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Abstract 

Porous hydroxyapatite ceramics combined with 
rat marrow cells were implanted subcutaneously in the 
back of syngeneic Fischer rats . Fluorochrome-labeling 
(calcein, tetracycline) was performed post-operatively 
and the ceramics were harvested 4 weeks after im
plantation. Undecalcified thin sections of the implants 
were observed under light microscopy or fluoromicros 
copy and the corresponding areas were also analyzed 
in a scanning electron microscope connected to an 
electron probe microanalyzer (SEM-EPMA). Many pore 
areas of the ceramics showed bone and osteoid forma
tion together with active osteoblasts. The bone form
ation began directly on the surface of the ceramic and 
proceeded in a centripetal direction towards the center 
of the pores. SEM-EPMA analysis revealed continuous 
high levels of calcium and phosphorus in bone/ceramic 
interface and a gradual decrease of these levels in the 
osteoid region. These results indicate that the interac
tion between osteoblasts and ceramic surface resulted 
in bone formation. 
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Introduction 

Calcium phosphate ceramics have proven to be 
non-irnrnunogen ic and non-toxic but the ceramic itself 
cannot induce bone formation 13

· 
20

• 
21

· 
23

· 
24

• However, 
when the ceramic is implanted in orthotopic sites, 
such as bony defects, bone formation can occur on its 
surface (osteo-conduction) . In addition, calcium phos
phate ceramics become strongly bonded to the bone 
tissue without mechanical interlock13

• Recently , 
various analytical methods have been used to charac
terize the interface between the bone and the ceramic . 
However, the cause of strong bonding at the bone/ 
ceramic interface has not yet been understood be
cause it is very difficult to identify the primary bone on 
the ceramic surface by convent ional experimental 
methods, e.g., in implantation of materials in orthotop
ic sites where bone already exists . 

We have developed a new experimental method 
to show consistent de nova bone formation in porous 
calcium phosphate ceramics23

· 
24

• The method utilizes 
the implantation of a composite of the ceramic and rat 
bone marrow cells into a rat subcutaneous site. It is 
very simple and suitable for identification of the 
primary bone in the porous implants because materi 
als/osteogenic cells interaction without any influence 
of preexisting bone tissues can be observed . By using 
this method, we analyzed the process of the osteogen
esis and the bone/ceramic interface . 

Materials and Methods 

Implant materials. 
Coralline hydroxyapatite ceramics (lnterpore 

International, Irvine, California) were used in this 
experiment. They are made by conversion of calcium 
carbonate skeletons of reef-building sea corals into 
pure hydroxyapatite by means of a hydrothermal 
chemical exchange reaction 27

• The solid and porous 
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components of the microstructure are completely inter
connected10· 11 · 29 . This accounts for the rapid neo
vascularization and bone incorporation of the implants. 
The average pore size of this implant is 200 µm in 
diameter and the void volume averages 66%. In this 
study we used disk-shaped coralline hydroxyapatite 
with a diameter of 5 mm and thickness of 2 mm. 
Marrow cells oreparation and suraical procedure. 

Femora and tibiae of five Fischer 344 rats (7 
week-old males) were recovered and placed in saline 
following removal of adherent muscle and periosteum. 
Both ends of the femur and tibia were cut away from 
the epiphysis. One of the femur ends was connected 
with a tygon tube to a 1 ml syringe . The marrow plug 
was then hydrostatically forced into a test tube con
taining the heparinized phosphate buffered saline 
(PBS) . The marrow in PBS was disaggregated by se
quential passage first through 18 G and then 20 G 
needles to obtain a cell suspension . The cell suspen
sion was centrifuged at 3000 rpm for 5 minutes and 
200 µI of the supernatant was mixed up with the sedi
ment (cell layer) by vortex mixer. To make the com
posite graft, the porous hydroxyapatite ceramics were 
soaked in this disaggregated marrow cell suspension 
at the room temperature and used within 2 hours. 
Syngeneic Fischer rats were anesthetized by intraperi
toneal injection of Nembutal (2 .5 mg/1 OOg body 
weight). Subcutaneous pouches were created in back 
of the rat following small incisions. The ceramics 
combined with marrow cells were implanted in subcu
taneous sites. We have already reported that the 
ceramic itself or marrow cells alone when implanted 
subcutaneously could not show bone formation, how
ever the composite showed consistent bone formation 
in the ceramic pore regions 4 weeks after implanta
tion2J. 24 . 

To observe the de novo bone dynamics in the 
pore regions of the ceramic, fluorochrome-labeling was 
performed. The rats were given one dose each of cal
cein (15 mg/kg, intravenously) 2 weeks after implanta
tion and tetracycline (50 mg/kg, subcutaneously) 3 
weeks after implantation. 
Histological evaluation. 

