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Abstract

A hydraulic calcium phosphate cement having dicalcium phosphate dihydrate (DCPD) as end-product of the setting reaction was
implanted in a cylindrical defect in the diaphysis of sheep for up to 6 months. The composition of the cement was investigated as a
function of time. After setting, the cement composition consisted essentially of a mixture of DCPD and f-tricalcium phosphate
(B-TCP). In the first few weeks of implantation, the edges of the cement samples became depleted in DCPD, suggesting a selective
dissolution of DCPD, possibly due to low pH conditions. The cement resorption at this stage was high. After 8 weeks, the resorption
rate slowed down. Simultaneously, a change of the color and density of the cement center was observed. These changes were due to
the conversion of DCPD into a poorly crystalline apatite. Precipitation started after 6-8 weeks and progressed rapidly. At 9 weeks,
the colored central zone reached its maximal size. The fraction of f-TCP in the cement was constant at all time. Therefore, this study

demonstrates that the resorption rate of DCPD cement is more pronounced as long as DCPD is not transformed in vivo.

© 2003 Elsevier Science Ltd. All rights reserved.

Keywords.: Brushite; Cement; In vivo test; Apatite

1. Introduction

In the last two decades, there has been a growing
interest for calcium phosphate cements (CPC) [1-3].
CPC are excellent bone substitutes: they are biocompa-
tible, resorbable and easy to handle [4-6]. CPC are
obtained by mixing one or several calcium phosphate
powders with an aqueous solution. Upon mixing, the
calcium phosphate powders dissolve, and new calcium
phosphate crystals form. The entanglement of these
crystals results in paste hardening.

There are two types of hydraulic CPC depending on
the end-product of the reaction: apatite cements and
dicalcium phosphate dihydrate (DCPD) cements (CaH-
PO, -2H,0) [4-6]. Most studies have been devoted to
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apatite cements due to three main reasons: (i) apatite is
the calcium phosphate phase present in bone; (ii) apatite
cements are mechanically more favorable; and (iii)
contrary to DCPD cements, apatite cements set at
neutral pH values. Despite these advantages, DCPD
cements have raised a large interest [3,5,6]. DCPD is a
metastable calcium phosphate phase in physiological
conditions [7]. Therefore, DCPD cements are much
faster resorbable than apatite cements [8,9].

In a recent study in sheep [10], the resorption rate of a
particular DCPD cement was observed to be slow.
Simultaneously, an apatite phase was detected in the
cement implant, suggesting the in vivo transformation
of DCPD into apatite [11]. The transformation of a
DCPD cement into apatite was also observed in a rabbit
study [12].

Clearly, a fast resorption of DCPD cements can only
be achieved if the cement resorption occurs before the
cement conversion. Thus, an attempt was made to
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prevent the in vivo transformation by adding an
inhibitor of apatite crystal growth. For that purpose, a
poorly soluble magnesium salt was added to the cement
formulation [13]. This concept was tested in vitro and
proved to work: small amounts of magnesium prevented
the transformation of DCPD into an apatite [14].
Recently, magnesium-containing DCPD cements
were implanted in vivo. Results showed that the
resorption of these DCPD cements was much faster
than that of a carbonated apatite cement [15-17]. The
resorption rate decreased very rapidly with time,
especially beyond 8 weeks of implantation (Fig. 1)
[15-17]. After 6-8 weeks of implantation, a change of
coloration appeared in the center of the cement
implants. This color change was particularly visible in
the histological sections (Fig. 2). Initially, the cement
colored with toluidine blue was blue. The granules had a
slightly lighter blue color. After 6-8 weeks, the color of
the center of the cement changed towards violet-purple.
This darker zone was often surrounded by a rather pale
thin layer (Fig.2). This change in color suggested a
change of cement composition, or a change of the local
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Fig. 1. DCPD cement resorption as a function of implantation time.
Cylindrical holes, 8 mm in diameter. (#) First in vivo study [15,16];
(O) second in vivo study [17].

pH value. As the conversion of DCPD cement into an
apatite is not desired in terms of resorption rate, it was
very important to determine whether this change of
coloration was due to the precipitation of apatite. The
goal of this article is to describe the evolution of the
cement composition after implantation, and to correlate
the cement resorption rate with its composition.

