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ABSTRACT

Porous p-tricalcium phosphate (TCP) displays osteoinductivity in certain animals in the absence of osteoinductive
agents. We evaluated whether the microstructure may be an important determinant of osteoinduction, and also investi-
gated how bone formation was promoted using f-TCP combined with bone marrow aspirates. We prepared two types of
S-TCP, namely, f-TCP A, which possessed interconnected macropores and micropores, and f-TCP B, which possessed
macropores but had less detectable micropores. These were implanted with or without marrow in canine muscles. Bone
formation and the resorption of each f-TCP implant were evaluated histologically. Newly formed bone began to appear
at day 42 in the implants of f-TCP A alone, but the implants of f-TCP B alone did not show any bone formation by day
42. Meanwhile, bone formation was already evident on day 14 by loading with bone marrow aspirates with or without
micropores. By immunohistochemistry, the number of cathepsin K-positive cells (osteoclasts) increased as time passed
in the implants of S-TCP A alone, while the number of the osteoclasts did not change obviously in the implants of
S-TCP B alone from day 14 to 56. Reticular fibrils were evident within the 5-TCP A, and were barely observed in the
S-TCP B in the silver impregnation. The present result would bring about the possible role to enhance the importance of
the surface microstructure for the better osteoinductivity. Our findings suggest that the combination of porous S-TCP
and bone marrow facilitates bone formation.
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ductive properties are required for the large bony defects
[9]. Porous p-TCP displays osteoinductivity in certain
animals [10,11]. Kondo et al. observed osteoinduction
with highly purified f-TCP in canine dorsal muscles and
suggest that the micropores on the macropore surface are
a critical factor in the process of osteoinduction [7]. In

1. Introduction

Recently, bioactive ceramics such as hydroxyapatite and
calcium phosphate have been widely used to fill bone de-
fects after either trauma or a surgical resection of bone
tumors [1-5]. We have focused our attention on porous

p-tricalcium phosphate (5-TCP) [3-7]. Numerous studies
have demonstrated that porous S-TCP has good biocom-
patibility and bioactivity: furthermore, it is absorbed and
replaced by autologous bone [3-8]. We previously re-
ported that S-TCP enables osteoconduction in the rat fe-
moral condyle and human bone in the absence of addi-
tional osteoinductive agents [3,6]. Meanwhile, osteoin-
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this study, we investigated whether the microstructure
may be an important determinant of osteoinduction. Fur-
thermore, bone marrow has a good osteogenic ability
when combined with porous ceramics, and has the clini-
cal merits of being autologous and intraoperatively avai-
lable, with harvesting done by a simple, safe aspiration
[12]. We also investigated how bone formation was pro-
moted using S-TCP combined with bone marrow aspi-
rates.
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2. Experimental and Methods
2.1. Preparation of f-TCP

We prepared two types of -TCP; f-TCP A, which pos-
sessed interconnected macropores of 100 - 500 um and
micropores of less than 5 pm (Figures 1(A) and (C)),
and S-TCP B, which also possessed macropores but had
less detectable micropores on the surface of the macro-
pores (Figures 1(B) and (D)). Beta-TCP A and B were
ob- tained from Olympus Terumo Biomaterials Corp.
(Tokyo, Japan). Fine -TCP powder was mechanochemi-
cally synthesized by wet milling. CaHPO,-H,O and
CaCQOj; at a molar ratio of 2:1 were mixed into a slurry
with pure water and particles of zirconium in a pot mill
for 24 hours, and dried at 80°C, leading to the formation
of cal- cium-deficient hydroxyapatite. This crystalline
solid was converted to S-TCP by calcination at 750°C for
1 hour. A porous S-TCP block was obtained upon sinter-
ing of the S-TCP powder, and this block was classified
by an as- sessment of the surface area and pore-size dis-
tribution. The S-TCP A blocks displayed 75% porosity
and B-TCP B blocks showed 50% porosity. The surface
area, which was measured by the Brunauer-Emmett-
Teller method, was 1.4 m?/g. Five-millimeter cubic
blocks of f-TCP were used in the study.

2.2. Animal Model and Tissue Preparation

A total of four twelve-month-old female beagle dogs
were used in this study. The paravertebral muscle in each
dog was exposed in sterile conditions under general an-
esthesia. A total of four experimental groups were pre-
pared as follows: group 1, f-TCP A alone; group 2, S-
TCP B alone; group 3, f-TCP A loaded with bone mar-
row aspirates; group 4, f-TCP B loaded with bone mar-
row aspirates. Bone marrow was obtained by aspiration
from the iliac bone using a syringe. In group 1 and 2, -
TCP blocks were implanted into the muscles directly. In
group 3 and 4, S-TCP blocks were infiltrated with bone
marrow aspirates, and were implanted into the muscles
30 minutes after infiltration. All animal experiments
were conducted according to the “Guidelines for Animal
Experimentation” of Olympus Corporation and were
approved by the ethical committee of Olympus medical
systems.

