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Abstract 

An in vitro rat bone marrow cell system was used 
to examine the interfacial ultrastructure established 
between various calcium phosphates and mineralized tis
sue. The investigated calcium phosphates comprised hy
droxyapatite (HA), fluorapatite (FA), tricalcium phos
phate (TCP), tetracalcium phosphate (TECP) and magne
sium whitlockite (MWL). Both scanning and transmis
sion electron microscopy were used to examine the 
elaborated interface. The time in which a mineralized 
extracellular matrix was formed on the various materials 
differed from 2 weeks on HA, TCP and TECP , to 8 
weeks on FA. It was only occasionally observed in 
some areas on MWL, which might have been due to alu
minum impurities in the coating. With transmission 
electron microscopy, three distinct interfacial structures 
were observed. They differed in the presence or absence 
of a collagen free, 0. 7 to 0. 8 J.Lm wide , amorphous zone 
and a 20 to 60 nm thick electron dense layer , interposed 
between the material surface and the mineralized extra
cellular matrix. The electron dense layer was consider
ed to be at least partially caused by protein adsorption , 
which would precede or concur with biological minerali
zation events , while the amorphous zone was regarded to 
represent partial degradation of the calcium phosphate 
surfaces. The results of this study show that plasma 
sprayed calcium phosphates will display different bone
bonding and biodegradation properties , depending on 
their chemical composition and crystal structures . 
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Introduction 

Calcium phosphate ceramics are widely used as 
bone replacement materials in orthopaedic surgery , den
tistry, otolaryngology , and reconstructive surgery due to 
their bone bonding capacities [Jarcho , 1981 ; Ganeles et 
al. , 1985 ; van Blitterswijk et al., 1985 ; LeGeros, 1988]. 
Since these ceramics have to fulfill certain requirements 
for each implantation site , such as the degree of dissolu
tion , a range of defined materials is needed . For calci
um phosphates , different material properties can be 
achieved by varying the chemical composition , or crys
tallography [de Groot et al., 1985], and crystallinity [de 
Bruijn et al., 1993]. By changing the calcium/phospho
rous ratio or by the addition of ions, such as magnesium 
and fluorine , the chemical composition will be altered 
with the resulting effects on biodegradation [Klein et al. , 
1983]. It has been reported that by the substitution of 
fluorine for the hydroxyl ions in hydroxyapatite, fluora
patite forms, which has a lower solubility rate than hy
droxyapatite [Moreno et al. , 1977; Heling et al. , 1981; 
LeGeros, 1981; Lugscheider et al. , 1988]. Another ad
vantage of fluorapatite is its stability at high tempera
tures , and therefore , its suitability for plasma spraying 
[Lugscheider et al. , 1988]. Incorporation of magnesium 
in calcium phosphates , to form magnesium whitlockite , 
has also been reported to reduce the in vitro dissolution 
rate [Klein et al. , 1986; Driessens , 1988]. Recent ex
periments by Dhert et al. (1993) have shown a satisfac
tory biocompatibility of fluorapatite and magnesium 
whitlockite plasma-sprayed coatings in bone tissue , how
ever , based on push-out tests , a better implant fixation 
was seen with the former. 

Not only the addition of ions, but also the change 
in Ca/P ratio has been reported to affect the biodegrada
tion rate of calcium phosphates . Several studies with 
tricalcium phosphate have shown its good biocompatibil
ity, osteoconductivity and high dissolution rate [Klein et 
al. , 1983 , 1986, 1991; de Groot et al. , 1985]. It was 
suggested by Klein et al. (1991), that the high dissolu
tion rate of plasma sprayed tricalcium phosphate caused 
more bone remodelling and/or formation of connective 
tissue along the interface when implanted in dog femora 
for 3 months . Conversely, the high dissolution rate that 
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was observed with plasma-sprayed tetracalcium phos
phate coatings , was suggested to induce reprecipitation 
of hydroxyapatite on its surface , resulting in consider
able bone contact. 

