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Abstract 

Previous studies have stressed the importance of cal
cification of the polyethylene oxide (PEO) I polybutylene 
terephthalate (PBT) copolymer surface by establishing a 
direct relation with the occurrence of bone-bonding. 
Here, we characterized the morphology as well as the 
composition of this post-operative reaction product in 
PEOIPBT copolymers. X-ray · photoelectron spectro
scopical results demonstrated the ability ofPEOIPBT co
polymers to rapidly adsorb calcium ions from fluids. 
After subcutaneous implantation in rats, it was shown 
that polymer calcification comprised plate-shaped crys
tals, whereas an electron-dense layer was frequently en
countered at the interface. Cells with a characteristic 
morphology were directly apposed to abundantly calci
fied surfaces, indicating the biocompatible nature of the 
material. Subcutaneous calcification was composed of 
a carbonate-apatite structure with a crystallinity compa
rable to bone mineral as demonstrated by Fourier trans
formed infrared spectroscopy and X-ray diffraction. 

It was concluded that the post-operative reaction 
product in PEOIPBT copolymers is , in morphology and 
composition, highly comparable to the carbonate-contain
ing apatitic surface layer generated on acknowledged 
bioactive substrates and similar to the inorganic phase of 
bone apatite. This may, partially, explain the bone
bonding behaviour of PEOIPBT copolymers. 

Key Words: Carbonate-apatite, calcification, bone
bonding. 

• Address for correspondence: 
A.M. Radder 
Biomaterials Research Group 
University of Leiden 
Prof. Bronkhorstlaan 10, Bldg. 57, 
3723MB Bilthoven 
The Netherlands 

Telephone number: 31-(30)-288776 
FAX number: 31-(30)-288430 

55 

Introduction 

Bone-bonding is a feature attributed to an array of 
so-called bioactive materials. Although there is a con
siderable lack of information on the interfacial reactions 
preceding the establishment of bone-bonding, it seems 
generally acknowledged that the generation of a reactive 
calcium phosphate surface layer is essential. The for
mation of such an apatitic layer can be accomplished 
according to different mechanisms. For bioactive 
glasses and glass-ceramics, it has been demonstrated that 
mainly the diffusion or leaching of silicon and calcium 
ions from the bulk of these materials is involved in the 
formation of an apatitic surface layer (Hench, 1992; 
Kokubo, 1992). Recently , it was suggested that an 
hydrated silica layer is generated initially, providing 
nucleation sites for calcium and phosphate ions (Kokubo, 
1992). This finding has directed investigations toward 
CaP-free silica gels and other hydro gels as bone-bonding 
substrates (Li et al. , 1992; Li and de Groot, 1993). A 
second mechanism, reported extensively for calcium 
phosphate ceramics, depends on dissolution and re-pre
cipitation of calcium and phosphate ions and includes 
processes such as surface degradation and epitaxy 
(LeGeros et al., 1991; Ducheyne et al., 1992). Experi
ments designed to characterize the surface layers gen
erated according to the mechanisms described above, re
ported a similar carbonate-containing apatite composition 
(LeGeros et al., 1991; Kokubo, 1992). A third mecha
nism for the formation of a reactive surface layer is 
proposed for a specific subpopulation of polyethylene 
oxide (PEO) I polybutylene terephthalate (PBT) copoly
mers (van Blitterswijk et al., 1992, 1993). This mate
rial, which does not contain calcium and phosphate ions 
initially, demonstrated the ability to absorb these ions 
from the surrounding fluids (Radder et al., 1993; van 
Blitterswijk et al., 1992). In this way, a calcified 
surface is produced which interacts favorably in a bony 
defect through the establishment of a continuity with the 
opposing bone (Bakker et al., 1990; van Blitterswijk et 
al., 1992, 1993). In contrast to the reactive layer of 
glasses and calcium phosphates, the detailed nature of 
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the calcified surface layer of PEO/PBT copolymers was 
not determined. 

