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Substitution of natural coral by cortical bone and
bone marrow in the rat femur
Part I SEM, TEM, and in situ hybridization
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Natural coral consisting of calciumcarbonate (CaCQ,) in the crystal form of aragonite was
investigated after implantation into the cortex and marrow cavity of rat femur at 7, 14, 21,
and 28 days by means of scanning and transmission electron microscopy (SEM and TEM) as
well as in situ hybridization (ISH) in order to better understand its mechanism of bone
bonding, which is somewhat different to that of other slowly degradable bioactive materials,
e.g. hydroxyapatite or glass ceramics. Bone bonding was shown to be closely coupled with
implant degradation. Degradation by dissolution started as early as the insertion of the
implant leading to a pronounced surface rugosity. Additionally, at later stages, degradation
by multi-nucleated osteoclast like cells was enhanced. Bone bonding was mediated by flat
cells settling in groups on the implant surface. These cells produced mineralizing globules
and collagen that anchored directly to the implant surface, i.e. on the tips of the surface
rugosity and inside the pores. Through ISH the cells were shown to produce procollagen
a1(l) transcripts. The calcification at the interface was enhanced by matrix vesicles similar to
woven bone formation. Therefore, the calcification on the implant surface resembled woven
bone formation and no distinct afibrillar intervening layer resembling a cement-line, as in
other bioactive implants or as in bone-bone interfaces, e.g. in lamellar bone was observed in
bone bonding areas. The mineralization in deeper micropores which did not include direct

cell activity depended on other processes, e.g. dissolution and reprecipitation.

1. Introduction

Coralline implants of the Porites species have been
used as bone implant materials since 1977 [1]. The
skeleton of such calcium carbonate implants of the
crystal type aragonite was first prepared by hy-
drothermal conversion of skeletal calcium carbonate
into hydroxyapatite by treatment in a fluid medium of
biammoniumhydrogenphosphate (NH,),HPO,) and
H,O0 at 300 °C and high pressure, since it was thought
that the implantation of hydroxyapatite (HA) would
be closer to bone mineral than natural coral calcium
carbonate (CaCO3) [2]. In later experiments the skel-
etal CaCO, was deproteinized by treatment with so-
dium hypochlorite yielding a composition of 99%
CaCO; and 1% amino acids [3]. Later experiments
demonstrated that the composition was somewhat
different (see Materials and methods). The surfaces of
the interconnecting macropores of calcium carbonate
provide a framework for tissue growth since there is
space for blood vessels in the centre of the pores.
Therefore, the coralline material can be used as a scaf-
fold by the system bone forming and resorbing cells
and can be remodelled over a long period of time
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[3,4]. The porites species possess interconnecting
pores of up to 200 pm in diameter and a mean pore
diameter of 154 + 25 pm. The mean pore volume was
measured to be 43.5 + 2% [5]. The deposition and
resorption of these implants have been described in
several papers at a light microscopical level [3, 4, 6]. It
was shown that coralline implants seem to be replaced
earlier in trabecular versus cortical bone defects [3].
The degradation rate of this coral seemed to be higher
than that of coral being transformed into hydroxyapa-
tite. Degradation was dependent on the pore size
range and the total pore volume. The larger the
pores, the faster the resorption, and the faster
the development of new bone [4]. As compared to
porous hydroxyapatite the tissue healing was faster
around f-tricalciumphosphate or natural coral [6].
Additionally, a recent investigation showed that the
resorption of natural coral implants was faster in
contact with bone marrow as compared to cortical
bone [7].