There is a gen.eral assumption that surface active 
materials , characterized by their ability to form a sur
face apatite layer , will give rise to the formation of 
mineral ized tissue more rapidly on their surface as com
pared to inert materials . There are additional sugges
tions that highly crystalline hydroxyapatite and fluorapa
tite might be regarded as having very low surface active 
properties. If this is correct , differences in mineralized 
tissue formation would be expected on calcium phos
phates with varying degradation rates , and thus differ~nt 
chemical compositions and crystal structures . The aim 
of the present study was to examine the effect of chemi
cal composition and crystallography of plasma-sprayed 
calcium phosphate coatings on the establishment and na
ture of the bone-coating· interface . 

Materials and Methods 

Calcium phosphate coatings 

Five calcium phosphates , differing in crystal 
structure and chemical composition were plasma-sprayed 
as a 20 to 50 ,urn thick layer onto 13 mm round cover
slips (Thermanox®). The materials included hydroxy
apatite and fluorapatite (both of which were supplied by 
CAM-Implants BV , Leiden , The Netherlands and Merck 
BV , The Netherlands) , tricalcium phosphate and magne
sium whitlockite (both supplied by ECN, Petten , The 
Netherlands) , and tetracalcium phosphate (supplied by 
BK-Ladenburg , Germany) . All materials were sterilized 
with 60co gamma irradiation (2 .5 MRad) prior to cell 
culture . 

Rat bone marrow cell isolation and culture 

Rat bone marrow cells were obtained from 100-
120 g young adult male Wistar rats according to the 
method described by Maniatopoulos et al. (1988). Cells 
removed from each femur were grown in a-minimal es
sential medium (a -MEM-RNA/DNA , Gibco) , supple
mented with antibiotics (100 U/ml penicillin and 100 
,ug/ml streptomycin , Boehringer-Mannheim) , 15% foetal 
calf serum (FCS) and freshly prepared 50 ,ug/ml ascorbic 
acid , 10 mM B-glycerophosphate (both Gibco) and 10-8 

M dexamethasone (Sigma). After 5 days of primary cul
ture subcultured cells were seeded at a concentration of 
1 x io4 cells/cm2 on the different plasma-sprayed sub
strata {7 samples per material per time; 3 for scanning 
(SEM) and 4 for transmission electron microscopy 
(TEM)} . Cultures were refed every other day , and 
maintained for 1, 2, 4 and 8 weeks at 37 °C, in a humidi
fied atmosphere of 90% air and 10 % C02 . Control 
specimens were incubated in supplemented culture med~
um without the presence of cells. After the culture pen
oct , the cells were fixed and processed for SEM and 
TEM. 
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Table 1. Interfacial structure s and mineralization. 

HA FA TECP TCP MWL 

amorphous/ + + degrading zone 

electron dense + ± + ± layer 

mineralization 
2 8 2 2 

(weeks) 

Scanning electron microscopy (SEM) 

Prior to fixation , cells were washed three times in 
a -MEM at 37 °C, without serum added and then twice 
with 0.1 M Na-cacodylate buffer (pH 7.4 , 37°C). Fixa
tion was carried out for 45 minutes at room temperature 
in 1.5 % glutaraldehyde in the same buffer. This was 
followed by dehydration in a graded series of ethanol 
and critical point drying from carbon dioxide (Balzers 
model CPD 030) . Overlying cell layers were removed 
with compressed air or adhesive tape to facilitate exa~i

nation of the elaborated mineralized extracellular matnx. 
All specimens were subsequently sputter coated with 
gold (Balzers MED 0 10) and examined in a ~hi lips~ ?25 
SEM (equipped with a X-ray microanalysis capab1hty, 
Voyager XRMA system , Noran Instruments) operated at 
an accelerating voltage of 15 kV. 

Transmission electron microscopy (TEM) 

Cells were washed as described above, and fixed 
in Karnovsky ' s fixative , containing 1.5% paraformalde
hyde and 2% glutaraldehyde in 0.1 M Na-cacodylate 
buffer , pH 7 .4 , for 2 hours at 4 °C. After washing in 
the same buffer , cells were post-fixed in a freshly pre
pared aqueous solution of 1.5% potassium ferrocyanide 
and 1% osmium tetroxide, for 16 hours at 4°C, to en
hance membrane contrast. 

