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Abstract

Artificial bone materials that exhibit high biocompatibility have been developed and are being
widely used for bone tissue regeneration. However, there are no biomaterials that are minimally
invasive and safe. In a previous study, we succeeded in developing honeycomb [-tricalcium
phosphate (B-TCP) which has through-and-through holes and is able to mimic the bone
microenvironment for bone tissue regeneration. In the present study, we investigated how the
difference in hole-diameter of honeycomb 3-TCP (hole-diameter: 75, 300, 500, and 1600 um)
influences bone tissue regeneration histologically. Its osteoconductivity was also evaluated by
implantation into zygomatic bone defects in rats. The results showed that the maximum bone
formation was observed on the B-TCP with hole-diameter 300um, included bone marrow-like
tissue and the pattern of bone tissue formation similar to host bone. Therefore, the results
indicated that we could control bone tissue formation by creating a bone microenvironment
provided by B-TCP. Also, in zygomatic bone defect model with honeycomb 3-TCP, the result
showed there was osseous union and the continuity was reproduced between the both edges of
resected bone and B-TCP, which indicated the zygomatic bone reproduction fully succeeded. It is
thus thought that honeycomb B-TCP may serve as an excellent biomaterial for bone tissue
regeneration in the head, neck and face regions, expected in clinical applications.

Key words: honeycomb B-TCP, bone tissue regeneration, bone microenvironment, pore size, Bone
morphogenetic protein-2

Introduction

Free bone transplant has been performed for
bone defect reconstruction in areas such as the head
and neck, face and extremities. However, problems
such as sequestration and infection caused by
ischemia of transferred bone tissue tend to occur in
large bone defects. Although a free vascularized bone
graft exhibits good synostosis because of good blood
supply through anastomosis of the vascular pedicle
[1, 2], it requires a long time to harvest the graft and
the volume obtained for harvest is limited because of
donor site morbidity [3-5]. Furthermore, severe

complications like total graft necrosis may occur due
to problems with the vascular pedicle [6]. Recently,
bone tissue reconstruction performed with artificial
bone has received much attention due to its low
invasiveness and shorter surgical time. In addition, it
has the advantage of availability of adequate volume
and shape depending on the required component.
However, some problems remain such as exposure
and infection of material.

Three key factors are essential for the process of
tissue regeneration: cells, extracellular matrix (ECM)
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and growth factors. In addition, vascularity as a
nutrient source and dynamic elements influence the
factors. In previous studies on ECM which is one of
the important elements, various synthetic
biomaterials have been developed in order to
reproduce the extracellular microenvironment [7-10].
Several bioceramics having high biocompatibility like
hydroxyapatite (HA), B-tricalcium phosphate (-TCP)
and calcium are already applied clinically for bone
tissue regeneration [11-14]. These materials function
as a scaffold on which bone cells proliferate and
differentiate, at the same time the scaffold materials
resorb and are replaced with new bone tissue
gradually. HA is hardly or very slowly absorbed in
vivo, but B-TCP is more easily absorbed compared
with HA. The risk of foreign body reaction and
infection of bone prosthetic material can be reduced if
new bone cell infiltration and neovascularization,
serving as a nutrient source, are induced into the
center of the bone material; it will be replaced by bone
tissue almost completely. Recently, the results from
some studies have indicated that the geometric
characteristics of biomaterials play an important role
in neovascularization and osteoinduction, so the pore
shape and size of those materials have been contrived
for optimal osteogenesis [15, 16]. However, most
synthetic bone materials currently on the market have
coecums in those pores acting as barriers that
interrupt osteogenesis and vascular development into
the center of pore, thereby preventing replacement of
most biomaterials by new bone tissue in the center of
pores and remains a foreign body [17]. Therefore, if a
large amount of artificial bone material has to be
transplanted or if vascularity of the recipient site is
poor, a lower graft success can be expected because of
insufficient  penetration and proliferation of
osteocytes and vessels to the center.

We have already succeeded in developing new
honeycomb B-TCP which has a through-and-through
hole penetrating the material in order to overcome the
problems mentioned above. It was found that
histologically the honeycomb B-TCP had high
biological activity, when B-TCP at varied sintering
temperatures was embedded into an experimental
animal model [18]. In this study, we reproduced an
extracellular microenvironment using new -TCP that
contained through-and-through holes and varied
pore size in each material and investigated the effect
of the extracellular microenvironment formed by
honeycomb B-TCP on bone tissue formation. In
addition, we selected the most optimal pore size of
honeycomb B-TCP and evaluated the compatibility as
a material for bone tissue reconstruction when
transplanted into a zygomatic bone defect in rat.