With regard to these investigations, not much is
known about the events occurring at the interface
leading to resorption or to bone bonding. The role of
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cells elaborating extracellular matrix and establishing
bone bonding seems to be especially important. The
role of osteoclasts, macrophages or soft tissue cells in
the process of degradation is not clear and the chem-
ical dissolution of the coralline substance is not yet
clearly separated from the activity of resorbing cells.
Recently, it has been demonstrated that differences
occur in the ultrastructure of bone bonding interfaces
of glass ceramics, hydroxyapatite and CaCO,. Glass
ceramics bond via an afibrillar intervening layer, re-
presenting in this case a cement-line-like interface
between the implant and the bone, similar to that
observed in lamellar bone between two osteons. On
the other hand, CaCOj; and B-tricalciumphosphate
implants did not show this cement-line-like structure
in bone bonding interfaces. Hydroxyapatite was
shown to develop both interface types [8,9]. The
mechanisms of different morphological develop-
ments are not yet clear. A previous investigation
could not maintain the CaCOj crystals after prepara-
tion for TEM [10]. Therefore, since no intact
interfaces could be maintained, no evidence could be
found for the bone bonding mechanism including
the development of the afibrillar intervening layer
between implant and bone. As indicated by
some publications, the production of collagen seemed
to be involved in the bonding process in highly
degradable interfaces showing bone bonding interfa-
ces without the afibrillar intervening layer [9, 11, 127.
Therefore, special emphasis was put on the develop-
ment of collagen on the CaCO; surface. Additionally,
for the first time to the authors knowledge, in situ
hybridization (ISH) was adapted to implants contain-
ing bone using a procollagen ol(I) probe to
stain collagen producing cells, although it is known
that the production of this collagen is not specific to
osteoblasts and that the intracellular assembly is not
equated with secretion into the extracellular matrix.
Evidence for collagen secretion into the extracellular
matrix can be given by morphological methods, such
as scanning and transmission electron microscopy
(SEM, TEM).

The present investigation aims to further clarify the
events occurring in the bone-CaCQ, interface with
special attention to the development of bone bonding
and degradation. In order to better understand the
mechanisms of calcium carbonate degradation by dis-
solution as well as by cellular resorption, and bone
deposition, animal experiments were performed using
quantitative histology, the report of which is presented
in Part I [7], and TEM and SEM as well as ISH,
contained in the present investigation (Part II}. Special
emphasis was placed on the development of bone
bonding since differences in the ultrastructure of bone
bonding interfaces of different bonding materials have
been observed [8-15]. Since up to now no intact
interfaces could be produced for TEM evaluation,
another aim was the development of a method to
maintain intact tissue~CaCQj interfaces. Addition-
ally, ISH was adapted to implant containing tissue
based on a method published previously [16] to fur-
ther clarify the role of cells during the bone bonding
process.
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2. Materials and methods

The natural coral implants (Biocoral®) were de-
proteinized cylinders from the species Porites with
a diameter of 1.5 mm and length 6 mm. They were
sterilized by gamma irradiation and contained more
than 97% calcium carbonate in the form of aragonite,
less than 1% amino acids (aspartamic acid 0.013%,
glutamic acid 0.011%, glycine 0.01% and others in
lower quantities), and >1% trace elements (<1%
Na, 0.5 to 0.9% Sr, 0.05 to 0.2% Mg, 0.05 to 0.1% F,
<0.05% P, <0.03% K and trace elements such as
Cu, Zn, Fe, Pb, Mn, Ni, Cr, and Co in much lower
amounts) [17]. The macropores interconnected and
occupied less than half of the implant volume.

Adult male Sprague-Dawley rats with a body
weight at the beginning of the experiment of between
450 and 650 g were housed in wire cages and given
a hard pellet diet Altromin standard (Lage, Lippe,
Germany) and tap water ad libitum. Under general
anaesthesia, the femur was exposed and a hole with
a diameter of 1.5 mm was drilled midshaft and the
implant cylinder inserted. The wound was closed in
layers with sutures and the animals given protective
treatment with gentamycin 20 mg and 0.5ml Be-
lapharm Antiphlogisticum 30%. At 7, 14, 21 and 28
postoperative days, three specimens were collected
and prepared for SEM and TEM as described [8]. The
first TEM sections prepared were stained according to
a standardized procedure using uranyl acetate and
lead citrate. This led to a total loss of the CaCO,
implant in the section. Therefore, the following sec-
tions were only postfixed in OsO, 1% in cacodylate
buffer pH 7.2 at 4 °C overnight. No additional staining
was petformed. This procedure led to intact interfaces
with the disadvantage that non-bonding interfaces
could not be evaluated due to low staining contrast of
the organic moiety. Therefore, both procedures were
applied. One implant was investigated prior to im-
plantation by SEM and one by TEM thus yielding
a total of 14 implants for EM. Additionally, 12 im-
plants were used for in situ hybridization, three being
harvested at 7, 14, 21, and 28 days after insertion.