Since it has been stressed that the exact composition 
of the reactive surface layer is of importance with re
spect to the occurrence of bone-bonding (LeG eros et al., 
1991; Kokubo, 1992), this study aims to characterize the 
calcification in PEO/PBT copolymers. To meet this ob
jective, we first carried out an in vitro experiment, em
ploying a 55/45 PEO/PBT ratio, to assess the ability of 
this material to adsorb calcium ions from fluids. Sec
ond, an 80/20 PEO/PBT ratio was selected for the pur
pose of this study, because previous in vitro experiments 
pointed to a high calcification rate for this material (van 
Blitterswijk et al., 1992). Porous 80/20 cylinders were 
subcutaneously inserted in the back of rats and the post
operative precipitation within the surface was morpho
logically, as well as compositionally, analyzed. 

Materials and Methods 

Materials 

PEO/PBT block copolymers (Polyactive®, HC 
Implants b. v., Lei den, The Netherlands) comprise a soft 
segment, PEO, and a hard segment, PBT. The molecu
lar weight of the soft (PEO) component was 1000 D. In 
this study, two different PEO/PBT ratio were used: 
55/45 and 80/20. 

In vitro evaluation 

Granular 55145 starting material was pressed into 
dense discs, with a thickness of 0.8 mm. These were 
evaluated by X-ray photoelectron spectroscopy (XPS) 
prior to and after rinsing in running tap water for 30 
minutes. The analyses were performed by incident- and 
angle-resolved measurements, using a Leybold Max 200 
XPS system, employing unmonochromatised Mg Kcx 
X-ray radiation as an excitation source. 

In vivo evaluation 

Porous 80/20 cylinders (d = 5 mm, h = 2-3 mm) 
were sintered from granular starting material. They had 
a pore size of 300 ± 150 ~m and an inter-pore con
nection of 150 ± 50 ~m. All cylinders were checked 
macroscopically for irregularities and sterilized using 
gamma-irradiation (2.5 MRad). Sterilized implants were 
subcutaneously inserted in the back of male Wistar rats 
(weighing 200 grams) and left in situ for 6 weeks. 

Morphology of the calcification Samples for 
microscopical analysis were fixed in 1.5 % glutaralde
hyde in 0.14 M sodium-cacodylate buffer (pH = 7.4). 
Light microscopic (LM) specimens were dehydrated in 
a graded series of ethanol and embedded in glycolmetha
crylate. Sections, 2-3 ~m in thickness, were cut on a 
Reichert Jung 2050 microtome and routinely stained with 
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Figure 1. X-ray photoelectron spectrum of a 55/45 
disc, incubated in tap water, shows the absorption of 
calcium ions. 

toluidine blue and alizarin red or a combination of these 
staining methods. The remaining blocks were polished 
with sandpaper and diamond paste, carbon coated, and 
studied using backscatter electron (BSE) mode in a 
Philips S525 scanning electron microscope (SEM). 
Samples for transmission electron microscopy (TEM) 
were, after fixation, postfixed in an aqueous solution of 
1% Os04 and subsequently embedded in Epon. Ultra
thin sections were processed on an LKB ultramicrotome 
and examined either unstained or contrasted with lead 
citrate and uranyl acetate in a Philips EM 400 
transmission electron microscope. 

Composition of the calcification BSE-specimens 
were additionally analyzed by X-ray microanalysis 
(XRMA, Tracor Northern). Some subcutaneous samples 
were collected in distilled water, immediately incinerated 
at 600°C; the remaining ashes were ground for study by 
Fourier transformed infrared spectroscopy (FTIR) and 
X-ray diffraction (XRD). Analyzed samples (FTIR and 
XRD) were then subjected to heat-treatment at 900°C 
and 1200°C (4 hours each) respectively to obtain 
information on crystal structure. For both XRD and 
FTIR, rat femoral bone was used as a control and con
sequently, put through the same regime as described for 
the implants. 

