adjusted

to 3% of the final concentration at pH 7.4. The concen-

trated collagen was lyophilized, and then a disk was

molded (9 mm diameter, 1 mm thick). OCP/collagen

was prepared from NMP collagen PS and OCP gran-

ules.35,36 OCP was added to the concentrated collagen

and mixed. The OCP/collagen mixture was then lyo-

philized, and the disk was molded (9 mm diameter,
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1 mm thick). The molded OCP/collagen and collagen

underwent dehydrothermal treatment (150°C, 24

hours) in a vacuum drying oven DP32 (Yamato Scien-

tific, Tokyo, Japan) and were then sterilized using elec-

tron beam irradiation (5 kGy).

Surgical Procedure

General anesthesia was administered with intravenous

sodium pentobarbital (0.5 mL/kg), followed by intra-

muscular atropine sulfate (0.5 mg) and ketamine

hydrochloride (20 mg/kg). After the head area was dis-

infected and local anesthesia was applied, an arc-shaped

incision was made from the front region of the ear to

the other side through the forehead region, and the

skin, muscle, and periosteum were ablated. Two holes

were made on the left and right regions of the exposed

skull under continuous saline buffer irrigation. The

diameter of the skull defect was 20 mm (Figure 1A). It

has been reported that there is insufficient bone regen-

eration in the skull defect when the diameter of the

defect is more than twenty millimeters in mesofauna.41

Ten OCP/collagen disks were implanted in the skull

defect (see Figure 1B), and 10 collagen disks were

implanted in the other side. After that, periosteum,

muscle, and skin were repositioned and sutured. To

prevent infection, flomoxef sodium (Flumarin®,

Shionogi & Co., Ltd., Osaka, Japan) was used by intra-

venous drip during the operation, and cefcapene pivoxil

hydrochloride hydrate (Flomox®, Shionogi & Co., Ltd.,

Osaka, Japan) was used by oral administration for 3

days postsurgically. Three dogs were sacrificed 3 months

after implantation, five dogs were sacrificed at 6

months, and the other five dogs were sacrificed at 12

months after implantation by intravenous injection of

an overdose of sodium pentobarbital (20 mL). After

sacrifice, the implants were resected along with the sur-

rounding bones and tissues and were fixed with 10%

formalin neutral buffer solution, pH 7.4, by infiltration

for 4 weeks at 4°C.

Radiographic Analysis

The skulls were radiographed by means of a microrad-

iography unit (Softex CMBW-2; Softex, Tokyo, Japan)

with X-ray film (FR; Fuji Photo Film, Tokyo, Japan)

under standardized conditions (30 KV, 5 mA, 20

seconds) in which neither OCP nor OCP/collagen

showed radiopacity (Figure 2).

XRD and FTIR of Implanted OCP/Collagen

The OCP/collagen implants in the dog skulls were

examined with X-ray diffraction (XRD) and Fourier

transform infrared spectroscopy (FTIR). The implants

were collected from one dog skull bone from either the

3- or 6-month implantation group. Tweezers were used

for the collection to exclude as much of the soft tissue

around the implanted OCP/collagen as possible. The

implants were immediately washed in deionized water,

lyophilized, and reduced to powder. Then, the samples

were collected for XRD and FTIR. An XRD pattern of

each sample was obtained by scanning with Cu Ka

(A) (B)

Figure 1 Photographs of (A) a defect created on the dog skull and (B) the defect filled with ten OCP/collagen disks. The diameter of
the skull defect was 20 mm.
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X-rays on a Rigaku Electrical Co., Ltd. (Tokyo), RAD-2B

diffractometer at 40 KV, 20 mA. The FTIR spectrum

of each sample was obtained by a HORIBA FTIR

FREEXACT-2 (HORIBA, Kyoto, Japan), with the sample

diluted with KBr over a range of 4000–400/cm with

a 4/cm resolution. Collagen, OCP, OCP/collagen,

hydroxyapatite, and dog bone were examined with XRD

and FTIR for comparison with the implanted OCP/

collagen.