2. Materials and methods

The cement investigated here corresponds to the
composition of chronOS Inject™ (Mathys Medical and
Stratec Medical, Switzerland). The dry component of
this cement consisted of 42 wt% f-TCP powder, 21 wt%
MCPM, 31wt% pB-TCP granules, 5Swt% magnesium
hydrogen phosphate trihydrate and small additions
(<1wt%) of sodium hydrogen pyrophosphate and
magnesium sulfate to control the setting time. The
liquid component consisted of a 0.5% solution of
sodium hyaluronate. f-tricalcium phosphate (f-TCP;
p-Caz(POy),), magnesium hydrogen phosphate trihy-
drate, sodium hydrogen pyrophosphate and magnesium
sulfate were all purchased from Fluka (Buchs, Switzer-
land). Monocalcium phosphate monohydrate (MCPM;
CaH,P0,), - H,O) was purchased from Albright—Wilson
(West Midlands, UK). The sodium hyaluronate solution
came from Vitrolife (Edinburgh, UK). The p-TCP
granules were obtained by granulation of the S-TCP
powder. The granules had an average diameter smaller
than 0.5 mm and a theoretical density close to 75%. The
cement set via the reaction

B—Ca3(PO4)2 + Ca(H2P04)2 . Hzo + 7H20
—4CaHPO, - 2H,0. (1)

After setting, the cement was biphasic, i.e. it consisted of
large granules of B-TCP (<0.5mm in diameter)
embedded in a matrix containing fine DCPD crystals
and remnants of -TCP powder (Fig. 2). According to
reaction (1), the cement should contain about 55wt%
DCPD, 15wt% fS-TCP powder and 30wt% fS-TCP

2 weeks (sheep No 832)

8 weeks (sheep No 828)

6 months - typical example

Fig. 2. Histological cross-sections of the cement after 2 weeks, 8 weeks, and 6 months implantation. The cylindrical holes have a diameter of 8 mm.
The open structures present around the cement implants are trabecular bone (dark: bone mineral; light: marrow). The f-TCP granules present in the
cement are seen as round pale spots. A change of coloration can be seen in the center of samples 828 (8 weeks) and 830 (6 months).



M. Bohner et al. | Biomaterials 24 (2003) 3463—3474 3465

granules after setting (neglecting water, the pyropho-
sphate salt, and the magnesium salts). The porosity of
the matrix and the granules was close to 35vol%. The
setting time of the cement at room temperature was
1242 min.

The cement samples were harvested from two
different in vivo studies performed in sheep [15-17]. In
the first study [15,16], two standardized drill holes of
8mm in diameter and 13mm in length were made
bilaterally in the distal and proximal humerus and
femur. In each sheep, three bone holes were filled with
the brushite cement considered here and with an
experimental DCPD cement, one hole was left empty
as negative, and one hole was filled with Norian SRS
(Norian Corporation, Cupertino, CA, USA) as positive
control. The position of the different CPC and the
control was randomized. A total of six sheep were used.
Two sheep each were sacrificed after 2, 4 and 6 months.
In the second study [17], a standardized drill hole of
8mm in diameter and 13mm in length was made
unilaterally. Each hole was filled with the brushite
cement considered here. Eight adult Swiss Alpine sheep
served as experimental animals and were divided into
four groups with two animals each. The study period
until sacrifice of animals was 2, 4, 6 and 8 weeks.
Radiographs were made immediately postoperatively
and microradiographs at the time of sacrifice. After
sacrifice, the bone samples were immediately harvested,
macroscopically assessed and processed for histology.
Non-decalcified bone specimens were embedded in
acrylic resin (HistoDur®). Ground- (30-40pm) and
thin (5um) sections were prepared, and stained with
either toluidine blue or “von Kossa/McNeal”. Cross-
and longitudinal sections of the cement samples were
prepared, starting from the center of the sample (Fig. 3).