For ISH, implants containing femur segments were
cut into three smaller pieces in a sagittal plane, i.c. the
implant was cut perpendicularly to its long axis, and
then fixed for 24 h at 4°C in 4% paraformaldehyde in
phosphate buffered saline (PBS), pH 7.0, and after-
wards shortly rinsed in pure buffer at pH 7.0. The
decalcification of the implant-containing pieces was
performed at 4°C in ethylenediaminetetraacidic acid
(EDTA) 10% at pH 7.5 for 7 days on a shaker. With
this procedure the implant material totally dissolved.
Afterwards the former implant-containing bone was
immersed in graded ethanols (70%, 80%, 96%, and
absolute ethanol), acetone and xylol. Then, the im-
plants were embedded in paraffin wax (Histosec®,
Merck, Darmstadt, Germany). Sections 4 ym thick
were cut with a microtome. The sections were put on
aminopropyltricthoxysilane-covered, glutaraldehyde-
activated glass slides, dried overnight at 37°C, and
stored at room temperature until ISH was carried out.
The trabecular bone from human femoral heads ser-
ved as a positive control.



2.1. In situ hybridization

To generate digoxygenin-labelled RNA probes a
1,3 kb Pst I fragment of rat procollagen al(I) cDNA
[18] was subcloned into the run-off transcription vec-
tor pGEM1 which was linearized appropriately and
used for in vitro transcription with SP6 or T7 poly-
merases and digoxygenin-labelled UTP (Bohringer,
Mannheim, Germany) to obtain antisense and sense
{control) transcripts, respectively [ 19, 20].

The hybridization procedure was identical to the
method described earlier except that the amount of
the probe was different (0.5 ml of mixture containing
250 ul formamide, 218 pl Depc-H,0O, 32l probe
RNA at a concentration of 5 ng/pl). Afterwards, the
specimens were washed as described [19]. Digoxy-
genin was then detected using a monoclonal antibody
recognizing digoxygenin Fab fragment according to
a standardized method [21]. Stained parts of the tis-
sue appeared bright red. The counterstaining was per-
formed by using haemalaum for 1 min. The specimens
were embedded in glycerol jelly at 50°C.

3. Results

3.1. Implants prior to implantation

The SEM overview showed the typical structure of the
implants with interconnecting macropores in the
range of 150 pm (Fig. 1). At higher magnifications two
different surfaces of the natural coral skeleton were
detected (Fig. 2). First, there was the surface of the
coral which was rather smooth (Fig. 3). At high magni-
fications tiny tips of less than 1 pm height, probably
the tips of individual crystals, were observed covering
one part of this area, creating some kind of surface
rugosity. Other crystals reached the surface in an
oblique direction leading to a less rough structure. In
these areas globular elevations of 5 um in diameter
were detected (Fig. 2) occasionally in circumscribed
areas. These surfaces represented the original inner
surface of the natural coral. Secondly, there were frac-
ture or sawing planes probably existing due to the
mode of production showing the individual coral

Figure 1 Macropores of coral Porites of size around 150 pm prior
to implantation with smooth original surface (O) and fractured
rough surface (R). Occasionally hump-like structures (arrow)
(SEM).

plates in their longitudinal axis. The plates were ar-
ranged mainly perpendicular or oblique to the surface
and had a length of about 10 um (Fig. 2). Between
individual plates and crystals a microporosity con-
taining some amorphous, probably organic, material
was detected. The density of the surface structure was
higher at the original inner surfaces than at the frac-
tured surfaces. In TEM the individual plates and crys-
tals observed in SEM were composed of groups of
parallel aligned smaller crystallites. These crystallites
were probably of plate-like or cylindrical structure
(Fig. 4) and were cut in a longitudinal or transverse
direction providing in both cases a maximal length of
about 2 pm. The maximal width was 1 um in the case
of plate-like crystallites and 0.2 um in the case of
cylindrical crystallites. The cylindrical crystallites
might represent the third dimension of the other crys-
tallite type.