On post-operative days 14, 28, 42, 56 and 112, the
dogs were anesthetized and the implanted S-TCP blocks
were extracted and immersed in 4% paraformaldehyde
for 5 - 7 days. The S-TCP blocks were decalcified with
etylenediaminetetraacetic acid and embedded with paraf-
fin and evaluated histologically.

2.3. Cathepsin K Immunohistochemistry

Cathepsin K is a specific collagenase synthesized by os-
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teoclasts, and it is essential for bone resorption [13];
there- fore, cathepsin K immunohistochemistry was per-
formed to detect active osteoclasts. The paraffin embed-
ded-spe- cimens were sectioned at 4 pm and immu-
nostained by cathepsin K as previously described [7].

2.4. Reticulin Silver Impregnation

The implants were stained by silver impregnation to de-
tect collagen and reticular fibers, as previously described
[14].

2.5. Statistical Analysis

Statistical analyses were performed using the SPSS 14.0J
software package for Windows with the Tukey test (ei-
ther one-way ANOVA or a post hoc test) used for the
ratio of bone formation at each time point. A value of P <
0.05 was considered to indicate a statistically significant
difference.

3. Results

All implants in group 1 and 2 showed fibrovascular inva-
sion into macropores. However, there was no evidence of
any newly formed bone by days 14 (Figures 2(A) and
(B)) or 28. Newly formed bone began to appear at day 42
in the implants of groupl (Figure 2(C)), and obvious
bone formation was detected on days 56 and 112. The
implants in group 2 did not show any bone formation by
day 42 (Figure 2(D)) and newly formed bone was de-
tected in only half of the implants on days 56 and 112.
Meanwhile, bone formation was already evident on day
14 in the implants of group 3 and 4, and newly formed
bone of group 3 was detected more frequently and widely
than that of group 4 (Figures 2(E) and (F)). Table 1
sum- marized the ratio of bone formation at each time

Figure 1. The microstructure of the two types of f-TCP by
scanning electron microscope; Beta-TCP A possesses inter-
connected macropores of 100 - 500 pm (A) and numerous
micropores (arrows) of less than 5 pm on the surface of
macropores (C), while f-TCP B also possessed intercon-
nected macropores (B) but had less detectable micropores
(D) on the surface of the macropores. Bar: 500 pm (A, B); 5
pm (C, D).
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Figure 2. Histological sections stained with hematoxylin and
eosin in the f-TCP implants; All /~-TCP A and B implants
without marrow showed fibrovascular invasion into macro-
pores; however, there was no evidence of any newly formed
bone on day 14 (A, B). On day 42, bone began to appear in
the group 1 (C), while the implants of group 2 did not show
any bone formation (D). In the implants group 3 and 4,
bone formation occurred on day 14, and newly formed bone
was detected in almost all f-TCP A implants (E), while bone
formation was infrequent and new bone was only locally
formed in -TCP B implants (F). Group 1: f-TCP A alone;
Group 2: f-TCP B alone; Group 3: f-TCP A loaded with
bone marrow aspirates; Group 4: f-TCP B loaded with
bone marrow aspirates; TCP, f-tricalcium phosphate; NB,
newly formed bone. Bar: 100 pm.

Table 1. The ratio of bone formation at each time point.

Osteogenic implants number/  Group Group Group Group

total implants number 1 2 3 4
Day 14 0/9 0/4 4/5 1/5
Day 28 0/9 0/4 5/5 1/5
Day 42 1/5 0/5 5/5 3/5
Day 56 5/7 3/7 2/2 2/7
Day 112 12/13 2/3 3/3 2/3

Group 1: f-TCP A alone; Group 2: f-TCP B alone; Group 3: f-TCP A
loaded with bone marrow aspirates; Group 4: f-TCP B loaded with bone
marrow aspirates.

point in the four groups. But these differences were not
statisti- cally significant.