Materials and methods

Preparation of honeycomb TCP containing
BMP-2

Honeycomb -TCP was pressed in a cylindrical
mold with a depth of 5 mm, which contained
through-and-through holes of diameter 75 pm
(75TCP), 300 pm (300TCP), 500 pum (500TCP), 1600 pm
(1600TCP). And each B-TCP was calcinated by heating
to 1200 °C (Fig. 1). The detailed method of B-TCP
manufacture has been described previously [18].

Each B-TCP was sterilized by autoclave, and was
loaded with Bone morphogenetic protein-2 (BMP-2),
which was diluted to a final contained amount of 1000
ng (1000BMP), 500 ng (500BMP), 250 ng (250BMP),
125 ng (125BMP), and 0 ng (0BMP) in Matrigel® (BD
Bioscience). For BMP-2 loading, we centrifuged TCP
and Matrigel® added with BMP-2 (4 °C, 10000 rpm, 5
min). In the control group, we centrifuged TCP and
Matrigel® without BMP-2.

Pore diameter  0.75mm
Width 3.0mm
Length S5mm

Number of pore

Pore diameter
Width

Length

Number of pore

Pore diameter
Width

Length

Number of pore

Pore diameter
Width
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Fig. 1. Images of honeycomb B-TCP used in this experiment.

Animals and implantation procedure

Four-week-old healthy male Wister rats were
used in this experiment. All experiments in this study
were performed in accordance with the Policy on the
Care and Use of the Laboratory Animals, Okayama
University and approved by the Animal Care and Use
Committee, Okayama University, and all surgical
procedures were performed under general anesthesia,
in a pain-free state.

To investigate the osteoconductivity of
honeycomb B-TCP, the animals were randomly
divided into 20 groups: different holes of honeycomb
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B-TCP (4 types) x different amount of BMP-2 (5
conditions), total 20 groups.

Wistar male rats were  anesthetized
intraperitoneally with ketamine hydrochloride (75
mg/kg body weight), medetomidine hydrochloride
(0.5 mg/kg body weight) and atipamezole
hydrochloride (1 mg/kg body weight) was injected
subcutaneously when awakening. The region of hip
from femoral region was shaved, cleaned with 70%
alcohol and iodine, and cut 10 mm by blunt dissection
to form 8 mm intramuscular pockets. Each sample
was implanted carefully with tweezers in the
intramuscular pockets and sutured. The animals were
killed with an overdose of ether at 3 weeks after
implantation. ~ For  histological  observations,
implanted B-TCPs were fixed in perfusion fixation by
4% paraformaldehyde (PFA).

Zygomatic bone reproduction of honeycomb
B-TCP

To evaluate the osteoinductive ability of the
B-TCP in a bone defect, we implanted the samples,
which were the most osteoconductive and formed
bone marrow-like tissue in the intramuscular
experiment, into the rat zygomatic bone defect. A
method for preparation of rat zygomatic bone defect
model is described below. At first, skin incision about
8 mm was made just above the zygomatic bone, and
the masseter muscle that adhered to the zygomatic
bone was completely separated from the bone, the
zygomatic bone was exposed entirely. Next, the
zygomatic bone periosteum was incised by a surgical
knife and was completely peeled from the zygomatic
bone, and bone was totally cut in two places using
scissors in front of the arch of zygomatic bone to
create 5 mm bone defect.

Then, B-TCP alone and B-TCP added with BMP
were implanted into this bone defect with the
through-and-through holes of B-TCP and the long
axis of the bone defects was parallel. And completely
zygomatic bone defect without B-TCP were prepared
as a control. For each groups, four to five Wister rats
were used. Each B-TCP was embedded 3 weeks later,
embedded tissues were fixed with 4% PFA reflux
fixation, and we investigated the specimens by micro
CT and histology.

Histological procedure and Immunohistoche-
mical staining of osteopontin

The specimens were decalcified in 10%
ethylenediaminetetraacetic acid for 3 weeks. They
were embedded in paraffin, and sectioned to 5-pm
thickness. Sections were chemically stained with
hematoxylin and eosin (H&E), toluidine blue and
observed histologically.