3.2. SEM after implantation

At 7 days, using SEM at lower magnifications, the
tissue seemed to grow from the cortical area towards
the marrow cavity. Larger tissue complexes were al-
ready developed interdigitating with the porosity of
the implants. At higher magnifications many cells
were detected settling on the implant surface. These

Figure 2 Smooth original surface (O) and fractured rough surface
prior to insertion with hump like structures of about 5um in
diameter (SEM).

Figure 3 Smooth original surface of the coral with tips on the right
side and oblique appearing crystals at left prior to implantation
(SEM).
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Figure 4 Cross-section of the coralline implant material prior to
implantation with both crystal moieties, i.e. plate-like structures on
the left side and cylindrical crystals on the right side (TEM, un-
stained).

Figure 6 Cells on the surface of the natural coral implant {arrows).
Pit (P) and track-like change of the surface structure (SEM).

Figure 5 Surface structure of the coral after partial degradation
with tips of crystals and gaps. Part of a cell with processes between
the tips (arrow) (SEM).

cells were roundish, spindle-like, or rather polygonal
and flat and occurred in groups. Some areas of the
surface remained unchanged. Other areas of the im-
plant surface had changed significantly. These parts of
the surface showed a higher rugosity as compared to
the situation prior to implantation, obviously due to
loss of substance. Thus, these circumscribed areas of
up to 40 pm in diameter showed tips of individual
crystals with gaps in between (Fig. 5). Additionally,
pits of about 10 pm in diameter and depressions with
a track-like morphology were found (Fig. 6). In pits as
well as in other areas with changed surface morpho-
logy there was a much more pronounced rugosity with
some degree of microporosity between crystals. Single
roundish cells of about 10 um in diameter were in
contact to these pits (Fig. 7). In some areas flat poly-
gonal cells were observed in close relation to lacunae
of the implant surface. These cells deposited fibrillar
material into the pores (Fig. 8). Close to groups of
polygonal flat cells tiny globular structures and fibril-
lar structures were deposited between the tips of the
implant crystals (Fig. 9). These structures produced
a thin film on the implant surface (Fig. 10). Fibres
occurred with as well as without globular structures.
Some globular structures were in contact with cellular
processes. Between the cells of one group such depo-
sits of material were not common.
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Figure 7 Roundish cell on the surface of a coralline implant settling
in a newly created pit (arrows) (SEM).

Figure 8 Two cellular processes on left and right side of the coral
surface with a pit. Pit already filled with deposited fibrillar material
probably produced by the cell on the right side (SEM).

At 14 days the situation was comparable except that
there was much more tissue adhering to the implant
surface after fracture, than at 7 days. Therefore, it was
much more difficult to detect intact tissue—implant
interfaces. Most of the uncovered implant surfaces
showed an accentuated rugosity. Between needle-like
tips of the CaCO; crystals there was a considerable
porosity. Cellular processes attached directly to single
tips. In fracture planes of the interface a fine granular



Figure 9 Deposition of thin fibrilles (short arrows) and globular
structures (long arrows) between tips of the implant surface by a cell
of the osteoblastic lineage (O). Production occurs on roughened
surface of the coral (SEM).

Figure 10 Later stage of production as shown in Fig. 9. A group of
osteoblastic cells on the left of the implant surface moving to the left.
At right dense film mainly composed of fibres and some globular
structures (SEM). Inset: fracture plane of a film covering the implant
crystals (SEM).

material was detected in micropores under cells
(Fig. 11).