Tissue Preparation

After radiographs were taken, the samples were cut coro-

nally into two pieces at the center of the defect. One

piece of each sample was dehydrated in a graded series

of ethanol, embedded in methyl methacrylate (MMA)

and sectioned coronally using a low-speed saw machine

(Isomet 5000: Buehler, Lake Bluff, IL) with a diamond

wafer blade. The sectioned wafers were mounted on

plastic slides and were ground and polished until they

were 200–300 mm thick. Microradiographs of undecal-

cified sections were made with a microradiography unit

(Softex CMR Unit; Softex, Tokyo, Japan) for 60 seconds

exposure at 20 KV, 5 mA. The other pieces of each

sample were decalcified in formic acid and sodium

citrate solutions for six weeks at 4°C. The samples were

dehydrated in a graded series of ethanol, embedded in

paraffin, and sectioned coronally at a thickness of 4 mm.

The sections were taken with hematoxylin and eosin,

and photographs were taken with a photomicroscope

(Leica DFC300 FX, Leica Microsystems Japan, Tokyo,

Japan).

Quantitative Micrograph Analysis

Light micrographs of the sections stained with hema-

toxylin and eosin were used for the histomorphometric

measurement. Photographs projecting the overall defect

were taken of each specimen. The percentage of newly

formed bone in the defect (n-Bone%) was calculated as

the area of newly formed bone per area of defect origi-

nally created by trephination ¥ 100.23,35,36 Likewise, the

percentage of remaining implant in the defect (r-Imp%)

was calculated as the area of remaining implant per area

of defect originally created by trephination ¥ 100.23,36

The n-Bone% and r-Imp% were quantified on a com-

puter using Scion Image public domain software (Scion

Corporation, Frederick, MD, USA).

Statistical Analysis

Histomorphometric data were analyzed using a com-

puter software package (Excel v.X, Microsoft Co.,

Redmond, WA, USA). All values were reported as the

means 1 standard deviation (SD). The statistical analy-

sis was performed for histomorphometric experiments.

One-way analysis of variance (ANOVA) was used to

compare the means among groups. If the ANOVA was

significant, Tukey multiple comparison analysis was

used as a post hoc test.

(B)(A)

(i) (ii)

(iii) (iv)

(i) (ii)

(iii) (iv)

Figure 2 Radiopacity of (i) OCP/collagen disks, (ii) OCP, (iii) HA, and (iv) b-TCP. HA and b-TCP for comparison. A, Each material
was put in a hole (diameter 20 mm, depth 2 mm). B, X-ray of each material. HA or b-TCP has radiopacity, but OCP/collagen disks
and OCP have no radiopacity. X-ray condition was 30 KV, 5 mA, 20 seconds.
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RESULTS

Radiographic Analysis

The results of the radiographic examination are shown

in Figure 3. There was little radiopacity along the

margins of the defects with implanted collagen disks at

3, 6, and 12 months. Radiopacity was observed in the

defects implanted with OCP/collagen disks at 3, 6, and

12 months. The shape of the OCP/collagen disk and the

implanted state of 10 OCP/collagen disks were main-

tained throughout the implantation terms. The radio-

pacity was almost the same as that of the host bone

around defects implanted with OCP/collagen disks for

both 6 and 12 months, and there were few differences

in the results of radiographic analysis between the

OCP/collagen disks implanted for 6 months and those

implanted for 12 months. The radiopacity of OCP/

collagen disks implanted for 6 or 12 months increased

compared with that of disks implanted for 3 months.

Structural Changes of OCP/Collagen Implanted
in Dog Skull Defects

Figure 4 shows the XRD patterns of OCP/collagen

implanted for 3 and 6 months, collagen, OCP, OCP/

collagen, HA, and dog bone. The patterns of OCP/

collagen implanted for 3 and 6 months were almost

the same and different, respectively, from that of OCP/

collagen before implantation. No features of OCP or

OCP/collagen were seen in the patterns of OCP/collagen

implanted in the defects, whereas features of HA were

seen in those patterns. There was no difference between

the patterns of OCP/collagen implanted in the defects

and those of dog bone.