Osteopontin (OPN) is a noncollagenous protein
that is produced in abundance in the bone
extracellular matrix by the osteoblasts responsible for
bone formation. Therefore, the presence of this bone
protein was investigated.

Sections were deparaffinized, rehydrated, and
incubated in proteinase K for 15 min at room
temperature. Endogenous peroxidase was blocked
using a 0.3% hydrogen peroxide solution in methanol
for 20 min. Nonspecific binding sites were blocked
with 10% normal rabbit antiserum (Vector
Laboratories, Burlingame, CA) for 10 min. The
sections were incubated with monoclonal antibodies
against rat OPN (Immuno-Biological Laboratories,
Gunma, Japan) following the Vectastain ABC Mouse
Kit method (Vector Laboratories, Burlingame, CA).
The principal steps were as follows: (1) incubation
with primary antibodies at a dilution of 1:50; (2)
incubation with secondary anti-mouse IgG antibodies
at a dilution of 1:200 for 30 min; (3) incubation with
avidin-biotin-peroxidase complex (ABC; Vector
Laboratories, Burlingame, CA) at a dilution of 1:50 for
30 min; (4) treatment with Diaminobenzidine color
development and nuclear counterstaining with
Mayer's hematoxylin. Staining was visualized using a
light microscope. The control sections were processed
in the same way but in the absence of the primary
antibodies.

Bone and cartilage tissue formation evaluation
by area measurement

HE-stained specimens were taken using a Nikon
Elipse 80i microscope (Teknooptik AB, Huddinge,
Sweden), equipped with an Easy Image 2000 system
(Teknooptik AB) using 103 to 403 lenses. In HE
staining specimens (100X magnification), we
investigated the image taken at a total of 5 fields (5
fields: at the center, both ends, and the center of the
center and both ends) using Image ]J1.47v [developed
by Wayne Rasband, the National Institute of Health
(NHS)]. In each field, we measured the total area of
bone formation in B-TCP holes and the area of B-TCP
holes and we calculated the ratio of area of bone area
in B-TCP holes to determine the average of the 5
fields. The obtained average value was compared in
each group, the rate of bone formation and cartilage
formation were compared for different pore size and
BMP concentration.

Micro CT

In the zygomatic bone defect model, the head
specimens after fixation were taken with micro CT
(Hitachi Aloka Latheta LCT200), and the resulting
DICOM data was reconstructed three-dimensionally
by wusing the workstation and software (AZE
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VirtualPlace Lexus64). Then, we assessed bone tissue
formation in the image.

Results

The effect of honeycomb B-TCP on bone and
cartilage tissue formation

The incidence rate of bone and cartilage tissue
formation depending on the amount of BMP is shown

g

in Table 1. In the control group, bone formation was
observed in all samples with 125BMP, but the
incidence rates of that were not so high. The incidence
rates were getting higher, as the amount of BMP was
increased and all the samples with 1000BMP, except
1600TCP, showed bone formation. 1600TCP seemed
likely to promote less bone formation than others
regardless of the amount of BMP.

Fig. 2. HE staining images of each honeycomb B-TCP with added 1000 ng BMP-2 3 weeks after implantation. a) Lower-magnification images of 75TCP. b) Higher-magnification
image of corresponding outline area in (a). c) Lower-magnification images of 300TCP. d) Higher-magnification image of corresponding outline area in (c). ) Lower-magnification
images of 500TCP. f) Higher-magnification image of corresponding outline area in (e). g) Lower-magnification images of 1600TCP. h) Higher-magnification image of corresponding
outline area in (g). Bone formation pattern in each pore size TCP was different, bone tissue filled in the holes of 75TCP. Bone formation was observed in 300TCP adding to the
inner wall, and also bone marrow-like tissue was observed in some parts. In 500TCP, cancellous bone-like bone tissue was observed, and in 1600TCP bone tissue formation was
observed in the center of TCP hole. Bone tissue is indicated by arrowheads, and bone marrow-like tissue is indicated by an asterisk.
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There were quite a few samples that showed
cartilage formation except 75TCP. Even though
cartilage formation was observed in some samples,
cartilage tissue extended to just a part of them and the
inner lumen of TCP was not totally replaced by
cartilage tissue. In 1600TCP, with any BMP, cartilage
tissue was not observed. However, the 75TCP group
was different from the others, as there was a high
incidence rate of cartilage tissue formation not only in
samples with large amounts of BMP but also in
samples with small amounts (Table 1).