Cultures that were stained for glycosaminogly
cans , were pre- and post-fixed in the presence of ruthe
nium red , according to the method described by Luft 
(1971). Samples were dehydrated through a graded se
ries of ethanol and embedded in Epon . Ultra-thin sec
tions were processed on a LKB ultramicrotome, routine
ly contrast stained with uranyl acetate and lead citrate, 
and examined in a Philips EM 201 or EM 400 TEM 
operated at an acceleration voltage of 80 kV. 

Results 

Cells adhered and spread on all the materials and 
after one week of culture, several areas could be distin
guished in which a higher concentration of cells was pre
sent. In these nodules and in the surrounding cell multi
layer , a collagenous extracellular matrix was observed 
with SEM. The cell multi-layers on magnesium whit
lockite and tissue culture polystyrene were frequently 
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HA 

Figure 1. A. Undecalcified section showing an electron dense layer (arrows) at the interface between the mineralized 
extracellular matrix and the hydroxyapatite (HA) surface. B. Ruthenium red stained sample showing an unstained 
interfacial zone between the hydroxyapatite "ghost" surface (HA) and the positively stained extracellular matrix. 
C. There is an intimate contact between needle shaped crystals from the mineralized extracellular matrix and the 
hydroxyapatite surface (arrows). D. Degradation of the hydroxyapatite surface resulting in the absence of a clear 
transition between the material and the mineralized extracellular matrix. Field widths: (A) 6.6 J.t.m; (B) 3.3 J.l.m; (C) 
0.9 J.t.m; and (D) 2.2 J.t.m. 

lost during the critical point drying procedure, which in
dicated that they were loosely attached. Conversely, on 
tricalcium phosphate, tetracalcium phosphate, hydroxy
apatite, and fluorapatite, the cell multi-layer was firmly 
attached and could only be partially removed with com
pressed air or adhesive tape. Table 1 summarizes the in
terfacial structures observed between mineralized matrix 
and the various calcium phosphates , and the time at 
which they were formed on the different materials. A 
more detailed description of the elaborated interfaces be
tween mineralized extracellular matrix and the various 
calcium phosphates, as seen by SEM and TEM, is given 
below. 

Hydroxyapatite 

Scanning electron microscopy showed a slight 
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change in surface texture of the hydroxyapatite coating 
after two weeks of culture , in that small cavities became 
apparent. A mineralized extracellular matrix had al
ready been formed in several areas, which became more 
abundant after 4 weeks of culture. Transmission elec
tron microscopy revealed that the mineralized extracellu
lar matrix had been directly deposited onto the hydroxy
apatite surface. At this interface, a 20-60 nm thick elec
tron dense layer was frequently observed (Fig. lA). 
Needle-shaped crystals were in direct contact with the 
hydroxyapatite surface (Fig. lC) , which sometimes 
showed severe signs of degradation (Fig. lD). Here , the 
hydroxyapatite surface had changed into a more granu
lar, amorphous character , in which no clear transition 
was seen between the biomaterial and the mineralized 
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Figure 2. A. Scanning electron micrograph showing a largely unaltered fluorapatite (FA) surface after 2 weeks of 
culture. B and C. At 8 weeks, globular accretions (arrows) have accumulated at the surface of fluorapatite (FA), 
incor.porating collagen fibres (C). D and E. Transmission electron micrographs of the fluorapatite surface after 2 
weeks (D) and 8 weeks (E) of culture, the latter showing mineralization on to the fluorapatite (FA) surface. Field 
widths: (A) 61 J.tm; (B) 16.3 J.tm; (C) 15.6 JLm; (D) 1.5 JLm; and (E) 2.2 JLm. 

extracellular matrix. Decalcified specimens that had 
been stained with ruthenium red, frequently revealed an 
amorphous zone interposed between the hydroxyapatite 
surface and the positively stained extracellular matrix 
(Fig. 1B). 

Fluorapatite 
After two weeks of culture, an unmineralized col

lagenous extracellular matrix was observed on the sur
face of the fluorapatite coatings (Fig. 2A). A similar 
appearance was seen at 4 weeks, and mineralization of 
the fluorapatite surface was only seen at 8 weeks of cul
ture (Figs. 2B-2D). Small globular deposits, with a di
ameter of up to 0.1 J.l.m were seen randomly distributed 
over the fluorapatite surface (Fig. 2B). In several areas, 
these globular deposits had merged to form a continuous 
layer, to which collagen fibres were attached (Fig. 2C). 
Transmission electron microscopy also revealed mineral
ization onto the fluorapatite surface, only after 8 weeks 
of culture (Figs. 2D and 2E) , while the fluorapatite was 
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still composed of large crystallites. 

