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Two kinds of tri-calcium phosphate ceramics �Ca/P � 1:50�, a-TCP and b-TCP, which has the
same macrostructure and microstructure, but different phase composition, were implanted
in dorsal muscles of dogs. The samples were retrieved at 30, 45 and 150 days, respectively,
after implantation, and were analyzed histologically. There were critically different tissue
responses between a-TCP ceramic and b-TCP ceramic. Higher cell populations were
observed inside the pores of b-TCP than those of a-TCP, bone tissue was found in b-TCP at 45
and 150 days, but no bone formation could be detected in any a-TCP implants in this study.
On the other hand, the bone tissue in b-TCP seemed to degenerate at 150 days. The results
indicate that porous b-TCP can induce bone formation in soft tissues of dogs; while the rapid
dissolution of the ceramic and the higher local Ca2�, PO3ÿ

4 concentration due to the rapid
dissolution of a-TCP may resist bone formation in a-TCP and the less rapid dissolution of
b-TCP may be detrimental to already formed bone in b-TCP.
# 2001 Kluwer Academic Publishers

1. Introduction
Different types of materials have been developed from

calcium phosphates that are biocompatible and osteo-

conductive [1±4]. An ideal biomaterial for hard tissue

repair should be biocompatible, osteoconductive, resorb-

able and osteoinductive [1, 2, 4, 5]; thus, in recent years,

attention has been directed to the development of

resorbable and osteoinductive biomaterials from calcium

phosphates [2, 5±9]. Tricalcium phosphate ceramic

(TCP), especially b-TCP ceramic, is an important

calcium phosphate biomaterial, besides its pro®le of

biocompatibility and osteoconductive capability, it has a

higher resorption rate than hydroxyapatite ceramic (HA).

Hence, it has sometimes been considered as a resorbable

biomaterial [1±3, 10±16]. Due to its resorbability, TCP

was also mixed with HA to make biphasic calcium

phosphate ceramics (BCP, tricalcium phosphate/hydro-

xyapatite ceramic) with different resorption rates

[17±22].

The resorption of calcium phosphate biomaterials has

been the subject of many studies [13, 23±26]. It was

suggested that the resorption rate of calcium phosphate

biomaterials was related to their forms, chemical

composition, structures including macropores and micro-

pores, and both chemical dissolution and cell-mediated

resorption were involved in the resorption process

[13, 23±26]. Contrary to the extensive studies of factors

affecting resorption rate of calcium phosphate biomater-

ials, few studies addressed the effects of resorption rate

on tissue responses. It appeared that the resorption of

calcium phosphate biomaterials is bene®cial to bone

formation [20, 27, 28] and that free Ca2� could be

considered as the origin of bioactivity [27, 29, 30]. This

might, in fact be the case when the resorption rate of

calcium phosphate biomaterials is within certain limits.

Because too much dissolved Ca2�, PO3ÿ
4 , leading to a

sharp change of the microenvironment, may disturb the

activity of host cells and create adverse effects on tissues

[17, 21].

As to the osteoinductive property of calcium phos-

phate biomaterials, it is generally thought that calcium

phosphate biomaterials can stimulate bone formation, but

can not induce bone formation [1±3, 11, 12, 31, 32].

However, in recent years, several types of calcium

phosphate ceramics have been reported to induce bone

formation in soft tissues of different animal models [33±

45]. After observing the bone formation induced by HA

ceramics and BCP in soft tissues of dogs [34, 39±45], we
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extended our investigation of calcium phosphate-induced

osteogenesis to tricalcium phosphate ceramic, which was

the ®rst calcium phosphate biomaterial reported to be

osteoconductive [12, 26], but has not been reported to be

osteoinductive.

The purpose of this study was to investigate the

osteoinductive property of TCP. However, the different

tissue responses to a-TCP and b-TCP ceramics with

different resorption rates [46±48], were used to answer

the effects of resorption of calcium phosphate biomater-

ials on tissue responses.

2. Materials and methods
2.1. Ceramics
Apatite powder with a Ca/P ratio of 1.50 was wet-

synthesized by the reaction of calcium nitrate and di-

ammonium hydrogenphosphate in a basic ammonia

condition. Green bodies were foamed by 5±10% H2O2

at the temperature of 70±80 �C and dried. Ceramics were

obtained by sintering the green body at 1100 �C for 3 h

and using a different cooling procedure for each ceramic.

Natural cooling produced b-TCP, quenching produced

a-TCP. The phase composition of the ceramics was

identi®ed by X-ray diffraction (XRD) (Fig. 1). The

porous structures were observed under scanning electron

microscopy (Philips SEM 525 connected with an X±ray

energy dispersive detector). There were the same porous

structures in both ceramics; they were porous with

interconnected macropores ( photos not shown) and

micropores on the macropore surface (Fig. 2). Ceramic

implants �f566 mm� were obtained from the ceramic

bodies and cleaned with distilled water and then

autoclaved at 121 �C for 30 min before implantation.