Histological findings as vital reaction on
honeycomb B3-TCP

In 75TCP with 1000BMP, new bone formation
was seen with fibroblast like cells filling the inner part
of hole, but there was a lack of vascularization and
little infiltration of the inflammatory cells. In a part of
them, cartilage tissue spread through the hole as if
they filled the lumen and some findings indicated
calcification of cartilage tissue. Although the pattern
of bone tissue formation was similar to that of
cartilage regardless of the amount of BMP, cartilage
formation with a few bone tissues was remarkably
observed in some samples with a small amount of
BMP (Fig. 2 a, b).

In 300TCP with 1000BMP, bone tissue formation,
differing from that in 75TCP, was observed on the
B-TCP and also on the B-TCP inner wall, but there
were few cancellous bone-like trabeculae inside the
hole. Bone formation was present up to the center of

Table 1. The incidence rate of bone and cartilage tissue formation

depending on the amount of BMP.

Incidence Rate of Bone Formation in Each Type of Honeycomb B -TCP

B-TCP and there were numerous osteoblasts arrayed
in a single line around the bone matrix, which suggest
that bone-forming activity was high. Additionally, a
large amount of capillaries were seen piercing
through the hole surrounded by bone tissue, and also
in the center part of 3-TCP. Bone marrow-like tissue
which had many blood cells was observed in part of
the vessel lumen. In 300TCP+1000BMP samples, the
pattern of bone tissue formation was similar
regardless of the amount of BMP. There were some
osteoclasts and some findings showed that 3-TCP was
absorbed and replaced by bone tissue (Fig. 2 c,d).

500TCP with 1000 ng had a similar pattern of
bone formation as 300TCP; in addition, there were
numerous newly beam-shape cancellous bone tissues.
However, there were not any kind of tissues that
looked like bone marrow tissue in the area
surrounded by bone tissue (Fig. 2 e/f).

In 1600TCP, the pattern of bone formation was
different from other pore size [-TCP. For
1600TCP+1000BMP, isolated spherical new bone
tissue was observed in the center of holes, but the
bone tissue occupancy region was very small. Also
there were fewer osteoblasts in 1600TCP than in
300TCP and 500TCP. Although blood vessels and
fibroblasts were observed in the stroma surrounding
new bone tissue, the, number of cells was poorer than
in 300TCP or 500TCP. Vascularization and fibroblasts
were observed in the interstitial tissue around the new
bone tissue in 1600TCP, but those tissues had poor
number of cells and consisted of coarse tissue
compared to the other pore size TCP. (Fig. 2
gh)

Immunohistochemical and special

B-TCP pore size (um)

staining for biological reaction of

honeycomb B-TCP

75 300 500 1600

BMP-2(ng) 0 0/5 0/5 0/5 0/5
125 4/5 3/5 3/5 1/6

250 3/6 5/5 4/5 2/5

500 4/5 4/5 5/6 1/6

1000 5/5 6/6 6/6 3/1

For 75TCP, cartilage tissue filled the
holes in the 125BMP group, which was the
lowest concentration, and invasion of blood
vessels in the holes was hardly observed. In
the toluidine blue staining, cartilage matrix

Number of bone induced samples/ Total number of samples in each group

was stained red purple, indicating cartilage
matrix-specific staining. (Fig. 3 a,b)
In 75TCP added with 125 ng BMP-2,

Incidence Rate of Cartilage Formation in Each Type of Honeycomb B -TCP toluidine blue staining positive images
B-TCP_pore size (4 m) showed cartilage-like tissue filling the holes.
75 300 500 1600 (Fig. 3 ¢,d)
BMP-2(ng) O 0/5 0/5 0/5 0/5 Immunohistochemical staining of OPN
125 4/5 0/5 0/5 0/6 revealed that an immature bone matrix was
250 3/6 1/5 1/5 0/5 present in the pores of 300TCP+1000BMP and
500 5/5 1/5 0/6 0/6 new bone tissue was observed to be added to
1000 5/5 0/6 1/6 0/7 the B-TCP and also lining the B-TCP inner