As the number of implantation sites was limited, the
determination of the cement composition was performed
on histological sections. Obviously, the treatments
sustained by the cement samples in order to obtain
histological sections might have affected the cement
composition. As DCPD is only metastable at physiolo-
gical pH, DCPD could transform into an apatite,
octocalcium phosphate (OCP), or dicalcium phosphate
(DCP). However, as all the processing steps were
performed in a non-aqueous environment, the risk was
low. The results presented hereafter suggest indeed that
the composition of the cement was not modified by the
processing steps: all cement samples implanted for a
short time contained DCPD, whereas no DCP, OCP,
and apatite were detected. Only the histological cross-
sections were used for analysis. The first two series of
cross-sections (starting from the sample center; Fig. 3)
were used for histomorphometrical measurements and
colored with toluidine blue. The third cross-sections were
used for X-ray diffraction (XRD). Finally, the fourth
cross-sections of the second in vivo study were used for
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Fig. 3. Schema describing how the histological sections were cut. Left:
longitudinal sections; right: cross-sections. The numbers shown on the
schema are used to label the histological sections.

Fourier-transformed infrared spectroscopy (FTIR),
scanning electron microscopy (SEM) equipped with an
energy-dispersive X-ray (EDX), electron microprobe
analyzer equipped with a wavelength dispersive spectro-
meter (WDS), micro-X-ray fluorescence (mXRF), and
micro-Raman (Table 1). The last method did not enable
the detection of DCPD. mXRF did not reveal more
information than FTIR and was abandoned.

All histological sections of the first and second in vivo
study were analyzed by XRD. To determine the cement
composition before implantation, the cement remaining
in the syringe (second in vivo study) was dried in air,
ground in a mortar with a pestle, and analyzed. In each
of the histological sections where cement was found, it
was carefully cut off and ground per hand with a pestle
and a mortar. This cement powder was homogenized
and analyzed on a Si-single-crystal plate. Orientation of
the particles could therefore not be excluded. The
measurements were done on a Philips PW1800 X-ray
powder diffractometer (XRD) using Cu-Ko radiation
(40kV, 30mA) and an automatic divergence slit. The
investigation range was from 4° to 40° (20) with 1s per
step (0.02° 20).

The identification of the various crystallographic
phases was difficult for two main reasons. First, many
calcium phosphate compounds have peaks at identical
positions which prevent a precise identification of the
phases. Second, a low-crystalline phase was found with
a large peak close to d =2.81 A, which corresponds
to the 100% peak of pure hydroxyapatite (HA;
Ca (o(PO4)¢(OH),). However, the latter peak was often
seen at a slightly lower d-value (typically 2.78-2.79)
suggesting the presence of ionic substitutions [18]. The
nature of these substitutions can only be assumed,
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Table 1
Overview of the use of histological sections for analysis in the second sheep study
Sheep Cross-section no.
1 2 3 4
832 (2 weeks) Histology Histology XRD SEM, EDX
833 (2 weeks) Histology Histology XRD
826 (4 weeks) Histology Histology XRD SEM, EDX
831 (4 weeks) Histology Histology XRD
829 (6 weeks) Histology Histology XRD
830 (6 weeks) Histology Histology XRD FTIR, SEM, EDX, uXRF
827 (8 weeks) Histology Histology XRD pRaman
828 (8 weeks) Histology Histology XRD FTIR, SEM, EDX, uXRF, WDS

In the first in vivo study (2 sheep at 2, 4, and 6 months), the first and second sections were used for histologies, whereas the third sections were used

for XRD.

e.g. sodium, magnesium, carbonates, hydrogenopho-
sphate, but none of these could be demonstrated. Apart
from an apatite, the following phases were identified in
the histological cuts: f-TCP, DCPD, DCP (CaHPO,),
and f-calcium pyrophosphate (S-CPP; S-Ca,P,05).