2.2. Animal experiments
Surgery was conducted on six mature healthy dogs under

general anaesthesia and sterile conditions. After anaes-

thetizing the animal by abdominal injection of

pentobarbital sodium solution (30 mg/kg body weight),

the hair of the back was shaved and the skin was

sterilized. A longitudinal incision (10 cm in length) was

made by scalpel at both the center and the middle of the

back, and the muscle bundles of longissimus dorsi in both

sides were disclosed by blunt separation. Two small

longitudinal incisions were made in the muscle bundle of

longissimus dorsi in each side. One ceramic rod was

inserted into each incision and sealed by silk thread. Two

a-TCP ceramic rods were implanted in one side and two

b-TCP ceramic rods in the other side of each dog. After

®nishing the implantation, the skin was sutured and the

animals were intramuscularly injected with penicillin for

three d (one injection per day). Two dogs were sacri®ced

by overdose of pentobarbital sodium solution at each

time period of 30, 45 and 150 d. Per material and per time

period, a total of four implanted samples were collected

with surrounding tissues and ®xed in 10% buffered

Formalin solution.Figure 1 XRD patterns of a-TCP (A) and b-TCP (B).

Figure 2 Microstructure of a-TCP (A) and b-TCP (B) under SEM.
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2.3. Histological observation
One half of the samples were decalci®ed in acid

compounds (8.5 g sodium chloride, 100 ml Formalin,

70 ml 37% hydrochloric acid, 80 ml formic acid, 40 g

aluminum chloride, 25 ml acetic acid glacial in 1000 ml)

for 72 h, then dehydrated in series alcohol solutions and

embedded in paraf®n. Semi-thin sections were made and

stained with hematoxylin and eosin (HE). The other

samples were also dehydrated by series ethanol solutions,

cleared by xylenes and embedded in methyl-methacry-

late (MMA). Sections (20 mm) were made and stained

with methylene blue and basic fuchsin. Some un-

decalci®ed sections were coated with carbon and

analyzed by back scattered electron scanning microscopy

(BSE) and energy dispersive spectroscopy (EDX).

3. Results
Different tissue response was found in a-TCP and b-TCP

implants. Only little loose ®ber tissues could be found

inside the pores of a-TCP ceramics, even the giant cells

and macrophages were hardly observed at 30, 45 and

150 days (Fig. 3A,C,E) in the inner pores, but evident on

the outer surface of the implants. No bone formation

Figure 3 Tissue responses of a-TCP and b-TCP in muscles of dogs at different times. A, C, E: a-TCP; B, D, F: b-TCP; A, B: 30 d; C, D: 45 d; E, F:

150 d. *bone; arrow, giant cell; m, ceramic. Un-decalci®ed sections, methylene blue and basic fuchsin staining.
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could be detected in any a-TCP implants at any

experiment time in this study, while a clear dissolution

marker could be observed in un-decalci®ed sections of

a-TCP (Fig. 4). In b-TCP implants, a higher population

of cells could be observed inside the pores at 30 d. Most

cells are polymorphic cells, either aggregated to each

other or attached on the pore surfaces. Giant cells were

also found to adhere on the pore surface (Fig. 3B); at

45 d, the high populations of cells were still quite

frequently found (Fig. 3D), while in some pores of some

implants, bone formation occurred (Fig. 5). At 150 d,

cells inside the pores were not active, and most of the

pores were ®lled by bone-like tissues (Fig. 3F).

Bone formation could be found in some b-TCP

implants (2/4 at 45 d; 4/4 at 150 d). The bone formation

did not always start from the pore surface and towards

the pore center (Fig. 5A,C), although direct contact

between bone and ceramic surface was obvious at 45 d

(Fig. 5A). The osteogenesis process in b-TCP (Fig. 5C)

was similar to bone regeneration inside a narrow cortical

bone defect in dog femur at 15 d after operation

(Fig. 5D), in which osteogenic cells aggregated,

produced bone matrix and ossi®ed. At 45 d, the bone

tissue inside the pores was normal bone tissue (Fig. 5B)

but less mineralized (Fig. 5C). Osteoblast lineage and

osteocytes were obvious (Fig. 5B). At 150 d, the bone

tissues inside the pores of b-TCP implants were no longer

normal; no bone marrow tissue, no bone remodeling

process, no osteoblast lineage, even no obvious

osteocytes could be observed, only a small amount of

Figure 4 Obvious dissolution marker in a-TCP at 30 d post-operation.

Un-decalci®ed section, methylene blue and basic fuchsin staining. m,

ceramic; arrow, dissolution marker.