Number of cartilage induced samples/ Total number of samples in each group

wall. (Fig. 3 e,f)
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Fig 3. Toluidine blue staining and immunohistochemical staining. a) HE staining images of 75TCP with 125 ng BMP-2 at 3 weeks after implantation. b) Higher-magnification image
of corresponding outline area in (a). c) Toluidine blue staining images of 75TCP with 125 ng BMP-2. d) Higher-magnification image of corresponding outline area in (c). €)
Immunohistochemical staining of osteopontin of 300TCP added with 1000 ng BMP-2. f) Higher-magnification image of corresponding outline area in (e). Toluidine blue staining
positive images were observed to fit the cartilage-like tissue (a-d). The positive images of osteopontin were observed in new bone tissue (e,f), and the positive images of

osteopontin are indicated by arrowheads.

Effect of honeycomb B-TCP pore diameter and
BMP amount on bone and cartilage tissue
formation

We measured cartilage or bone formation area in
honeycomb B-TCP holes, and we analyzed the
relationship between BMP amount and cartilage or
bone tissue formation in B-TCP holes.

Analysis revealed that bone formation was not
observed in honeycomb B-TCP without BMP.

In B-TCP combined with BMP, as the amount of
BMP was increased, bone tissue formation tended to
increase regardless of TCP pore diameter.

Considering the effect of B-TCP pore size on the
amount of bone tissue formation, as the pore size
increased from 75 pm up to 500 pm, bone formation
amount tended to increase regardless of the amount
of BMP. Bone formation in 1600TCP was very little
and was hardly affected although amount of BMP
was increased (Fig. 4 a).

Analysis showed that cartilage formation was
not observed in honeycomb 3-TCP without BMP.

In B-TCP combined with BMP, -cartilage
formation was observed only in 75TCP+125BMP,
which was the smallest pore size and was the lowest
amount of BMP. And as the amount of BMP increased
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in 75TCP, it was observed that the area of cartilage
tissue formation was decreased. In 300TCP and
500TCP, only a small amount of cartilage tissue
formation was observed regardless of the BMP
amount, so relationship between BMP amount and
TCP pore size was uncertain. In 1600TCP, cartilage
tissue formation was hardly observed regardless of
the amount of BMP. (Fig. 4 b)
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Fig 4. Graphic representation of the experimental result showing the relationship
among the area ratio of bone formation in holes of B-TCP and pore size and amount
of BMP-2. (a) It shows that as the amount of BMP is increased, bone tissue formation
tends to increase regardless of pore size except 1600TCP. Also, it shows that as pore
size becomes bigger, bone tissue formation tends to increase regardless of the
amount of BMP-2 except 1600TCP. In 1600TCP, bone tissue formation decreases
remarkably, which is less affected by increasing amount of BMP-2. (b) It shows that
cartilage formation was observed only in 75TCP+125BMP group, which was the
smallest pore size and was the lowest amount of BMP and as the amount of BMP was
increased in 75TCP, cartilage tissue formation was decreased. In 300TCP and
500TCP, only a small amount of cartilage tissue formation was observed regardless of
the BMP amount.

Micro CT findings of bone tissue regeneration
in zygomatic bone defect model

In the control group, bone tissue regeneration
was not observed from the edge of bone defect to

B-TCP even 3 weeks after implantation, and the bone
defect area did not change almost immediately after
surgery. (Fig. 5 a,b,c)

In only the B-TCP group, bone defect was
maintained and new bone regeneration was not
observed. There was a marginal gap between the
implanted [B-TCP and the bone resection stump,
therefore the osseous union between B-TCP and the
existing bone tissue was not clear. (Fig. 5 d,e,f)

In the B-TCP+BMP group, new bone formation
was observed from the edge of resected bone to
B-TCP, and there was osseous union and the
continuity was reproduced in those areas. In addition,
new bone formation was recognized not only in the
gap between the implanted B-TCP and bone resection
stump, but also covering the p-TCP. (Fig. 5 g,h,i)

Histological analysis on bone tissue
regeneration in zygomatic bone defect model

The pattern of bone tissue formation was similar
to B-TCP implanted intramuscularly, in which bone
was added to the B-TCP inner wall. Rich osteoblasts
existed on the surface of new bone, and bone tissue
formation had reached the center of 3-TCP. (Fig. 6 a,b)