By immunohistochemistry, only a few cathepsin K-po-
sitive cells (osteoclasts) were observed in the peripheral
region of the implanted area of both group 1 and 2 on
day 14. The number of osteoclasts increased as time
passed in the implants of group 1 (Figure 3(A)), while
the number of the osteoclasts did not change obviously in
the implants of group 2 from day 14 to 56 (Figure 3(B)).
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Figure 3. Evidence of osteoclasts by Cathepsin K immuno-
histochemistry in the f-TCP implants; The number of ca-
thepsin K-positive multinucleated cells (osteoclasts) had in-
creased by day 28 in the implants of group 1 (A), while only
a few osteoclasts were observed in the peripheral region of
the implanted area in the implants of group 2 (B). Numer-
ous osteoclasts were observed in the peripheral region in the
implants of group 3 on day 14 (C). Osteoclasts were also
detected in the implants of group 4 (D), although the num-
ber of osteoclasts was less than that of group 3. Group 1:
P-TCP A alone; Group 2: f-TCP B alone; Group 3: f-TCP
A loaded with bone marrow aspirates; Group 4: f-TCP B
loaded with bone marrow aspirates TCP, f-tricalcium phos-
phate; NB, newly formed bone. Bar: 100 pm.

Numerous osteoclasts were observed in the implants of
group 3 on day 14 (Figure 3(C)), and osteoclasts were
observed in the central region of the implanted area as
well as in the peripheral region from days 28 to 112. Nu-
merous osteoclasts were also detected in the implants of
group 4 from day 14 (Figure 3(D)) to 112, but the num-
ber of these osteoclasts was less than that of group 3.

Silver impregnation demonstrated the presence of re-
ticular fibrils within the implants of group 1 or 3 (Figure
4(A)), while reticular fibrils were barely observed in the
implants of group 2 or 4 (Figure 4(B)).

4. Discussion

We investigated the promotion of bone formation using
S-TCP loaded with bone marrow aspirates. Bone forma-
tion occurred at a high rate in group 3 from the early pe-
riod. Additionally, bone formation was facilitated in -
TCP without micropores because newly formed bone
was observed in the implants of group 4. It is well-known
that ectopic bone formation is induced by marrow cells in
porous calcium phosphate ceramics [15]. These findings
suggest that bone marrow cells are important as a source
of osteoinduction.

We also evaluated the osteoinductive capacity of two
types of f-TCP that had the same chemical composition
but different internal structures. The ratio of newly
formed bone in group 2 tended to be much smaller than
that in group 1. Although the statistical significance has
never been demonstrated, the present result would bring
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Figure 4. Silver impregnation of reticular fibrils; Reticular
fibrils (arrows) were present within the f-TCP A on day 14
(A), while reticular fibrils were barely observed in the f-
TCP B on day 14 (B). TCP, f-tricalcium phosphate; Bar:
100 pm.

about the possible role to enhance the importance of the
microstructure for the better osteoinductivity. The im-
portance of the microstructure has been analyzed in other
bioactive ceramics [16,17]. These findings indicate that
microstructure plays an important role in osteoinduction
in various kinds of bioactive ceramics.

A histological analysis revealed that the number of os-
teoclasts increased earlier in group 1 than in group 2. Os-
teoclasts appeared before new bone was formed. There-
fore, the microstructure of S-TCP may involve a progres-
sive ostoclastic resorption. The importance of osteoclas-
tic resorption in S-TCP has been reported previously [7,
18], and our results supports the previous studies and
may demonstrate that the microstructure influences os-
teoclastic resorption before new bone is formed.

The reason that the microstructure is important for os-
teoinduction is unknown, but reticular fibrils were evi-
dent within the f-TCP A. The silver impregnation tech-
nique stains collagen, reticular fibers and elastic fibers
[14]. Chazono et al. reported that the micropores in S-
TCP ceramic may provide a suitable environment for
collagen formation [19]. Ogose et al. revealed the intru-
sion of the collagen fibrils into the micropores of the /-
TCP in the scanning electron microscope observation and
suggested the protein absorption to the micropores [20].
The current study revealed the intrusion of the reticular
fibrils including the collagen fibers into the micropores
and provided the possible role that the micropores act as
a storage space for proteins, including collagen fibers.

The main limitation of the current study is the use of
the different porosity between the two types of S-TCP.
The porosity of f-TCP scaffold can influence the ceramic
resorption and bone formation [16,21]. In future, we need
to incorporate the experiments to compare the two types
of f-TCP with the same porosity but the different volume
of micropores.

5. Conclusion

The present result would bring about the possible role to
enhance the importance of the surface microstructure for
the better osteoinductivity. The combination of porous
S-TCP and bone marrow facilitates bone formation.

Copyright © 2013 SciRes.
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