_ S3.00
A(HA) = <S281 S0, 27) (6)

Based on the estimated amounts of each phase, the
fraction of each phase could be easily determined:

F(x) =

These phases have their maximum peaks at d = 2.88 A
(B-TCP; 20 = 31.1°), 4.24/7.62A (DCPD; 20 =21.0°
and 11.6°, respectively), 2.96 A (DCP; 20 = 30.2°),
3.02A (B-CPP; 20 = 29.6°) and around 2.81 A for the
apatite (Standard files JCPDS 9-169, 9-77, 9-80, 33-297,
9-432; d is the lattice spacing). As previously mentioned,
many of these compounds have peaks at identical
positions. The problem is particularly acute for DCP,
p-CPP and HA which were all probably present in small
amounts in the cement samples. An additional problem
was the fact that the apatite present in the cement was
nanocrystalline, hence leading to very low and broad
peaks. Therefore, the surface area of the peaks, Sy, at
d = 6.74A (DCP, 14%; 20 = 13.1°), 424 A (DCPD,
100%; 260 = 21.0°), 3.09A (B-CPP, 54%; DCP, 6%;
20 = 28.9°), 2.88A (B-TCP, 100%; 26 =31.1°), and
2.81A (HA, 100%; p-CPP, 27%; 20 =32.2°) was
determined using XRD-software ‘“MacDiff”’, version
4.0.6 [19]. The amount of each phase, A(x), was
estimated according to

A(p — TCP) = Sy.s, (2

A(DCPD) = 8414, (3)

A(DCP) = ‘3617: (4)
1 S6.74

A(p— CPP) = o— (53 w— S0, 06) (5)

A(x)
A(f — TCP) + A(DCPD) + A(DCP) + A(f — CPP) + A(HAY D
where F(x) was the fraction of the phase “x”. Two

remarks should be made on the validity of the XRD
method: (i) these fractions give only qualitative results
because no calibration was done; (ii) it was implied that
the mass absorption coefficient was the same for each
phase.

Two histological sections were analyzed with a FTIR
spectrometer (Nicolet 510). They were extracted from
the 6- and 8-week sheep (Table 1). The measurements
were done on an ATR-diamond (Golden Gate) device.
The investigated areas had a diameter of 0.6 mm and a
depth of 2 um. For each measurement, 128 scans were
accumulated in order to increase the signal/noise ratio.
The composition of the sample was measured along
a line crossing the sample and the colored center.
One measurement was done per millimeter. The bands
at 567, 940, and 970cm™~' were used to detect the
presence of hydroxyapatite (HA), f-tricalcium phos-
phate (5-TCP), and brushite (DCPD).

Four different histological sections were analyzed by
SEM and EDX, i.e. the sections of sheep 832 (2 weeks),
826 (4 weeks), 830 (6 weeks), and 828 (8 weeks)
(Table 1). The latter two sections were also analyzed
by FTIR (see above). The histological sections were first
coated with carbon. They were then observed by SEM
(Cambridge S360). Finally, a certain number of points
were analyzed by EDX (Link Oxford Pentafet device
coupled to an INCA software) to determine their atomic
composition. Three different areas were analyzed: (i)
the edge of the cement sample where no apparent
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resorption was seen, (ii) the center of the cement sample
(2-3mm in diameter), and (iii) the colored area in the
center of the sample (only present in sample 828 and
830; Fig. 2). Over 15 points were selected in each area,
far from the f-TCP granules.

For WDS, microprobe analyses of sample 828 (8
weeks; Table 1) were obtained on a Cameca SX-50
microprobe using synthetic apatite and feldspar as
mineral standards, WDS, and beam conditions of
15kV, 20nA, and 15um spot size. Data were reduced
using the PAP procedure [20]. Totals were low because
the phosphate material contained additions of organic
compounds. Both WDS and EDX results were used to
compare the composition within a sample and not
between several samples. Moreover, the results were
considered to be qualitative and not quantitative.