In both ends of B-TCP adjacent to existing bone
tissue, new bone regeneration occurred from the bone
resection stump, and new bone formation was
combined with PB-TCP. In the holes of B-TCP
surrounded with bone tissue, bone marrow tissue that
had rich blood vessels was observed adjacent to
existing bone tissue. And on the surface of new bone
tissue, osteoblasts were arranged orderly in a
single-layer and osteoblasts showed endosteum-like
structure. In addition, emergence of osteoclast cells
was partially observed and also TCP was replaced by
bone tissue by resorption. (Fig. 6 a,c,d)

Immunohistochemical staining of OPN revealed
that an immature bone matrix was present in the
pores of B-TCP, and new bone had formed adjacent to
TCP in the zygomatic bone defect model experiment.
(Fig. 6 e,f)

Discussion

In tissue regeneration, stem cell, scaffold and
growth factor are important elements [19], so normal
tissue regeneration is disturbed when any one of these
factors is missing. Among these elements, artificial
biomaterial plays a role as scaffold to provide an
environment for proliferation and differentiation of
cells. The characteristics required for ideal artificial
biomaterials are not only cell proliferation and
differentiation but also biocompatibility, a structure
which cells are likely to invade, tissue solubility and
so on.
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Fig 5. Analysis of bone formation on honeycomb B-TCP in micro CT image. (a-c) Micro CT images of facial bone of rat with left zygomatic bone defect. (d-f) Micro CT images
of facial bone of rat with implanted 300TCP in left zygomatic bone defect site. (g-i) Micro CT images of facial bone of rat with implanted 300TCP+BMP-2 in left zygomatic bone
defect site. (a,d,g) axial view of micro CT, (b,c,e,f,h,i) reconstructed 3D images of micro CT. (a-c)New bone tissue formation was not observed at bone defect site (arrow). (d-f)
In TCP alone group, TCP exists at bone defect site with neither resorption nor new bone formation (arrow). (g-i) New bone formation was observed in implanted TCP+BMP-2
group at the boundary between TCP and existing bone (arrow). The osseous union between TCP and existing bone tissue was observed (arrow).

In our study, it was shown that both bone
formation rate and amount of bone formation were
the greatest in 500TCP+BMP-2 in rat thigh muscle.
This was followed by 300TCP+BMP-2, and in these
samples, normal bone tissue-like structure that had
bone marrow tissue formation was observed. Then,
bone formation rate and amount tended to increase in
proportion to the amount of BMP-2. These results are
consistent with our previous experimental result of
the ear canal bone reconstruction [18], and consistent
with a previous report by Tsurug using porous
granular apatite [20]. The bone formation patterns
varied with B-TCP pore size, and bone tissue
formation occurred so as to fill the lumen in 75TCP. In
300TCP, the bone tissue formed on the B-TCP inner
wall. In 500TCP, similar to 300TCP, bone tissue was
formed along the inner wall of the hole, and

furthermore, large amounts of cancellous bone-like
tissue were also formed in 3-TCP pores. In 1600TCP,
solitary bone tissue was presented in the center of
TCP hole. In all pore size p-TCP, the pattern of bone
formation did not vary with the concentration of
BMP-2. Our previous study and Kuboki et al [15,21]
suggested that the biological material providing the
microenvironment is not actively involved in bone
formation but provides only space for cell
proliferation when the microenvironment of bone
formation  is relatively large. However,
honeycomb-type hydroxyapatite that had pores of
diameter 300-400 pm directly added to the bone
matrix, and when it was implanted in vivo, the
biomaterial ~functioned in bone regeneration
effectively [22].
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Fig 6. (a) Histological images of 300TCP+BMP-2 implanted into zygomatic defect. (b,c,d) Higher-magnification image of corresponding outline area in (a). (a-d) New bone tissue
formation was observed from the bone stump, and the bone stump combined with 300TCP. New bone tissue formation was also observed in the center of TCP holes, and bone
marrow-like tissue formation was observed. The positive images of osteopontin were observed in new bone tissue (e,f). Bone tissue is indicated by arrowheads, bone
marrow-like tissue is indicated by asterisk, the positive images of osteopontin are indicated by arrow.

In HE images, rich blood vessels that penetrated
into B-TCP holes were observed only in 300TCP and
500TCP. Many reports indicated that blood vessel
formation plays an important role in regeneration of
not only bone tissue but also various tissues [23-26].
Also, our study suggested that angiogenesis had a
great influence on bone tissue formation.
Furthermore, marked infiltration of inflammatory
cells was not observed in all B-TCP, and this proved
that the B-TCP used in our study had extremely high
biocompatibility.