At 21 and 28 days, most of the implant surface was
covered with tissue including mineralized bone or cells
arranged in a layer. The pores of the natural coral
implants were almost completely filled with tissue
including an amorphous, mineralized substance. To-
wards the tissue side this amorphous material was in
continuity with mineralized bone, which was recogniz-
able by its typical morphology in fracture planes
(Fig. 12). Some fracture planes of the coral were ob-
served in contact with adhering tissue. The porosity
disappeared close to the interface due to the amorph-
ous material which had been deposited in the pores. In
lower magnification the crystal cluster size decreased
from the implant centre towards the surface (Fig. 13).

3.3. TEM after implantation

At 7 days the interface was dominated by cells, gener-
ally of two types, in contact with the natural coral.
There were electron-lucent, spindle-like cells contain-
ing a lot of rough endoplasmic reticulum. Between
them, roundish cells of darker appearance were ob-
served containing a lobed nucleus and many
mitochondria. The first cells resembled fibroblasts and

Figure 11 Coral pores mainly filled with amorphous material (ar-
rows) under a cell (C) (SEM, fracture plane).

Figure 12 Crystal clusters of the natural coral with microporosity
on the left side, bonding to mineralized bone on the right side.
Fracture plane of an interface (SEM).

the latter type macrophages. Between these cells lay
remnants of cells which had died. Cell detritus was
observed within the outer implant pores (Fig. 14).
Both types of cellular processes were attached to tips
of implant crystals or interdigitated with the porosity.
Complexes of implant material lost contact with the
surface and were found in the extracellular matrix
(ECM) between cells. Some small arcas were secen
which had already developed bone bonding. The min-
eralized tissue showed intimate interdigitation with
the porosity of the implant and was found within the
pores. There was no afibrillar intervening layer
between bone and implant. The crossbanding of
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Figure 13 Coral crystal clusters of decreasing size from the centre
towards the surface. Bone bonding area, bone in upper part. Sawed
section (SEM).

Figure 14 Mineralizing interface with degenerating cells (D) and
productive cells in the interface. Cell detritus (arrows) in the pores of
the coral (white). Loss of the implant material due to the staining
procedure with uranyl acetate and lead citrate (TEM).

collagen fibres, sometimes seen within the mineralized
substance, reached the implant surface.

At 14 days bone bonding and non-bonding interfa-
ces were observed. At non-bonding interfaces cells
were mainly in contact with the implant surface. Be-
sides the productive cells described at 7 days, multi-
nucleated giant cells were seen with a ruffled border
like structure underneath their cell membrane in con-
tact with the implant surface. The filopodia of the
ruffled border like structure were interdigitated with
individual crystals of the implant. Close to these resor-
bing cells productive cells were found producing col-
lagen fibres which were inserted on single implant
crystals or proceeded into the implant pores. At high
magnifications, the collagen-rich ECM contained
matrix vesicles at the interface in contact with min-
eralized bone (Fig. 15). Vesicles were found in close
contact to the interface. In such areas there were also
so-called calcifying globules in the ECM. The globules
confluenced in some areas producing calcifying fronts.
The mineralized tissue extended into the implant por-
osity (Fig. 16). Directly at the interface the crystal size
decreased significantly. Small granular particles were
detected between cellular membranes and the implant
material (Fig. 17).

At 21 and 28 days, the situation was similar to that
at 14 days. In non-bonding interfaces many multi-
nuclear giant cells were detected. There were many
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Figure 15 Higher magnification of a mineralizing interface with
collagen rich ECM containing matrix vesicles of amorphous (A) and
ruptured (R) type as well as calcospheritic structures. Collagen in
the pores of the coral (white). Loss of the implant material due to the
staining procedure with uranyl acetate and lead citrate (TEM).

Figure 16 Mineralized interface, mineral proceeding into the pores.
No afibrillar intervening layer. Implant particles in the mineralized
bone. No staining, OsO, fixation (TEM).

particles which had lost contact with the surface.
Some of these particles were freely floating in the
ECM, and others were phagocytosed by cells. The
particle size secemed to decrease from the centre to-
wards the surface of the material (Fig. 18). Bone bond-
ing areas showed no afibrillar intervening cement-line
like layer. The mineralization proceeded deep into the
porosity (Fig. 19). The amount of bone in contact with



Figure 17 Particulate degradation at the implant surface in the
vicinity of a cell (on the left side). Mineral on the right side. No
staining, OsO, fixation (TEM).