Figure 5 Bone formation in b-TCP at 45 d. A, overview of bone formation in b-TCP at low magni®cation, decalci®ed section, HE staining; m:

ceramic ghost; * bone. B, details of bone in A at higher magni®cation, decalci®ed section, HE staining; m: ceramic ghost; *, bone. C, bone tissue

shown in un-decalci®ed section, methylene blue and basic fuchsin staining; m, ceramic; * bone. D, Bone regeneration in a narrow defect of dog's

femur bone cortex. Arrowhead, old bone; *, newly formed bone; Ti, Ti64A1V implants. This result was taken from an other experiment in which the

Ti6Al4V (Ti) implant (56566 mm in size) was implanted in arti®cial defects of dog's femur bone, bone regenerated in the narrow defects between

host bone and implant at 15 d post-operation. Un-decalci®ed section, methylene blue and basic fuchsin staining. Note the same pattern of bone

formation between C and D.

10



calci®ed tissue with less osteocytes could be found in the

center of pores (Fig. 6A,B). The tissues between the pore

surface and calci®ed tissue seemed to be demineralized

bone (Fig. 6A). Direct bonding between bone and b-TCP

ceramic was hardly observed at 150 d (Fig. 6B).

4. Discussion
The results of this study added another calcium

phosphate ceramic, namely b-TCP ceramic, to the

literature of calcium phosphate-induced osteogenesis.

The mechanism of osteoinduction of calcium phos-

phate biomaterials is not clear from the available

literature. From the viewpoint of materials, the chemical

composition, the geometry, the macropores and the

micropores were considered as important factors for this

kind of osteoinduction [33, 36, 40, 45]. In the present

study, the materials were made at the same time by

almost the same procedure; the only difference was the

different cooling procedure after sintering. The structure,

geometry and chemical composition �Ca/P � 1:50� of

the implants were the same. The different tissue

responses showed that process in calcium phosphate-

induced osteogenesis is very complicated, even a

difference in phase composition can result in a critical

difference. With respect to bone formation: bone was

found in b-TCP, but not in a-TCP.

The only difference between a-TCP and b-TCP was

their different resorption rate. a-TCP has been demon-

strated to be more resorbable than b-TCP [46±48],

obvious dissolution marker could be found in histolo-

gical sections of a-TCP samples (Fig. 4), but not in

sections of b-TCP samples. The difference in tissue

responses between them could be the result of their

different resorption rates.

It has been suggested that calcium phosphate

biomaterials were resorbed in vivo in two ways: chemical

dissolution and cell-mediated degradation [1, 3, 21, 26].

The different tissue responses in this study between

a-TCP and b-TCP could only be attributed to chemical

dissolution, because giant cells and macrophages

involved in cell±mediated resorption were hardly

observed in the pores of a-TCP implants. Two factors

in the dissolution of calcium phosphate biomaterials may

affect the tissue responses. One was the local concentra-

tion of Ca2� and PO3ÿ
4 ions. A large amount of Ca2� and

PO3ÿ
4 ions were produced in the rapid dissolution of

a-TCP and their local concentration, especially inside the

pores, could be too high for cells to survive [22, 49], even

too high for giant cells and macrophages to survive. So,

when giant cells and macrophages were considered as the

indicator of in¯ammation reaction, a-TCP seemed to be

much more biocompatible than b-TCP [47]. The second

factor was the change of microenvironment during the

dissolution. When TCP dissolved, the microenvironment

was acidic, the cells may not tolerate such an acidic

environment resulting from the rapid dissolution [17].

Therefore, only a little loose ®ber tissue could be

observed inside the pores of fast dissolving, and hence

more acidic a-TCP.

Compared to a-TCP, higher population cells and

normal bone formation at early time in b-TCP indicated

that its mild dissolution was not detrimental to cells at

early times and may stimulate bone formation. Evidence

could be found in other studies. Normal bone could be

formed at early time in TCP combined with bone marrow

cells or BMP (bone morphogenetic protein) in soft

tissues [8, 36, 50, 51]. Many studies also showed that

mild dissolution made calcium phosphate biomaterials

more active. Tricalcium phosphate/hydroxyapatite

Figure 6 one degeneration in b-TCP at 150 d post-operation. A, un-

decalci®ed section, methylene blue and basic fuchsin staining. Note:

bone tissue in the center of the pore and the demineralized area between

pore surface and the bone tissue (arrow). B, BSE observation, bone

tissue with some osteocyte lacunas (arrow) in the center of the pore. C,

EDX analysis of four sites in B, a, ceramic; b, bone; c, demineralizing

zone; d, soft tissue. m: ceramic; * bone; arrow, osteocyte lacuna.
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ceramic (TCP/HA) with mild dissolution was more

active in bone formation than pure hydroxyapatite

[18, 28]; when sintered at lower temperature, HA

ceramic was more active than that sintered at higher

temperature due to the dissolution of the ceramic sintered

at lower temperature [23, 47]; and at early time, more

bone formation in TCP implants than in TCP/HA and HA

were observed [28]. The reason may be that bone-like

apatite surface formation was related to the dissolution

rate and thereafter stimulated osteogenic precursor cells'

proliferation, aggregation, differentiation, bone matrix

formation and mineralization [20, 27]; and the dissolu-

tion may provide Ca2�, PO3ÿ
4 needed by bone formation.