Figure 5 shows the FTIR spectra of OCP/collagen

implanted for 3 and 6 months, collagen, OCP, OCP/

collagen, HA, and dog bone. The features of FTIR

spectra of OCP/collagen implanted for 3 and 6 months

indicate the conversion of OCP/collagen into HA in the

IR spectral bands around 1030–1130/cm. The features of

CO3
2- were observed at bands around 870 and 1410–

1460/cm in the spectra of OCP/collagen implanted in

the defects. The features of FTIR spectra of HA and

CO3
2- were also observed in the FTIR spectrum of bone.

These results confirm that the structure of OCP in OCP/

collagen converted to the structure of biological apatite.

From the results of XRD and FTIR, it was apparent

that the characteristic of OCP in OCP/collagen disk

remained after the vacuum heating.

Histological Analysis

Microradiographs of undecalcified sections are shown

in Figure 6. The defect mostly remained in the sections

(B)

(C)

(A)

Figure 3 Radiographic analysis of the implants. The
implantation terms were (A) 3 months, (B) 6 months, and (C)
12 months. In each radiograph, the left X-ray shows a defect
implanted with collagen disks, and the right X-ray shows a
defect implanted with OCP/collagen disks. OCP/collagen disks
have changed to hard tissue with radiopacity. Bars = 10 mm.

0 10 20 30 40 50 60 70 80

Degrees 2θ

(A)

(B)

(C)

(D)

(E)

(F)

(G)

Figure 4 XRD patterns of (A) collagen, (B) OCP, (C) OCP/
collagen, (D) HA, (E) dog bone and OCP/collagen implanted
for (F) 3 or (G) 6 months. (�) OCP reflection. (�) Apatite
reflection.
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implanted with collagen disks (see Figure 6, A–C),

whereas the area corresponding to the radiopacity was

occupied by newly formed bone and the remaining OCP

of OCP/collagen disks and both sides of the host bone

were connected with hard tissue in each implantation

term (see Figure 6, D–F).

Figure 7 shows an overview of the sections of OCP/

collagen disks and collagen disks stained with hema-

toxylin and eosin implanted in the defects for 3, 6, and

12 months. The defects implanted with collagen disks

for each term remained, muscle came into the defects,

and a small amount of newly formed bone was observed

along the margins of the defects (see Figure 7, A–C).

The defects implanted with OCP/collagen disks for each

term were filled with newly formed bone and the

remaining OCP of OCP/collagen (see Figure 7, D–F).

Figure 8, A–C shows magnified histological sections

of OCP/collagen disks stained with hematoxylin and

eosin implanted in the defects for each term. Normal

bone tissue was observed in the bone defects implanted

with OCP/collagen. No inflammatory cell infiltration

was observed at the implantation site.

The margins of the defects implanted with OCP/

collagen disks for each term are shown in Figure 8, D–F.

Newly formed bone and host bone were close together

in each term, and there was an unclear border between

host bone and newly formed bone implanted for 12

months.

50010001500

Wavenumber cm-1

(A)

(B)

(C)

(D)

(E)

(F)

(G)

Figure 5 FTIR spectra of (A) collagen, (B) OCP, (C) OCP/
collagen, (D) HA, (E) dog bone and OCP/collagen implanted
for (F) 3 or (G) 6 months. (�) The feature of FTIR spectra of
OCP. (�)The feature of FTIR spectra of HA. (�) The feature of
FTIR spectra of CO3

2-.

(A)

(B)

(C)

(D)

(E)

(F)

Figure 6 Microradiographs of undecalcified sections cut coronally. A–C, Defects implanted with collagen disks. D–F, Defects
implanted with OCP/collagen disks. The implantation terms were (A and D) 3 months, (B and E) 6 months, and (C and F) 12
months. Bars = 5 mm. � = defect margin.
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Histomorphometrical Analysis

Histomorphometrical findings regarding n-Bone% of

the defect with implantation of OCP/collagen, that of

the defect with implantation of collagen and r-Imp%

of the defect with implantation of OCP/collagen are

shown in Figure 9. In 3 months, n-Bone% 1 SD of the

defect with implantation of OCP/collagen, that of the

defect with implantation of collagen and r-Imp% 1 SD

of the defect with implantation of OCP/collagen were

30.91 1 6.65, 4.42 1 0.29, and 12.20 1 6.80. In 6 months,

those were 44.49 1 3.34, 7.98 1 2.20, and 11.59 1 4.24. In

12 months, those were 51.22 1 5.99, 7.19 1 1.42, and

11.51 1 3.79. N-Bone% of defects implanted with OCP/

Collagen at 6 or 12 months increased compared with

that at 3 months. No significant difference was observed

between the n-Bone% of the defects implanted with

OCP/collagen at 6 and 12 months and r-Imp% of the

defects implanted with OCP/collagen for each term.