3. Results
Diffraction peaks could be easily detected on the

XRD diffraction spectra (Fig. 4). However, the noise
increased with an increase of the implantation time,

Month 6

Month

Week 8

\Week 6

Wed<4www

because the amount of cement that could be extracted
decreased due to cement resorption. Based on the
diffraction peaks, the fraction of each phase was
estimated using Egs. (2)—(7). At time zero, the cement
samples contained S-TCP, DCPD, f-calcium pyropho-
sphate (f-CPP), and sometimes DCP (Figs. 4 and 9).
After implantation, no DCP was detected (Fig. 5). The
p-TCP and CPP fractions were stable over time, whereas
that of DCPD decreased. Interestingly, the ratio of the
intensity of the DCPD and p-TCP peaks was much
lower in the histological sections than at time zero. The
decrease of DCPD over time was compensated by the
appearance of a peak around d = 0.278—0.279 nm,
probably corresponding to an apatite (Fig. 5).

DCPD and f-TCP were observed by FTIR in the
histological sections, contrary to hydroxyapatite. The
height of the absorption peaks of f-TCP and DCPD
reached a maximum in the center of the cement sample
(Fig. 6). Interestingly, the ratio between the height of the
absorbance peaks of DCPD and S-TCP presented a
maximum in the center of the cement sample (Fig. 7).
Assuming that the amount of DCPD and -TCP was
proportional to the height of the absorbance peaks,

Week 2
O
0 0] X w X
\Week O aH i,
I I I I I I I
0 10 30 40

20 angle

Fig. 4. XRD spectra of histological sections retrieved from sheep. Implantation time: 2, 4, 6, and 8 weeks, as well as 4 and 6 months. There is one
spectrum represented per time, and the curves are in successive order, from bottom to top. The two main diffraction peaks of DCPD are indicated by
a circle. The main diffraction peaks of DCP are indicated by a cross ( x ). The apatite peak is represented with a triangle (A). All the other major
peaks are -TCP diffraction peaks. One of the latter peaks which is present at d = 2.757 is marked with a square (OJ).
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Fig. 5. Fractions of crystalline phases in the cement determined by
comparing the surface area of the diffraction peaks. The error bars
indicate 1.96 standard errors. (A) DCPD (refers to the left axis); (®)
DCP (left axis); (1) -TCP (right axis); (O) p-CPP (left axis); and (A)
HA (left axis).
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Fig. 6. Compositional changes across a cement sample obtained from
FTIR measurements. (a) Sample 830 (6 weeks); (b) Sample 828 (8
weeks). Components: ([J) p-tricalcium phosphate, 940cm™"; (A)
DCPD, 970cm™"'. The dotted lines mark the limits of the cement
implant. One measurement was done per millimeter.

these results indicate that (i) the cement sample was
denser in its center than at its edges (Fig. 6), and (ii)
DCPD concentration was lower at the cement edges
than in the cement center (Fig. 7).

The microstructure of the cement was difficult to
observe on the SEM machine used here due to the fact
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Fig. 7. DCPD/B-TCP ratio across a cement sample obtained from
FTIR measurements: (a) sample 830 (6 weeks) and (b) sample 828
(8 weeks). The dotted lines mark the limits of the cement implant.

that the samples were embedded in a polymer matrix.
However, the colored center of the cement could be
easily distinguished (Fig. 8). Moreover, this scan showed
on the one hand that the colored center was surrounded
by a porous zone, and on the other hand that the edge of
the colored center was much denser than the rest of the
colored center. A closer look at the cement micro-
structure showed that the cement located close to the
bone—cement interface contained a mixture of smooth
and sharp particles (Fig. 9a). The angular particles had
the typical shape of DCPD crystals [21]. In the porous
zone, only smooth particles could be seen (Fig. 9b). In
the so-called dense zone, the smooth particles were
surrounded by a dense homogeneous layer (Fig. 9c).
Finally, in the center of the colored zone, smooth
particles were surrounded by small and sharp particles
(Fig. 9d).