Implants were harvested 4 weeks after surgery. 
For undecalcified sections, the ceramics were immedi
ately fixed in 70% ethyl alcohol and stained with 
Villanueva bone stain. They were then dehydrated in 
graded series of ethyl alcohol (70, 95, 95, 100%) and 
acetone for each 90 minutes, infiltrated in methyl 
methacrylate monomer for 3 days and in prepolymer
ized embedding medium (mixed with methyl methacry
late monomer 1 OOml, polymethyl methacrylate beads 
40g, and benzoyl peroxide 1 g) for 3 days. After em
bedding procedure, the surface of the implants in 
methyl methacrylate was coated with cyano-acrylate 
and cut into sections of 7 µm using a Jung Model K 
microtome. These specimens were observed under 
light microscopy or fluoromicroscopy. For scanning 
electron microscopy I electron probe . microanalysis 
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(SEM-EPMA), the flat surface of the implant embedded 
in methyl methacrylate was prepared after another 
cutting of 7 µm thickness of the implants by using the 
microtome. The surface of the implant was coated 
with a thin layer of carbon( -10 nm), and the ceramic/ 
bone interface was analyzed by using a scanning 
electron microanalyzer connected with a wavelength 
dispersive spectrometer (EPMA8705 , Shimadzu 
Corporation, Kyoto, JAPAN). The ceramic surface 
was first observed in the backscattered electron (BSE) 
imaging mode, which provides a useful means for de
tecting an overall distribution based on the ·mean 
atomic numbers of the constitute elements and allows 
clear observation of the interface between the bone 
and the ceramic with high contrast. A comparison of 
the BSE image with the corresponding undecalcified 
thin section showed the area of primary bone forma
tion on the ceramic. The bone formation areas on BSE 
images were then observed under secondary electron 
imaging . Also, the characteristic X-ray images of Ca
Ka and Mg-Ka for the same area were d isplayed; and 
in addition, line scans for three elements (calcium, 
phosphorus and magnesium) were obta ined along a 
line on the bone ceramic interface. The total scanning 
time was 4 minutes for each element for the line 
analyses . Image formation and line scan were per
formed at an accelerating voltage of 10 kV. An elec
tron beam, below 0.4 µm in diameter, was maintained 
at 2x 10-0 amps. 

Results 

Undecalcified section 
Coralline ceramics combined with rat marrow 

cells showed osteogenesis in the pore regions . There 
was no intervening fibrous tissue between the ceramic 
and the de novo bone (Fig. 1 a-d) . Many pore areas 
showed the newly formed bone together with active 
osteoblasts; thus, the bone formation was still pro
gressing. Some pore areas showed primary bone 
formation on the ceramic surface, i.e., active osteob
lasts faced to the ceramic surface then produced 
osteoid which became mineralized bone (Fig.1 d). 
These histological features indicated that the bone 
formation began on the surface of the ceramics and 
proceeded toward the center of the pores (bonding os
teogenesis)25· 26 . This process was confirmed by 
fluorochrome labeling. Green colored calcein (adminis
trated 2 weeks after implantation) was seen near the 
ceramic surface and yellow colored tetracycline (ad
ministrated 3 weeks after implantation) was seen close 
to the center of pores (Fig. 1 c). 
SEM-EPMA results 

A BSE image of the area corresponding to the 
undecalcified thin section is shown in Fig . 2a. Ce
ramic area (white), newly formed bone area (gray) and 
fibrous tissue area (black) in the pore regions were 
clearly identified . The higher magnification of second
ary electron image allowed to distinguish the de novo 
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Fig . 1 . Ceramic w ith marrow cells 4 weeks after subcutaneous implantation. 

a: An undecalcified section under light microscope . Many pore areas show bone formation . Arrows 
indicate newly formed bone . H: hydroxyapatite ceramic . Bar = 100 µm . 

b: Higher magnification of the rectangular area (at top right) of Fig . 1 a. Active osteoblasts lining (A) 
together with a small amount of newly formed bone (B) is observed on the surface of pore region. 
Between the osteoblasts lining and fully mineralized bone (B) a narrow seam of osteoid (light brown -
purpl ish red) is seen. 

c: The same section as in Fig . 1 b under fluoromicroscopy. Green calce in (C) and yellow tetracycline 
(T) were administrated 2 and 3 weeks after implantation respectively . 

d: Higher magnificat ion of the square area (at bottom) of Fig. 1 a. Many osteoblasts (0) line up on the 
ceramic. In addition , a small zone of newly formed unmineralized bone (osteoid) is seen . B: bone; H: 
hydroxyapatite ceramic. Bar = 30 µm . 

bone from the ceramic . It showed the newly formed 
bone direct ly interfaced to ceramic surface (Fig . 2b) . 
Compared with the corresponding undecalcified sec
tion , the osteoid region appeared as coarse granular 
areas . Th e characteristic X-ray image of calcium 
showed high content of calcium in both ceramic and 
bone area { the content in ceramic was slightly higher) 
and low content of calcium in osteoid /osteoblast lining 
(Fig. 2e) . The magnesium distribution almost exactly 
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corresponded with the area of newly formed bone . 
However, low concentration of Mg .was also detected 
in both ceramic and soft tissue areas (Fig . 2f) . Fig. 2d 
shows the line scans of three elements (Ca, P, Mg ) 
from the ceramic area to the bone area (left to righ t). 
It revealed the continuity of high levels of calcium and 
phosphorus at the bone /ceramic interface . The levels 
of calcium and phosphorus in the bone were slightly 
lower than those in the ceramic . On the other hand, 
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the level of magnesium in the bone was much higher 
than that in the ceramic area and increased moderately 
across the interface. In the area of osteoid and os
teoblasts the contents of Ca, P and Mg gradually de
creased. In the fibrous tissue area, the content of 
these three elements decreased to the base line. 