However, at longer time, the effects of dissolution of

b-TCP reversed, bone tissue seemed to degenerate

at 150 d. These adverse effects of dissolution on bone

were also shown in other reports. The bone-bonding

rate decreased with increasing b-TCP in HA/b-TCP

composites [22, 49]. TCP resorption in bone defects

routinely was not accompanied by bone formation

[1, 2], moreover, bone tissues decreased with time

when porous b-TCP was implanted in osseous sites

[12, 28, 52].

At longer time in vivo, b-TCP became more resorbable

[26]; the circulation inside the implants decreased with

the bone formation. So, Ca2�, PO3ÿ
4 ions accumulated in

local sites and a high Ca2�, PO3ÿ
4 concentration was

reached. The high Ca2�, PO3ÿ
4 concentration was

detrimental to cells including osteoblast, osteocyte,

macrophages and also not suitable for osteoclast

resorption function [17, 21]. As a result, no bone

remodeling and no bone marrow formation occurred in

b-TCP implants. Furthermore, the acidic microenviron-

ment caused by dissolution [17] made the formed bone

demineralize. In this study, bone tissue did not bond to

ceramic surfaces directly at 150 d. No bone remodeling

resulted in no new bone formation; bone demineraliza-

tion resulted in bone loss. Thus, the formed bone

degenerated and decreased.

The bone degeneration in b-TCP did not mean that

bone formation induced by calcium phosphates in

general disappeared at last in an environment without

stress. It was the case of one calcium phosphate ceramic

in particular, namely b-TCP and it may be caused by its

dissolution, because in the cases of HA and BCP, the

bone tissues induced by calcium phosphates were normal

mature bone at long time with bone remodeling process

and sometimes bone marrow tissues. Damage of bone by

rapid dissolution of calcium phosphate biomaterials was

frequently found in materials with high resorption rate.

When implanted as powder, the early-formed bone

within HA powder disappeared at last; in the case of

TCP ceramic, bone formed in it disappeared also when

TCP was totally resorbed [32].

Two aspects of calcium phosphate biomaterials were

concentrated on in this study, osteoinduction and the

effect of rapid dissolution on bone formation. They are

important for porous calcium phosphate biomaterials.

For dense calcium phosphate biomaterials, they are less

important, because osteoinduction did not occur in the

cases of dense calcium phosphate biomaterials [40] and

the dense materials were much less soluble than porous

ones [26]. Even if a rapid dissolution occurred in the

cases of dense materials, the products of rapid dissolution

could be buffered by body ¯uids and taken away

immediately by circulation, so no high local Ca2�,

PO3ÿ
4 concentration as in porous materials could be

reached. While in porous materials, Ca2� and PO3ÿ
4

could be accumulated at local site and caused adverse

effects inside the implants.

The biocompatibility of calcium phosphate biomater-

ials has been well addressed. The good biocompatibility

of calcium phosphate biomaterials originated from the

fact that Ca2� and PO3ÿ
4 are inorganic components of

hard tissues. Previous studies indicated that the

bioactivity of calcium phosphate biomaterials depends

on their solubility [27] and that it is possible to develop

resorbable calcium phosphate biomaterials [3, 53].

However, present results indicated that too rapid

dissolution of calcium phosphate biomaterials should

not be encouraged.

5. Conclusions
Calcium phosphates have been considered for medical

use for almost a century, and at this moment calcium

phosphate biomaterials are commercially available for

hard tissue repair [1±3, 12, 20, 26, 32]. The increasing

evidence of calcium phosphate-induced osteogenesis

may promote the development and application of

calcium phosphate biomaterials with intrinsic osteoin-

ductive property.

Porous b-TCP ceramic can induce bone formation in

soft tissues of dogs, but porous a-TCP ceramic can't. No

bone formation in a-TCP may be resulted from its higher

resorbability, accurately due to its rapid dissolution, the

rapid dissolution of a-TCP also affected its cell-mediated

resorption, no macrophages and giant cells survived in

such a high local Ca2�, PO3ÿ
4 environment. In the case of

b-TCP, the effect of degradation had two phases; at early

time, the degradation was mild and stimulated bone

formation, while at longer time, the rapid dissolution was

detrimental to cells and bone tissues. Due to the

complexity of calcium phosphate biomaterials, further

optimization of calcium phosphate biomaterials is still

necessary. The osteoinduction model may be useful in

the optimization process.
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