Results 

In vitro experiment 

XPS showed the presence of calcium in the spec
trum of 55/45 samples that were exposed to tap water 
(Fig. 1). Such a signal was, in contrast, not detected in 
control "as received" discs. Furthermore, angle-re
solved measurements at 45 °C suggested that calci um 
was actually incorporated in the material rather than a 
precipitate on the surface. 
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In vivo experiment 

Morphology The toluidine blue stai ned hi stologica l 
sections revealed di stinct peripheral areas within the sur
face of the 80/20 implants. T hese areas occurred occa
sionally as dense zones, but frequently as confined focal 
spots, which were composed botb of dense structures as 
well as concentrations of individual granules. They 
stained positively with alizarin red (Fig. 2A) and ap
peared white in BSE images (Fig. 28 ). Elemental anal
ysis by XRMA confirmed the presence of ca lcium (Fig. 
2C) and also demonstrated the presence of phosphorus 
(Fig. 2D). TEM observations demonstrated a plate
shaped electron-dense crystal composi tion of the calci
fi ed material (Fig. 2E). These crystal s varied in length 
from 25-60 nm and in thickness from 2-3 nm. In un
stained and contrasted sections, an electron-dense layer , 
occasionally a multilayered structure, was frequently 
observed at the soft ti ssue interface (F ig . 2E). 

Composition XRD-spectra of both the calcified im
plant material and the control bone samples showed an 
apatite structure (Fig. 3A). Peak sharpening and peak 
separation were more ev ident in implant specimens than 
in bone mineral. These results were confirmed in FTIR
analysis which revealed the majo r P04

3--absorption 
bands in the 565-605 and 1030- 1040 cm· 1 regions (Fig . 
4A). In addition, we observed v3 (1400-1500 cm-1) and 
v2 (870-880 cm·1) co32--abso rption bands, indicative of 
a carbonate-containing apatite structure, both for the ma
terial calcification and the control bone (Fig. 4A) . Fur
thermore, the spectra were in the v2 as well as in the v3 
area composed of two characteristic bands. When con
trol and implant samples were subsequently subjec ted to 
heat-treatment at 900°C, these carbonate bands were ab
sent in the FTIR-spectra (Figs. 3B and 48). In contrast, 
however, tricalcium phosphate (TC P)-bands appeared in 
all the evaluated specimens. The intensity of these 
bands varied considerably , although they were in general 
more prominent in control rat bone spectra (Fig . 48). 
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Figure 2. M•rphology of the calcification (c) in porous 
80/20 implans (I). (A) Light microscopy , staining 
alizarin red, lar = 45 J-tm. (B) Appearance in BSE, in
dicating a hig1 density of hard material , bar = 125 J-tffi. 
(C) and (D) Eemental maps for calcium and phosphorus 
correspondinf to the BSE micrograph in B. (E) An 
electron-denst (multi) layer is observed at the soft tissue 
interface. l1 the area of calcification, plate-shaped 
crystal s were easily observed at higher magnification 
(not shown) . Unstained section, bar = 714 nm. 



A.M. Radder et al. 
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Figure 3. (A) XRD-spectra of calcified 80/20 and of rat 
control bone after incineration at 600°C, showing an 
apatite structure . The peak separation and peak broad
ening is more clear in the upper spectrum. (B) After 
heat treatment at 900°C, a TCP-phase (arrows) is ob
served in both spectra. This phase was calculated at 
20% for bone spectra and at 10% for the implant calcifi
cation. 

58 

IMPLANT 

BONE 

IMPLANT 

BONE 

IMPLANT 

BONE 

I I I 
400<i 3000 2000 

Wavenumber em -1 

I I I I 
4000 3000 2000 1500 

A 

Wavenumber em -1 B 

I I I I I I 
4000 3000 2000 1500 1 000 500 

Wavenumber em ·1 c 

Figure 4. (A) FTIR demonstrates a carbonated apatite 
structure in bone and 80/20 incinerated specimens. Both 
the Vz and V3 CO/· absorption bands are shown with a 
dual character. (B) Spectra of the same samples after 
heat treatment at 900°C. TCP-absorption bands are vis
ible, whereas the C032"-bands have disappeared. (C) 
Heat treatment at 1200°C confirmed the TCP presence. 
In addition, a small peak is observed at 3540 cm· 1, in
dicative of a fluor-phase. 
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Figure 5 (at right) . (A) This light micrograph shows 
the soft tissue reaction to abundant calcification of 80/20 
implants (I). Both fibroblastic and cells with a "foamy" 
appearance (f) are lining the calcified (c) and non-calci
fied surface. Staining toluidine blue, bar = 45 J-tm. (B) 
Transmission electron micrograph of an area opposing 
the calcified surface. "Foamy" cells (f) have phago
cytozed large amounts of polymer particles (P), whereas 
they are in direct contact with the calcified surface (c). 
Note that polymer particles do not contain electron-dense 
crystals. Bar = 450 nm. (C) Transmission electron 
micrograph of an area distant from the 80/20 surface, 
mainly composed of material fragments located at intra
ceiiular locations (P). The amount of phagocytozed par
ticles is frequently extensive, but the morphology of the 
cells is satisfactory. Bar = l. 3 J-tm. 