Figure 18 Part of a multi-nucleated giant cell with many mitochon-
dria and extracellular indentations. Some implant material sur-
rounded by membranal parts. Particulate degradation of the im-
plant and crystal size decreasing towards the implant surface. No
staining, OsO, fixation (TEM).

the natural coral was higher in the TEM sections than
at the former time intervals.

3.4. ISH after implantation

Because of the cutting process the implant-containing
material had to be decalcified. Therefore, the implant
material was lost totally. Instead of the natural coral
implants empty spaces were observed. The pores were
filled with tissue. At 7 days most of the tissue within
the pores in the periphery of the implant cylinders was
young forming bone. In the centre of the implants soft
tissue was in the pores. The digoxygenin stain pro-
vided an intense bright red colour of procollagen a1(I)
mRNA containing cells. Such a positive signal was
demonstrated by the presence of osteoblasts in la-
cunae, found in the newly formed primary bone within
the drill hole. A similar signal was observed in the cells
in the young trabeculac within the implant pores
whereas old lamellar bone remained negative (Fig. 20).
In the soft tissue only single cells in the periosteum
showed a weak signal, mainly on the periosteal side of
the femur. The old bone cells surrounding the drill
hole were negative. Occasionally, single osteoblast
seams showed a positive reaction indicating procol-

Figure 19 Mineralized bone bonding interface without an afibrillar
intervening cement-line like layer. Mineralization in the pores up to
more than 5 um towards the implant centre (arrows) (TEM, OsO,
fixation without additional staining).

Figure 20 Cross-cut section of a rat femur after visualization of
procollagen alpha I(I) by ISH using digoxygenin staining at 7 days
after implantation. Old lamellar bone of the drill hole without
staining (bottom). Osteoblasts at the surface of the old bone and
young forming bone with intensely stained cells (to the left). Empty
space at the upper right corner due to dissolution of coral by EDTA
immersion. (Light micrograph).

lagen synthesis. At 14 to 28 days the situation was
comparable, except that the amount of young woven
bone in the implant porosity increased with time, and
cells lying in lacunae, probably osteocytes, tended to
remain negative, whereas cells of osteoblast seams still
showed the intense positive reaction. In the centre of
the implants there were still some negative organiza-
tion tissue and some procollagen forming spindly cells
which were interpreted as fibroblasts since in their
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Figure 21 Light micrograph of a cross-section at 14 days after
implantation after ISH. Old lamellar bone of the drill hole without
staining (on the right side), osteoblasts on the old bone with intense
red reaction. Young forming bone within the pores of the implant
with many intensely stained cells. Empty space due to dissolution of
the coral by EDTA immersion (Light micrograph).

surroundings the extracellular matrix did not corre-
spond with bone ECM (Fig. 21).

4. Discussion

The present investigation proved that the develop-
ment of bone bonding in the case of a highly degrada-
ble implant material such as CaCOj; in the form of
aragonite occurs in a different manner as compared to
slowly degradable bioactive materials, e.g. glass cer-
amics and HA, since no afibrillar intervening layer
resembling a cement line known from lamellar bone
could be discriminated. Generally, two basic mech-
anisms, both contributing to bone bonding, have been
described. First, Kokubo et al. proposed a mechanism
leading to a carbonated apatite layer on the implant
surface when immersed in a simulated body fluid in
vitro [22]. This process depends on dissolution and
reprecipitation since cells were not involved in this
model. On the other hand, Davies et al. proposed the
formation of a similar layer by a cell-mediated process.
These data were obtained by using an osteoblastic cell
culture system and titanium substrate [23]. A similar
layer was observed in vivo many years ago [24]. In
bioactive implants, e.g. glass ceramics in vivo, this layer
was a constant phenomenon [9, 13, 15]. Some authors
observed a layer on HA in bone bonding interfaces,
whereas it did not appear in cases of bone marrow
contact [15]. Other authors even detected differences
in bonding interfaces, i.c. in some bone bonding areas
the layer was not detected [8, 11, 12]. These areas of
direct bone-implant contact without intervening layer
were comparable to bone bonding interfaces observed
in highly degradable CaCQj; implants. Therefore, dif-
ferent variables must be operative in the establishment
of bone bonding interfaces without the afibrillar inter-
vening layer. The morphology of bone bonding inter-
faces seems to depend at least to some extent on the
surface reactivity of the implant.