Discussion 

Hydroxyapatite ceramics are one of the major 
types of ceramics having bioactive bonding behavior. 
Various types of glass ceramics are also well known 
as bioactive ceramics4

· 
6

"
9

· 
16

-
18

· 
22

• Several investiga
tions on these ceramics/bone interface have been car
ried out using a variety of techniques3

· 
8

. Only a few 
reports observing this interface with the use of trans
mission electron microscopy (TEM) exist, presumably 
due to the difficulty of cutting thin sections containing 
undecalcified bulk bone and brittle ceramics 2

• 
5

• 
7

• 
14

• 
28

• 

In contrast, there has been many SEM studies on the 
interfacial zone 1. 7. 9. 12. 15-19. 30. 

Hench7 studied the bonding mechanism at the 
interface between bone and a glass ceramic and found 
the presence of crystals of hydroxyapatite on the sur
face of glass ceramic using SEM, TEM and X-ray dif
fraction analysis. It suggested the direct chemical 
bonding of hydroxyapatite crystals at the interface. 
Gross et al. 5 reported ultrastructure of the interface 
between a glass ceramic and bone and described areas 
with bone connection displaying collagen fibers and 
deposits of apatite crystals in close relationship to the 
bulk ceramic. Jarcho et al. 12 speculated the direct epi
taxial deposition of bone on the apatite surface (chemi
cal attachment) by TEM observation as well as SEM
EPMA analysis. Subsequently many investigations of 
the interface between bone and bioactive ceramics 
have been performed using SEM-EPMA9

• 1
6

-
19

•
30

• These 
studies indicate that the Ca-Prich layer is necessary to 
form a strong bond between the ceramic and bone. 

All of these studies of bone/ceramic interface 
were performed by implantation of samples in ortho
topic sites . Our subcutaneous implantation of ceram
ics/marrow composite allowed us to easily observe 
initial osteogenesis in the ceramics without any in
fluences of pre-existing bone tissues. Furthermore, 
comparing the SEM image with its corresponding un
decalcified thin section gave us a better understanding 
of the material/host tissue interaction both morphologi
cally and constitutionally . Thus, the present study is 
very useful to analyze the bone/ceramic interface. 

As shown in Fig. 1, the sequence of osteogene
sis on the hydroxyapatite ceramic is: 1) Apposition of 
osteoblasts on the ceramic surface; 2) Osteoid forma
tion in the appositional area; and 3) Mineralization of 
the osteoid region resulting in mature bone formation. 
Thus, unmineralized or partially mineralized areas 
(osteoid) do not persist on the ceramic surface and do 
not exist between the ceramic and the bone in the 
process of osteogenesis. SEM-EPMA analysis of the 
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corresponding area confirmed this observation as evi
denced by the continuous high levels of calcium and 
phosphorus across the ceramic/bone interface and 
gradual decrease of these elements in the osteoid area 
(Fig. 2d). At the interface between the ceramic and 
bone, Mg content varied in contrast to Ca and P 
content. It may suggest that chemical compositional 
variable zone (Ca, P and Mg) existed in the interface 
as described in other reports9• 

1s-1e. There is also a 
possibility that this zone may chemically bind to the 
bone apatite crystal4

• 
111

• 
26

• 

All of these results suggest that osteogenic cells 
can easily adhere to the surface of the ceramic and the 
cells' production, such as collagen, proteoglycan and 
matrix vesicles, can be integrated into the ceramic sur
face. The process finally leads to fully mineralized 
bone y.@ osteoid formation. 
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Discussion with Reviewers 

J. Appleton : Can the authors speculate on how the 
osteoblasts become adherent to the surface of the 
ceramic; and how the developing bone becomes inte
grated into the surface of the ceramic? 
Authors: Our data clearly showed that osteoblasts 
can adhere to the surface of the ceramic (Fig. 1 d). We 
think the ceramic surface might be overlaid by the Ca
p rich layer having various proteins and speculate that 
the cell surface of the osteogenic cell has affinity (re
ceptor?) to the reorganized ceramic surface resulting 
in osteogenic cell adhesion to the ceramic surface. 
Various models of bone integration could be con
sidered, and as mentioned in the text, there is a 
possibility that the zone may chemically bind to the 
bone apatite crystal. 
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