Tetracalcium phosphate 
The surface of the tetracalcium phosphate coatings 

showed a clear change in surface morphology after 2 
weeks of culture (Figs. 3A and 3B). Cracks and small 
cavities appeared and plate-like structures became visi
ble. The surrounding extracellular matrix showed nu
merous mineralization foci interwoven with collagen fi
bres. The surface of the tetracalcium phosphate was ful
ly covered with mineralized extracellular matrix after 4 
weeks of culture and collagen fibres were attached to its 
surface (Figs. 3C and 3D). Transmission electron mi
croscopy revealed a gel-like, amorphous zone interposed 
between the tetracalcium phosphate surface and the min
eralized extracellular matrix which partially represented 
the degrading surface of the tetracalcium phosphate (Fig. 
4A). This zone was devoid of collagen fibres and had an 
average thickness of approximately 800 nm. An electron 
dense layer was frequently distinguished between the 
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Figure 3. A and B. Scanning electron micrographs showing the deposition of globular material (arrows) on to the 
degrading tetracalcium phosphate (te) surface (arrowheads) after 2 weeks . C and D. Collagen fibres become incorpo
rated with this interfacial layer at 4 weeks of culture (large arrows). Field widths : (A) 33 .9 JLm; (B) 13.4 JLm ; (C) 
62 .5 JLm; and (D) 14.2 JLm. 

amorphous zone and the mineralized extracellular ma
trix. Specimens stained with ruthenium red revealed a 
higher staining intensity in the mineralized extracellular 
matrix as opposed to the amorphous zone (Figs. 4B and 
4C). Collagen fibres, with their characteristic banding 
pattern, were seen both parallel and oblique to the amor
phous zone which was , however, largely devoid of these 
fibres. Electron dense material, that sometimes contain
ed calcium and phosphorous, was frequently seen in the 
amorphous zone (Fig. 4C). 

Tricalcium phosphate 
After 1 week of culture, SEM revealed wide

spread degradation of the tricalcium phosphate surface. 
Small cavities became apparent, which gave the plasma
sprayed surface a porous character. With TEM, a min
eralized extracellular matrix was observed from 2 weeks 
onwards which was abundant at 4 weeks (Figs. 5A-5C). 
An amorphous layer was not seen at the mineralized tis
sue/tricalcium phosphate interface , while electron dense 
structures were only occasionally seen . Needle-shaped 
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crystals from the mineralized extracellular matrix were 
intimately associated with the tricalcium phosphate. 
Degradation of the tricalcium phosphate surface resulted 
in crystallites that were surrounded by needle-shaped 
crystals (Fig. 5C). In other areas , needle-shaped crys
tals from the mineralized extracellular matrix were in di
rect contact with larger crystals of the tricalcium phos
phate surface (Fig. 5B). They seemed to be strongly 
bound together, as ultrathin sectioning frequently result
ed in a cutting artifact in the bulk tricalcium phosphate 
but not at the interface with the mineralized extracellular 
matrix (Fig. 5B). Ruthenium red staining revealed two 
structural arrangements at the tricalcium phosphate inter
face. One comprised collagen fibres interspersed with 
ruthenium red-positive material , in direct contact with 
its surface (Fig. 5D). The other consisted of ruthenium 
red -positive globular deposits that were directly formed 
onto the tricalcium phosphate surface and did not contain 
collagen fibres (Fig . 5D). Cellular processes were fre
quently associated with these deposits. After 8 weeks of 
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Figure 4. Transmission electron micrographs of tetracalcium 
phosphate (te), showing (A , 2 week culture) an undecalcified in
terface including an amorphous degradation zone (az) and an 
electron dense layer (arrows). B and C (4 week culture). 
Ruthenium red stained specimen revealing a faint staining in the 
collagen free amorphous zone, to which both parallel and 
obliquely aligned co llagen fib res are attached (arrowheads). 
Field widths : (A) 6 .6 ,urn ; (B) 4.4 ,urn; and (C) 6.6 ,urn . 