This observation was semi-quantitatively supported in 
XRD, which indicated TCP-traces ranging from 20% for 
bone to 10% for calcified PEO/PBT samples (Fig. 3B). 
Further heat treatment more clearly demonstrated the 
TCP-phase and thus underlined the 900 °C findings (Fig. 
4C) . Both bone and implant spectra indicated a band at 
3540 cm-1, after heating to 1200°C, which appeared ei
ther as a shoulder or as a distinct peak and was not seen 
at lower temperatures (Fig. 4C) . This seems suggestive 
of a fluor-phase (possibly fluorapatite), but thi s observa
tion was not further confirmed. 

Biocompatibility The partially calcified subcutane
ous implants were histologically surrounded by fibrous 
tissue although, inflammatory cells, frequently with a 
"foamy" appearance, were also observed at the surface 
(Fig. SA). When areas containing such "foamy" cell s 
were viewed in TEM, varying amounts of 80/20 frag
ments, which also differed in size and shape, were found 
at intraceiiular locations (Figs. SB and SC). Phagocy
tozed particles were frequently invaded with electron
dense material, possibly of organic origin. In the same 
field of analysis, larger fragments were observed con
currently in extracellular spaces (Fig. 5C) . Fibroblasts, 
as well as "foamy" cells, were directly apposed to the 
calcified outer surface of bulk 80/20 substrates (Fig. 
SB) . Although cells with apparent phagocytotic capacity 
were found close to the calcified bulk, intracellular frag
ments were not crystalline (Fig. SB). The high number 
of phagocytozed polymer particles and the abundant 
presence of calcified material did not result in an 
adverse cellular reaction. Cells , in contact with the 
80/20 implants, displayed intact mitochondria , well
developed Golgi apparatus and a heterogenic chromatin 
nuclear distribution (Figs. SB and SC). 
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Discussion 

In a series of experiments, we have stressed the im
portance of the relationship between the calcification of 
the PEO/PBT copolymer surface and the occurrence of 
bone-bonding (van Blitterswijk et al., 1992, 1993; 
Okumura et al. , 1992). In view of recent reports that 
have demonstrated the carbonate-apatite composition of 
the reactive layer formed on acknowledged bone-bonding 
substrates (LeGeros et al., 1991; Hench, 1992; Kokubo, 
1992), this study aimed to assess the morphology and 
composition of the post-operative reaction product in 
PEO/PBT copolymers. Copolymers rich in PEO, asso
ciated with rapid and abundant calcification, were the 
materials of choice to meet the objectives set (van 
Blitterswijk et al., 1992). 

It is generally believed that the generation of a reac
tive surface layer by bioactive materials is an essential 
determinant for bone-bonding to occur. XPS demon
strated that PEO/PBT copolymers have the ability to 
rapidly capture and incorporate calcium ions from fluids 
(Radder et al., 1993). Previously, it had been postu
lated that the hydrogel properties of PEO/PBT copoly
mers facilitate this calcium uptake (van Blitterswijk et 
al., 1992, 1993; Radder et al. , 1993). Thoma et al. 
(1987) showed that a molecular weight of 1000 D of the 
PEO segment, as used in this study , accomplishes an 
optimal absorption through a chelating effect. This is 
especially relevant since the surface of polyether-ester 
copolymers are, compared to the bulk, enriched in the 
hydrophilic PEO component (Burrell et al., 1990). Ab
sorbed calcium ions may subsequently provide nucleation 
sites for the growth of calcium phosphate crystals, re
sulting in the observed calcification. Although calci fica
lion behaviour is commonly reported for polymers at 
soft tissue sites (Thoma and Phillips, 1985) and is there
fore independent of mineralization processes, a reactive 
surface layer seems a critical pre-requisite for bonding 
in a bony implantation bed (LeGeros et al., 1991; 
Kokubo, 1992). Thus, while we cannot yet describe the 
exact mechanisms by which bonding of bone to PEO/ 
PBT copolymers occurs, calcification of the polymer 
matrix is an essential preparatory step toward bone
bonding. 