A significant difference was observed between the

n-Bone% of OCP/collagen and that of collagen in each

term.

DISCUSSION

The results of the present study provide evidence that

the implantation of OCP/collagen disks in dog skull

defects raises the radiopacity at 6 or 12 months to

nearly that of the host bone around the defects. The

CMR of undecalcified sections of the defects implanted

with OCP/collagen disks also shows that the defect was

connected to the host bone and was almost without a

radiolucent zone. In the histological analysis, the defect

implanted with OCP/collagen disks for each term was

filled with newly formed bone or the remaining OCP

of OCP/collagen, which may have corresponded to the

newly formed bone and the remaining OCP of OCP/

collagen. The results confirm that OCP/collagen can

repair a critical-sized bone defect of a large animal.

There was a significant difference between the n-

Bone% of defects implanted with OCP/collagen and

that of defects implanted with collagen in each implan-

tation term. The n-Bone% of the defects implanted

with OCP/collagen for 6 or 12 months increased com-

pared with that at 3 months, which suggests that the

(A)

(B)

(C)

(D)

(E)

(F)

Figure 7 Overview of the sections stained with hematoxylin and eosin. A–C, Defects implanted with collagen disks. D–F, Defects
implanted with OCP/collagen disks. The implantation terms were (A and D) 3 months, (B and E) 6 months, and (C and F) 12
months. Bars = 4 mm. � = defect margin.
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Figure 8 Magnified histological sections of OCP/collagen disks implanted for (A) 3 months, (B) 6 months, and (C) 12 months and
the margins of the defects implanted with OCP/collagen disks for (D) 3 months, (E) 6 months, and (F) 12 months. B = newly
formed bone. Asterisks = remaining OCP of OCP/collagen. Bars = 200 mm. � = defect margin.
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Figure 9 Histomorphometric analysis of the sections stained with hematoxylin and eosin. *p < 0.05, **p < 0.01.
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bone regeneration by OCP/collagen was attained 6

months after implantation. However, the r-Imp% of

the OCP/collagen was virtually unchanged, suggesting

that the biodegradable characteristic of OCP was

enhanced during the 3 months after implantation. The

histological features of the newly formed bone sur-

rounding the remaining OCP indicate that the OCP

within OCP/collagen may help to initiate bone forma-

tion. The present histological examination showed that

there is some radiolucent area at the margin of the

bone defects, while the deposition of bone is enhanced

in center of the defect. The previous studies reported

that OCP works as a starting locus of intramembra-

nous bone formation17 and that osteoblasts present in

bone not in periosteum are involved in the bone for-

mation.42 The current and previous studies suggested

that the bone formation took place in the implanted

OCP/collagen is promoted by osteoblasts present in the

calvaria near the defect.