4 12 

culture, some plasma-sprayed tricalcium p hosphate parti
cles were fully degraded, leaving only tlle crystallite 
boundaries visible (Fig. 6). 

Magnesium whitlockite 

Scanning electron microscopy reve,led a severe 
degradation of the magnesium whitlock ite surface al
ready after 1 week of culture. This was confirmed with 
TEM that showed numerous highly degnded plasma
sprayed grains after 2 weeks of culture (Fig . 7 A). The 
original surface of the plasma-sprayed puticles was, 
however , still clearly visible. Mineralized extracellular 
matrix production could only be observfd in limited 
areas . After 4 weeks of culture , numerou small parti
cles were observed in the degrading magnesium whit
lockite grains (Fig. 7B) , that comprised auminum and 
silicon , as revealed by X -ray microanalysis (not shown) . 
After 8 weeks of culture , the formation o:· mineralized 
extracellular matrix was rarely observed on the magnesi
um whitlockite surface , which showed se\ere degrada
tion as seen with SEM (Fig. 7C) . 

Discussion 

The results of this study have sho 'W n three dis
tinctly different interfacial structures that differed in the 
presence or absence of an electron dense layer and/or an 
amorphous zone . We have recently observed equivalent 
structures at the bony interface with variou1 types of hy
droxyapatite that differed in crystallinity , a1d concluded 
that the amorphous zone was the result of t.1e rapid deg
radation of the hydroxyapatite surface [de 3ruijn et al. , 
1992b , 1993]. It is conceivable that the t.me in which 
a mineralized extracellular matrix is formei , is depend
ent on several factors. Firstly, the surface reactivity of 
a material must play a role in the mineralization process. 
This is confirmed by the results of this stucy in that flu
orapatite , with its low solubility rate , sho s the forma
tion of a mineralized extracellular matrix C•n its surface 
after only 8 weeks of culture. Converse~y , materials 
with higher solubil ity rates than fluorapatite, such as tri
calcium phosphate, tetracalcium phospha:e , and to a 
lesser extent , hydroxyapatite , already shov the forma
tion of a mineralized extracellular matrix c:fter 2 weeks 
of culture . Although this is not in accordar.ce with are
port by Klein et al. (1991) , who observed more connec
tive tissue along the interface of tricalcium phosphate 
than around hydroxyapatite and tetracalci m phosphate 
when implanted in dog femora for 3 months, numerous 
other studies [Gatti et al. , 1990; Ikami u al., 1990; 
Kotani et al. , 1991 ; Kitsugi et al. , 1993] t.ave reported 
abundant new bone formation around tricalcium phos
phate implants. Surface reactivity , however, is not only 
governed by the degradation rate of a mate ial , but also 
by its ability to form a surface apatite layc:r . Since we 
have not studied this , we can only relate ur observa
tions to ultrastructural differences observed with the var
ious materials . Another important factor which may be 
related to the occurrence of mineralization on a materials 
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Figure 5. Transmission electron micrographs of undecalcified interfaces between tricalcium phosphate (tc) and the 
mineralized extracellular matrix. Needle shaped crystals from the matrix are intimately associated with tricalcium 
phosphate (tc) crystals (arrows and inset in B). D. Ruthenium red stained sample showing both afibrillar globular 
deposits (arrowheads) , and mineralized extracellular matrix deposition to the tricalcium phosphate surface. Field 
widths: (A) 3.3 Jlm; (B) 5.7 Jlm; (C) 3.3 Jlm; and (D) 6.6 JLm. 