The calcification of 80/20 implants ultrastructurally 
comprised electron-dense plate-shaped crystals, which 
were in morphology and dimensions comparable to the 
crystals of bone mineral (Weiner and Traub, 1992) and 
the crystals constituting the surface layer of glasses, 
glass-ceramics and calcium phosphates (LeG eros et al., 
1991; Kokubo , 1992; Neo et al. , 1992) . A remarkable 
finding here was the electron-dense structure(s) at the 
soft tissue interface, since the occurrence of such a layer 
at bony sites is often considered a definite proof of 
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bone-bonding. This is in line with observations on hy
droxyapatite coatings (de Bruijn et al., 1994) and impli
cates that electron-dense layers are not entirely specific 
for a bony environment and necessitate careful examina
tion when related to bone-bonding. Cells were found 
lining the abundantly calcified 80/20 substrates. Several 
of these cells contained polymer fragments within their 
cytoplasm which were frequently invaded by organic 
material suggestive of intracellular resorptive activity. 
Such cells had maintained their morphological character
istics, indicative of a satisfactory biocompatibility of 
these implants. Currently, we have no information on 
whether a high degradation rate influences calcification 
phenomena. 

In a preliminary study, the calcification of 70/30 
PEO/PBT implants was evaluated at room temperature 
by FTIR. This required a subtraction procedure re
sulting in complex spectra, although both col- and 
Pol- absorption bands were undoubtedly present 
(Radder et al. , 1993). In view of this finding, it was 
decided to incinerate retrieved subcutaneous samples 
prior to compositional measurements. XRD-spectra of 
control bone and implant calcification showed an apatite 
structure, with a superior peak separation in the implant 
spectra. This might be due to a difference in crystal
linity and crystal size or possibly to a variation in 
distribution of organic moieties in the inorganic phase. 
This last explanation is supported by the fact that the 
broadening of XRD reflections is only directly related to 
crystal sizes of perfect crystals (Rey et al. , 1991). 
Especially in the case of solid solutions, like carbonate
apatites, a heterogeneous distribution may create 
domains with different unit-cell dimensions with mainte
nance of crystal size (Rey et al., 1991). Differences 
might alternatively simply be related to a higher TCP 
component in bone samples, as indicated after heat-treat
ment. The presence of a TCP and, the suggestion, of a 
fluor-phase was also encountered after heat-treatment of 
synthetic non-stoichiometric rod-shaped crystals (Li 
Yubao, perrsonal communication, 1993). FTIR identi
fied carbonate in the apatite structure. The carbonate 
bands in both the v2 and v3 col· domain show two 
components. In the determination of carbonate type, 
especially the v2, co32· domain is of interest because 
the presence of organic substances may interfere with v3 
domain absorption bands (Rey et al., 1989). The dual 
character of the v1 domain points to the substitution of 
col·, both at m~novalent OH. (type A) and trivalent 
P04

3· (type B) sites, which was earlier shown in studies 
on bone mineral (Rey et al., 1989). The col· absorp
tion bands vanished after heat-treatment due to decompo
sition, possibly related to the preferential association of 
col· with lower crystal sizes (Yubao, 1993). Both the 
XRD and FTIR data demonstrated a composition of the 
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post-operative precipitation in 80/20 copolymer which is, 
as far as the inorganic phase is concerned, comparable 
to naturally formed bone apatites. 