It has been suggested that OCP is more soluble

than HA and b-TCP.43 In fact, studies of physicochemi-

cal reactions of OCP showed that OCP tended to

convert to HA by accompanying phosphate ion release

and calcium ion uptake in both physiological condi-

tions, reflecting the higher solubility of OCP34,44 in

culture media.22 The results of previous and the

present studies, however, do not explain whether the

implanted OCP exhibits biodegradability even after

conversion to HA by prolonged implantation. In the

present study, the results of FTIR analysis reveal that

the HA that converted from OCP was carbonate

apatite, which is more soluble than stoichiometric sin-

tered HA ceramic.45 It is anticipated that the remaining

OCP of OCP/collagen can be resorbed in the long term

if the converted HA displays the solubility of carbonate

apatite in vitro.46 In our previous studies, we demon-

strated that OCP converted HA in vitro and that bone

regeneration of HA converted from OCP was less than

that of OCP.19 Because it is thought that the HA con-

verted from OCP is considered as the carbonate apatite

converted from OCP in OCP/collagen in the present

study, it is suggested that OCP facilitates bone regen-

eration more than carbonate apatite. In other words, it

is suggested that the conversion of OCP to HA, which

corresponds to calcification, is important in bone

regeneration. This is supported by an experimental

result that OCP facilitates osteoblastic differentiation

during the conversion to HA.19,22

Our previous study revealed that the control col-

lagen disk was capable of forming new bone if

implanted in rat calvaria, although the amount of new

bone was significantly lower than that formed by OCP/

collagen.35,36 However, bone formation was only mar-

ginal when the control collagen disk was implanted in

the dog skull defect in the present study. A possible

explanation for this inhibitory reaction may be the

result of the invasion of muscle of the calvaria into the

defect, which may have reduced the space available for

bone formation by the collagen disk. Nevertheless, the

fact that the defects implanted with the OCP/collagen

disks were filled with newly formed bone suggests that

the osteoconductive characteristics of OCP/collagen

can be displayed by the intrinsic bone regenerative

property of OCP in concert with the collagen matrix.

In a previous study, calcium deposition was observed

on the collagen of OCP/collagen before implantation,

and the collagen of OCP/collagen supported cell

attachment and proliferation in vitro.36

In the present study, 10 OCP/collagen disks were

arranged like pavement in order to cover fully the dog

skull defect at the implantation. The shape of the newly

formed bone in the defects with the implantation of

OCP/collagen disks was in accordance with the disk

shape. Histologic examination revealed that the rem-

nants of OCP granules were surrounded by newly

formed bone. These results suggest that bone can be

formed along the bone defect if the shape of OCP/

collagen can adjust to the shape of the bone defect or if

OCP/collagen disks is arranged to cover as much of the

defect as possible.

The mechanical strength of the newly formed bone

was not analyzed in the present study. However, manual

inspection verified that the newly formed bone had suf-

ficient stiffness to resist compression. This qualitative

estimation supports the radiographic and histologic

observations. It seems likely that there are some advan-

tages to OCP/collagen in clinical use. OCP/collagen disk

has good handling performance compared with OCP

granules. Moreover, OCP/collagen shows styptic charac-

terization by collagen.47,48 In oral surgery, it is sometimes

difficult to stop bleeding after the extraction of a tooth

or of a large-size cyst in a bone. If OCP/collagen can be

used in these cases, bleeding should be reduced and

bone repair facilitated.

OCP/collagen may be applicable to implantation in

a tooth extraction hole which maintains the alveolar
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crest.49 In oral surgery, a large bone defect such as that in

an alveolar cleft requires orthodontic therapy after bone

reconstruction.50,51 OCP/collagen could likely be used

also as a bone repair material in the alveolar cleft. The

mechanism that tooth moving in orthodontic therapy is

considered to proceed with bone resorption by osteo-

clasts and subsequent new bone formation by osteoblasts

in osseous tissue. However, the present results indicate

that OCP within OCP/collagen cannot biodegrade

completely. The remaining OCP may prevent the tooth

moving because it was apparent that the OCP is con-

verted to the most thermodynamically stable salt HA in

physiological environment. Therefore, the solubility of

the remaining OCP may decrease and not be resorbed by

osteoclasts easily. Although the results of the present

FTIR analysis demonstrate that OCP within OCP/

collagen can be converted to biodegradable carbonate

apatite, further study is required to clarify the biodegrad-

able characteristics of the converted apatite from OCP.

Our recent study demonstrated that OCP facilitated

osteoblastic cell differentiation of OCP in vitro in a dose-

dependent manner.22 Furthermore, it was confirmed that

OCP augmented bone regeneration with its content in a

collagen scaffold.36 Further study is under way to estab-

lish the optimal conditions for an OCP/collagen com-

posite, which may lead to the development of a bone

substitute material compatible with autogenous bone.

CONCLUSION

The results of the present study demonstrate that OCP/

collagen can be a scaffold for bone reconstruction even if

the bone defect is of critical size in a large animal. The

bone-regenerating ability of OCP/collagen was observed

up to 6 months after implantation. OCP/collagen has

the potential to be used as a bone substitute material in

clinical treatment.
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