surface is the presence of trace elements such as alumi
num and silicon. It has been reported that micromolar 
concentrations of aluminum ions could act directly on 
osteoblasts to stimulate their proliferation and differen
tiation [Lau et al., 1991]. Aluminum ions might, there
fore, stimulate bone formation in vitro [Lau et al., 1991] 
and has been reported to induce de novo bone formation 
in vivo [Galceran et al., 1987; Quarles et al., 1990]. 
Higher concentrations of aluminum have, however, been 
reported to have adverse effects on mineralization 
processes, in that osteoid tissue remained unmineralized 
[Chan et al., 1983]. Blumenthal and Posner (1984), and 
Blumenthal and Cosma (1992) have further shown that 
aluminum ions in solution in vitro slow the direct 
precipitation of hydroxyapatite, the transformation of 
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amorphous calcium phosphate to hydroxyapatite, and the 
growth of hydroxyapatite seed crystals, all in a dose re
lated manner. Thus , the substantial amount of aluminum 
in the magnesium whitlockite coating might have ad
versely affected the formation of a mineralized extracel
lular matrix on its surface. The absence of mineraliza
tion may also have been partially influenced by released 
magnesium ions which have similarly been reported to 
inhibit the formation and growth of hydroxyapatite crys
tals [Johnsson et al., 1991; Blumenthal and Cosma, 
1992]. However, a study by Ruggeri et al. (1987) did 
not show an adverse reaction with regard to minerali
zation processes around degrading particles of magne
sium substituted 13-tricalcium phosphate. In contrast , 
they suggested that passive dissolution of this material 
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Figure 6. Transmission electron micrograph showing 
severe degradation of the tricalcium phosphate after 8 
weeks of culture. Note the well defined crystallite 
boundaries (arrows). Field width: 9.4 JLffi. 

accelerated the process of new bone formation. The 
presence of the trace elements , aluminum and silicon , 
may have been caused by the preparation method for 
powder production . Firstly , a large sintered block of 
magnesium whitlockite was produced and subsequently 
ground into particles , suitable for plasma-spraying ; this 
was achieved using alumina beads which were mechani
cally stirred in a porcelain vessel. The aluminum could, 
therefore , have originated from the alumina beads, 
whereas the silicon may have been derived from the por
celain vessel. Although tricalcium phosphate was ob
tained from the same company and was prepared under 
identical conditions , it did not contain the above men
tioned trace elements , which may be due to its lower de
gree of hardness and thus less wear of the alumina beads 
during the milling procedure . Since the other calcium 
phosphates were either reagent grade or spray dried , 
they did not contain large quantities of trace elements. 

Interpretation of the various interfacial structures 
have been extensively discussed elsewhere, with regard 
to hydroxyapatite [de Bruijn et al., 1992a], which may 
well be correlated to the materials studied herein. The 
electron dense layer is considered to represent protein 
adsorption , preceding or concurrently occurring with 
biological mineralization events on the initially stable 
surfaces of the plasma-sprayed calcium phosphates. The 
absence of the electron dense layer on tricalcium phos
phate may be explained as a gradual degradation of the 
entire ceramic , resulting in an unstable surface for pro
tein adsorption, In other words, proteins will have ad
sorbed on the tricalcium phosphate surface, however , as 
the latter progressed towards the centre of the bulk 
ceramic, no distinct deposition line would be seen. The 
amorphous zone is likely to represent two different 
mechanisms . The first was conclusively shown with var
ious types of hydroxyapatite , examined in the same ex
perimental system as described herein [de Bruijn et al. , 
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A. 

Figure 7. A and B. Transmission electnn micrographs 
showing severe degradation of the magnes urn whitlockite 
(mwl) coating . The small particles (arrcws in B) were 
identified as aluminum and silicon containng , with X-ray 
microanalysis . C . The severe degradatior and absence of 
mineralization on the magnesium whitlockie (mwl) surface 
could also be observed with SEM. Field vidths : (A) 6 .6 
JLm ; (B) 3.7 JLm ; and (C) 16.3 JLffi . 
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1992b, 1993], and represents degradation of the outer 
shell of the plasma-sprayed coating. During the plasma
spray process, the surface of the coating will cool down 
relatively quickly, as compared to the underlying bulk of 
the coating, resulting in the formation of an amorphous 
phase. This is, however, only true for caicium phos
phates with a low thermal stability. Fluorapatite for 
example, has a superior thermal stability than hydroxy
apatite [Lugscheider et al., 1988] and will, therefore, 
not form an amorphous phase at its surface. Despite the 
fact that the plasma-sprayed hydroxyapatite revealed a 
pure "apatitic" phase with X-ray diffraction, recent stud
ies of Paschalis and Nancollas (1992) have indicated that 
they are likely to contain other calcium phosphate phases 
as well, which may have profound effects on their sur
face reactivity, and thus, on their interfacial arrange
ment with bone tissue. A similar multi-phasic character 
may have occurred on the other plasma-sprayed materi
als such as tetracalcium phosphate [Klein et al. , 1991]. 
The second mechanism comprises biological events, in 
that afibrillar mineralization globules are formed at early 
stages of bone formation [Davies et al., 1991; de Bruijn 
et al. , 1992a]. These globular accretions are clearly 
seen in Figure 5D and contain glycosaminoglycan posi
tive material. Subsequent fusion with the degrading 
ceramic surface will, therefore , result in an interface as 
shown in Figures lB, 4B and 4C , in which a gradual 
transition of ruthenium red positive material is shown 
from the mineralized extracellular matrix to the hy
droxyapatite surface. 