In the case of CaCO,, as early as the implant was
inserted, dissolution of the coralline surface started
leading to some kind of rugosity of the implant sur-
face. This was clearly demonstrated by comparison of
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non-implanted and implanted surfaces using SEM.
The rough surface structure became colonized by cells,
e.g. fibroblasts, pre-ostéoblasts or osteoblasts. It has
already been shown that natural coral is a very suit-
able material for cell attachment [25]. The cells
seemed to settle on cellular processes which were an-
chored on the tips of the implant material. No clear
evidence was found that a direct deposition of min-
eralized substances occurred into the gaps deeper than
approximately 1 um. On the other hand, the cells were
in close relation to globular structures at the interface
which were shown using TEM to be so-called calco-
spheritic structures. In a similar manner, collagen was
directly deposited on the implant surface by the same
cells (Figs 8, 9) sometimes proceeding into the gaps up
to 1 um depth. A similar collagen attachment directly
at the implant surface has been described for trical-
ciumphosphate in the form of B-whitlockite which is
also highly degradable [26]. This is in contrast to the
current concept of bone bonding which acts on more
stable surfaces, i.e. pre-existent bone as well as slower
degradable materials such as CaCQj. In this case
globular accretions are produced by flattened cells
which later form a continuous layer on the pre-exist-
ent surface. This layer then links up the pre-existent
surface and the newly formed collagen-containing
bone [27, 28]. Due to the very high reactivity of the
implant material used here, a continuous layer of
globular accretions could not be established.
Evidence for the collagenous nature of the matrix
surrounding osteoblastic cells was found through the
ISH method showing osteoblasts to synthesize procol-
lagen 21(I) transcripts. The collagenous matrix con-
tained matrix vesicles and cellular detritus which were
shown to act in a comparable manner to matrix ves-
icles in inducing calcification in a yet non-calcified
matrix [13]. The confluence of such calcospheritic
structures led to the establishment of calcified fronts
similar to woven bone production. Since collagen was
deposited directly on the implant surface the cement-
line like structure, the so-called amorphous afibrillar
intervening layer, could not be distinguished. There-
fore, the high degradation rate and rough surface
structure of the implants after implantation apparent-
ly impede the production of a continuous afibrillar
layer. This is distinguishable as a distinct structure
and allows for early collagen insertion not only to
newly formed globular accretions but also to the tips
of the implant surface. Therefore, woven bone forma-
tion starts morphologically on the implant surface.
Similar results were gained using CaCOyj calcite im-
plants which were also bonded directly to bone. Thin
film X-ray diffraction analysis and Fourier transform
infrared reflection spectroscopy did not show an inter-
vening layer [29]. Other highly degradable materials,
e.g. PB-tricalciumphosphate (B-TCP) implants, also
bonded without an afibrillar intervening layer [9, 15].
The bonding was explained in this case by mechanical
interlocking due to the rough surface structure of the
implants. HA/B-TCP composites involved both inter-
face types in bone bonding interfaces [11]. The estab-
lishment of the bonding was explained by a process
involving epitaxy, dissolution and reprecipitation, and



active sccretion of an afibrillar calcified matrix by
osteoblast-like cells linking the implant surface and
the new collagen containing bone. This explanation is
in accordance with previous results from HA implant
research. In some interface areas degradation of the
surface was observed leading to a rough surface struc-
ture. In these areas collagen attachment was observed
[8]. If such an interface mineralizes later, the distinct
structure known as the afibrillar intervening layer
cannot be observed. On the other hand, on a more
stable, smooth surface where degradation does not
occur, the afibrillar intervening layer becomes more
important as a bone-matrix implant interface in
a comparable manner to the interface between two
lamellae in lamellar bone deposition. The thickness of
such layers varies between less than 1 um (bone-HA
interface), which has been reported in the literature
[27], up to about 5 um (lamellar bone interfaces),
which is a historical standard.