The results suggest that P-TCP in this
experiment has high biocompatibility, and pore size
of about 300 to 500 pm pB-TCP provides an

environment for proliferation and differentiation of
cells in vivo and is the most suitable material for
inducing bone tissue.

On the other hand, in this study an interesting
finding was that strong chondrogenesis was shown
only when using a small amount of BMP-2 in 75TCP
although a little cartilage formation was observed in
large amount of BMP-2 in other pore size TCP. BMP-2
is a well-known growth factor which induces bone
tissue specifically. But when wusing both low
concentration of BMP-2 and TGF known as
cartilage-induce factor, the cartilage-inducing ability
is higher than the case of using only TGF [27,28]. It is
known that the BMP family is involved in normal
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cartilage tissue development [29]. Also in ectopic bone
formation experiments using BMP, it has been
reported that endochondral ossification-mediated
cartilage formation occurs, and thus involvement of
BMP-2 in cartilage formation is consistent with this
experimental result. But although little cartilage
formation was observed in 300TCP and 500TCP,
which were recognized for strong bone formation, the
most amount of cartilage tissue formation was shown
in 75TCP. Therefore, it is thought that a specific
microenvironment provided by 75TCP is involved in
cartilage tissue formation. Further investigations are
required as to what kind of environmental factors
provided by 75TCP induce formation of cartilage
tissue.

Bone tissue regeneration in zygomatic bone
defect model

Generally, when a bone defect occurs due to a
bone injury, cells are supplied from the periosteum
and surrounding connective tissue, and bone tissue
regeneration occurs. However, complete regeneration
becomes more difficult the wider the bone defect.
Therefore, various artificial biomaterials made from
hydroxyapatite, calcium phosphate ceramics (TCP),
polylactic acid, and titanium and so on have been
developed and used clinically. In addition, many
studies have reported bone tissue regeneration when
using these biomaterials combined with mesenchymal
stem cell [30].

But when these materials are used in bone tissue
regeneration, there are still many problems such as
early stage strength, efficiency of osteoinductive
activity, and replacement property of bone tissue in
vivo. These materials have already been used as bone
substitutes in clinical practice, but in the current
situation, it is difficult to obtain the regeneration on
such a large total bone defect.

For the bone tissue reconstruction experiment in
zygomatic bone defect model, we used 300TCP which
formed bone tissue structurally similar to biological
bone tissue in an ectopic experiment in which
honeycomb B-TCP of each hole diameter was
embedded into thigh muscle. In micro CT, the
continuity of the zyomatic bone was not observed in
the zygomatic bone resection group and in only the
TCP group 3 weeks after implantation. On the other
hand, new bone formation was observed in the
300TCP+BMP-2, and the continuity of the zygomatic
bone tissue was recovered. In the histological
observation, the pattern of bone tissue formation was
almost the same as the 300TCP that was implanted
into thigh muscle, and new bone formation in the
inner wall of B-TCP was observed. The new bone
tissue in 300TCP with BMP-2, which was

accompanied with bone marrow-like tissue having
rich hematopoietic cells, had continuity with the
existing bone tissue and B-TCP was completely
connected with the existing bone tissue. Therefore, the
recovery of bone tissue continuity between p-TCP and
existing bone was confirmed at the tissue level.

Many bone tissue regeneration studies using
various cells have been attempted with the
development of new biomaterials. However, when
using a cell it is difficult to exclude the risk of
tumorigenesis completely, thus bone tissue
regeneration without using cells and by a simple
technique is considered much more ideal
Honeycomb B-TCP has the characteristic features of
excellent biocompatibility, osteoconductive ability,
and bioabsorbable ability along with bone remodeling
[31,32]. It is reported that the bioabsorbable ability of
TCP is higher than hydroxyapatite which is widely
used clinically [31,32]. It is thought that TCP replaces
the existing bone tissue by absorption [33,34].

Our study indicates that honeycomb 3-TCP is an
excellent artificial biomaterial because honeycomb
B-TCP regenerates bone tissue that is similar to
normal bone with bone marrow-like tissue and
endosteum-like tissue in completely transected bone
tissue. Therefore, TCP is expected to serve as a new
biological material in the head and neck region.
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