Concluding, it can be said that bone-calcium 
phosphate interface reactions are not only influenced by 
the crystallinity [de Bruijn et al. , 1992b , 1993], but also 
by the chemical composition of calcium phosphates. 
Furthermore, it is feasible that the degradation rate of 
calcium phosphate ceramics is important for the rate in 
which the interface is formed . 
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Discussion with Reviewers 

R.Z. LeGeros: It is known that the coating obtained 
when plasma-spraying hydroxyapatite (HA) consists 
principally of HA , amorphous calcium phosphate (ACP) 
in varying ACP/HA ratios, and smaller amounts of other 
phases {e.g. a - and 13-tricalcium phosphate (TCP), 
tetracalcium phosphate (TECP) , calcium oxide}. The 
composition and crystallinity of the coating influences its 
biodegradation. Do you have information on the coating 
composition (e.g ., ACP/HA ratio, other calcium phos
phate phases or calcium oxide present) and crystallinity 
(of the HA phase) for each of the plasma-sprayed mate
rials (HA , FA , TECP , and Mg-substituted whitlockite)? 
Authors: The information you request for each of the 
coatings is as follows: Hydroxyapatite: approximately 
60 % crystalline HA and no other detectable phases ex
cept ACP. Fluorapatite : approximately 90% crystalline 
and no other detectable phases except ACP . Tricalcium 
phosphate: approximately 90% crystalline in the form 
of a -TCP. Tetracalcium phosphate: approximately 
90 % crystalline and no other detectable phases except 
ACP. Magnesium whitlockite: approximately 60% 
crystalline in the form of a -TCP , other p ase is ACP. 
A detailed method regarding crystallinity determination 
has been recently published in this journal (de Bruijn et 
al. , 1993). 

A.M. Gatti: Are you sure that the differer.ces in behav
iour are due only to the chemical composition/crystal 
structure of the materials? Did you measure the final 
surface roughnesses of the samples in order to exclude 
this factor? 
P. Thomsen: What are the surface roughnesses of the 
plasma-sprayed surfaces? If so, could the authors brief
ly comment if part of the observations misht be related 
to such differences in surface microtopography? 
J.L. Ricci: Nodule formation, leading t mineraliza
tion, is based on the formation of high density cultures, 
and surface texture can play a role in ccntrolling the 
growth rates of attached cells . Thus, it may be possible 
to influence rates of mineral formation through differ
ences in cell growth rates on surfaces of different rough
nesses . Did you observe noticeable diffe ences in cell 
growth and could you comment on differen ·es in surface 
texture? 
Authors: The surface roughness (Ra) of :he examined 
plasma-sprayed calcium phosphates was a?proximately 
4 J.Lm . The observed differences in extractllular matrix 
formation are , therefore , only due to variation in 
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chemical composition and crystal structure of the mate
rials. Although no noticeable differences in cell growth 
were seen, there were differences in cellular attachment 
on MWL and tissue culture polystyrene , especially after 
long culture times (see next answer also). 

N.C. Blumenthal: The principal concern of this re
viewer is the lack of characterization of the surface by 
X-ray diffraction and/or infrared spectroscopy. The au
thors assume that the surfaces are exactly what the sup
pliers state they are. This point is crucial since the cen
tral theme of the paper is the influence of surfaces , both 
chemically and crystallographically on the formation of 
a mineralized interface . Some structural and/or chemi
cal characterization of the surface appears to be neces
sary to draw conclusions from the Results. 
Authors: Kindly see our two answers above. 