If there is a similar material to the afibrillar inter-
vening layer in the implants investigated, this is prob-
ably represented by the amorphous material observed
within deeper micropores, although this material can
obviously not have been produced by cells. It was
shown in an earlier study [30] that proteins, e.g.
osteopontin and osteocalcin, which both have a high
affinity to Ca ions, were adsorbed onto the implant
surface as well as into the implant pores. These pro-
teins might have helped to create a favourable situ-
ation for Ca/P precipitation. In the case of the present
implants, Ca might come from the implant liberated
by dissolution and resorption as well as from the body
fluids, whereas the P source must be the biologic
environment. Thus, the precipitation in the pores is
different from the mineralization at the implant sur-
face including outer pores up to a depth of about
1 um. This assumption is supported by a recent study
[317]. The authors observed the formation of a carbon-
ated Ca/P-rich layer on CaCO; implants of the
aragonite type when implanted subcutaneously in
rats. No cells were involved in the production of this
layer. Since the dissolution rate seems to be higher in
a soft tissue environment the theory of dissolution and
reprecipitation accounts for the establishment of the
surface layer, which is similar to the pores in the
present investigation.

The degradation of the CaCO; implants was either
by dissolution or by cellular activity, i.e. by the action
of osteoclast-like cells. Pits, large flat erosions, and
tracks in the CaCQO; surface were detected. For sev-
eral years it has been known that osteoclasts can
resorb CaCQOs. In vitro, isolated chick osteoclasts re-
sorbed parts of calcite crystals, another crystal form of
CaCOj;. These crystals had a face length of 30 um
which was chosen to avoid phagocytosis of single
crystals [32]. The cells were of similar morphology to
the cells in the present investigation and produced
comparable pits. In the present study, two different
types of resorbing cells were detected in contact with
the implants. There were roundish cells with diameters
of about 10 pm which produced the pits. Additionally,
larger cells with an irregular structure of the outer
cellular membrane due to pseudopods were observed

in contact with large erosions of the implant surface.
These observations are in accordance with other pub-
lications [8, 12, 33]. Therefore, different cell types are
responsible for different types of resorption.

5. Conclusions

Natural coral implants induce woven bone formation
on their surfaces, and formation of a distinct afibrillar
intervening layer or cement-line like structure was not
observed as is the case with lamellar bone deposition
or bone bonding to stabile solid implant surfaces.
Therefore, the mechanism leading to bone implant
bonding in the case of degradable materials described
herein needs subtle consideration of the current con-
cept. The fast degradation of the material leads to an
increased surface rugosity. The rough surface is colon-
ized by flattened cells producing globular accretions
on the tips of the implant surface. Due to the further
degradation of the implant surface no morphologi-
cally distinct afibrillar intervening layer could devel-
op. Therefore, collagen fibres produced by further
differentiated cells insert on and between the tips of
the implant surface providing contact to the implant
and to the calcified globules. Thus, the implant surface
was stabilized by bone bonding and no further degra-
dation occurred in these areas. The further growth of
the calcified globules and the further collagen produc-
tion lead to the establishment of calcified fronts. The
mineralization of the collagen-rich ECM is supported
by matrix vesicles and by cell detritus which also acts
in some cases as a calciumphosphate-crystal inducer.
Therefore, an established stabile surface is a prerequi-
site for the development of the so-called afibrillar
amorphous intervening layer. A second process lead-
ing to mineralized material was observed within the
micropores. This process was dissolution dependent
leading to reprecipitation, probably involving the ad-
sorption of protein and P prior to the precipitation as
demonstrated in an earlier publication [30]. The min-
eralization was coupled with resorption by multi-
nuclear giant cells, probably osteoclasts, and by
a smaller cell type. Additionally, dissolution led to
decreasing particle size and particulate degradation in
non-bone covered areas.
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