The results obtained in this study led us to conclude 
that the post-operative reaction product in PEO/PBT co
polymers bears a morphological and compositional re
semblance to the reactive surface layer formed on ac
knowledged bioactive substrates and is similar to the in
organic phase of bone mineral. Hence, a third mecha
nism, calcium and phosphate adsorption by an initially 
CaP-free (and silica free) material, can be held responsi
ble for the generation of a carbonate-containing apatite 
layer. The carbonate-apatite layer generated by PEO/ 
PBT copolymers may partially account for the bone
bonding behaviour and the similarities, to glassy and cal
cium phosphate substrates, suggest an analogy in the 
mechanisms preceding this phenomenon. 
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Discussion with Reviewers 

T. Kokubo: Both the silica and titania gel also form the 
carbonate-containing hydroxyapatite on them in the body 
environment, although they contain neither the calcium 
nor the phosphate ion, simi lar to the PEO/PBT copoly
mers. Do you think that the mechanism of apatite for
mation is the same for these three kinds of materi als? 
Authors: It is our opinion that these mechanisms may 
be similar. In the case o f silica gels, a negatively 
charged OH-rich surface precedes apatite formation. 
These two factors are considered essenti al for the forma
tion of carbonate-apatite. In the case of PEO/PBT co
polymers, a negatively charged COOH-rich surface wi ll 
be formed post-operatively. Thi s suggests mechanistic 
simi lari ties in apat ite fo rmation between these materials. 

M. Neo: Have you found any collagen fi bres on the 
surface o f the materi als in th is in vivo study? If any, 
what kind of relationship between co llagen fi bres and the 
material surface was observed? 
Authors: In thi s study, we have onl y occasionally 
fo und collagen at the interface wi th the materi al. From 
this, we could only conclude that the orientation was 
mainly parallel to the surface and interdigi tati on was not 
seen. We do not know if collagen is important with re
spect to the bioacti vi ty of PEO/PBT copolymers for two 
reasons: first, this experiment was executed in subcuta
neous cond itions and second , collagen interdigitation 
seems according to recent theories only a secondary ef
fect of bone-bonding; initially, an afi brillar layer of min
eralized matrix is deposited on the implant and co llagen 
fibres become anchored into thi s initi al layer. 

C .C . Rey : The proposed mechani sm of formation o f 
the apatitic layer at the surface of the polymer is indeed 
very remarkable as, in a first stage, ca lcium is taken up 
from the solution and penetrates the copolymer subsur
face to continue what seems to be an ion reservoir. This 
first stage of the reaction is the reverse of what has been 
proposed by Hench ( 1992) and Kokubo (1992) for Ca
containing bioglasses where there is a release of calcium 
ions from the material which causes a local increase of 
the supersaturation in the so lution at the materi al surface 
and the precipitation of the apatite. Do phosphate ions 
also penetrate the polymer as it is briefl y mentioned in 
the introduction? Is the formation of the apatite always 
associated with a degradation of the polymer surface and 
is there any ev idence of crystal formation (o r possibl y 
amorphous Ca-P phase) inside the polymer? 
Authors: We have not obtained absorption data on 
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phosphorus as we have them on calcium. It is certainly 
possible that phosphate penetrates the polymer in ionic 
fo rm or conversely as a calcium phosphate complex. 
Clearl y, phosphate is present in the calcified areas of the 
polymer. If a COOH-rich surface is indeed important 
fo r the generation of a calcified PEO/PBT implant as 
stated in the answer to Dr. Kokubo, degradation mecha
nisms may be helpful. Oxidat ion processes and hydroly
sis, occurring post-operatively, result in such groups. It 
can therefore be expected that degradation is involved or 
associated with apatite formation, but we cannot be ab
solutely sure at the moment. All the crystal formation 
will take place within the polymer. 

C. C. R ey: In their procedures for analyzing the apatitic 
layer, the authors ash the samples at different tempera
tures . Although this is a radical way to get rid of the 
organic matter , ex tensive alterations o f the mineral phase 
are also produced. In particular, it has been shown by 
Young et al. (198 1) that heating type B carbonate apatite 
above 400 °C leads to a parti al redi stribution of carbon
ate ions in A sites . Although the interpretation of the 
authors concerning the carbonate location in both sites in 
the original crystal appears li kely, it cannot be ri go r
ously in fe rred from the data they present. 
Authors: We are aware o f a poss ible redi stribution of 
ca rbonate ions due to heat ing. Our conclusions have 
therefore been limited to stating that we have a carbon
ate-apatite structure. For the determination of carbon
ate-apatite type (A or B), improved preparation methods 
are required . Currentl y, it is not known if the type of 
ca rbonate-apatite is influenti al in bone-bonding proc
esses . 
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