P. Thomsen: The authors report that cells were lost on 
magnesium whitlockite and tissue culture polystyrene. 
Do the authors have any further data and a possible ex
planation for this observation? Are there material-relat
ed differences in cell adhesion and spreading to the vari
ous substrata after 1 and 2 weeks? 
Authors: The only differences seen in cell adhesion on 
the various materials was at longer culture times. A 
similar phenomenon has been observed on tissue culture 
polystyrene and related to the amount of inoculated cells 
and the absence of extracellular matrix bonding to the 
substratum (Y.P. Bovell, personal communication). The 
differences we observed may be due to the formation and 
attachment of the extracellular matrix to the various sub
strata. Since this was absent on magnesium whitlockite 
and tissue culture polystyrene, this might explain the 
weak cellular adhesion to these substrata. 

P. Thomsen: What is the particle size distribution and 
degree of crystallinity for the various calcium phos
phates? 
Authors: Both the hydroxyapatite and fluorapatite were 
spray-dried powders with a particle sizes ranging from 
20 to 40 J..tm. The tricalcium phosphate and magnesium 
whitlockite were irregular ground powders with particle 
sizes of 25 to 50 J..tm and 45 to 71 J..tm, respectively. The 
tetracalcium phosphate had a particle size of < 125 J..tm. 
Please also see the answer to the first question of Dr. 
LeGeros, regarding the crystallinities of the various 
calcium phosphate coatings. 

P. Thomsen: The average width of the amorphous zone 
at TECP is 800 nm. In Figure 4C, the zone appears to 
be about 4-fold larger in width than the average zone. 
Do the authors have any further observations with regard 
to variations of the zone (for instance, the width and 
contents) in relation to material and/or time? How do 
the ultrastructural characteristics and dimensions of the 
amorphous zones at HA and TECP relate to previous in 
vitro and in vivo observations on non-collagenous amor
phous zones at biomaterial surfaces? 
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Authors: Since there was a large variability in size of 
the interfacial structures, there is no clear relation 
between the width of the amorphous zone, the material 
used (HA or TECP) , and the time. This variability is 
due to the degrading character of the substratum. The 
width of the non-collagenous zones at various biomateri
al surfaces in vitro and in vivo varies from a few 
nanometers to 1 J..tm (de Bruijn et al., 1993). 

J .L. Ricci: Davies et al. (1991) and your group [de 
Bruijn et al . (1992a)] have shown evidence that mineral 
production in this model is cell-mediated. Yet, in a 
closed system such as this , even with change of cell cul
ture medium every other day, it would be possible for 
dissolution of the experimental surface to raise calcium 
and phosphate levels to the point where direct precipita
tion of mineral would occur using the surface as a sub
strate. Figure 2B suggests this type of surface reaction. 
This type of dissolution followed by reprecipitation has 
been shown for a number of different types of bioactive 
surfaces incubated in simulated body fluids . Have you 
monitored calcium and phosphate levels in the medium, 
or perhaps incubated these substrates in the cell culture 
medium , in the absence of cells , and examined the sur
faces for the type of ultrastructure you have described? 
Could you comment on how much of the observed min
eralization is cell-mediated and how much is physical/ 
chemical precipitation? 
Authors: Our controls were the different substrata that 
were soaked in culture medium without the presence of 
cells. In these controls, we have never observed precip
itation. The observed mineralization is thus solely due 
to the presence of cells. 

U .M. Gross: What is the leading mechanism for bone 
bonding: the deposition of mineral globules as shown by 
Davies et al. (1991) or the degradation and reprecipita
tion of some mineral as mentioned in your present 
paper? 
Authors: The capacity of bone to bond with biomateri
als is based on the ability of the latter to generate a sur
face apatite layer. This surface apatite layer is formed 
by degradation, (re)precipitation, and/or epitaxial crystal 
growth . Subsequent co-precipitation and/or incorpora
tion of proteins such as glycosaminoglycans , osteocalcin 
and osteopontin, and the deposition of afibrillar mineral
ized globular accretions, will give rise to bone bonding. 
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