Using the EDX measurements, the Ca/P molar ratio
and the Ca/C weight ratio were calculated for the
different arcas of the histological sections (Fig. 10).
Variations of the Ca/P molar ratio were found to
depend on the location. For example, the Ca/P molar
ratio was significantly higher on the cement edge than
in the center: p<0.0006, 0.12, and 0.005 for samples
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Fig. 8. Back-scattered electron image showing the colored center of sample 828 (8 weeks). The presence of a porous/darker zone (arrow) around the
colored center is clearly visible.

Fig. 9. SEM photos showing the microstructure of sample 828 (8 weeks): (a) away from the colored center; (b) in the porous zone adjacent to the
colored center; (c) in the dense zone at the edge of the colored center; and (d) in the colored center.

832-2w, 826-4w, and 830-6w, respectively (Student’s significant decrease in the Ca/P molar ratio of the
t-test). However, when the cement had a colored center, cement edge over time (p<0.001). No time change of the
the Ca/P molar ratio was much larger in the colored Ca/P molar ratio could be detected in the cement center
center than in the edges. Interestingly, there was a (out of the colored center).
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The Ca/C weight ratio was also observed to vary
(Fig. 10). The colored centers presented a much higher
Ca/C weight ratio than the rest of the cement (e.g.
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Fig. 10. Ca/P molar ratio and Ca/C weight ratio in the histological
sections of sheep 832 (2 weeks), 826 (4 weeks), 830 (6 weeks) and 828
(8 weeks). These EDX measurements were done: (O) in the colored
center of the histological sections; (4 ) at the cement edges; and (A) in
the cement center, just outside the colored center. The error bars
indicate 1.96 standard errors. No colored center was seen after 2 and 4
weeks.
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p<0.0007 for sample 830-6w), suggesting that the
density of the cement in this zone was drastically
increased. Additionally, magnesium was detected more
frequently in the colored centers than in the edges of the
cement: Mg was detected in less than 14% of the
measurements done on the edges and uncolored centers,
whereas Mg was detected in 6/20 (30%) and 7/15 (47%)
cases in the colored center of samples 828 and 830.
The results obtained with WDS were not very
different than those obtained by EDX (Table 2). For
example, the values obtained for the Ca/P molar ratio
were only about 0.1 smaller with WDS than with EDX.
Moreover, the WDS results also demonstrated that
there were large differences of composition between the
different zones of the cement (Tables 2 and 3).
Interestingly, no significant difference in Ca/P molar
ratio and mineral content could be found between the
colored center and its edge. However, the edge of the
colored center was strongly enriched in magnesium
(MgO/CaO=1.53wt%) suggesting the precipitation of
a magnesium-rich phase. As a comparison, the initial
MgO/CaO weight ratio of the cement was 4.2 wt%.

4. Discussion

Before implantation, the cement contained [-TCP,
DCPD, f-calcium pyrophosphate (f-CPP), and some-
times DCP (Figs. 4 and 5). The presence of monetite
(DCP) was probably due to an artefact of the sample
preparation as no DCD was seen in implanted samples.
DCPD is indeed known to easily decompose into DCP,

Table 2

Electron-microprobe WDS results

Analysis results Colored center Edge of colored center Edge of matrix Matrix
Ca/P molar ratio 1.41 (0.06) 1.42 (0.05) 1.32 (0.08) 1.19 (0.07)
MgO/CaO weight ratio (wt%) 1.14 (0.14) 1.53 (0.16) 0.64 (0.17) 0.48 (0.15)
Total content (Wt%) 74.6 (4.9) 74.0 (3.9) 48.9 (9.8) 56.6 (5.6)

The standard deviation is given within parenthesis. The mineral content should be close to 100% in the absence of polymer phase. Therefore, the
difference between the measured result and 100% allows one to estimate the amount of polymer, or in other words, the porosity of the cement. The

2 < CLYs

terms “‘colored center”, “edge of colored center”,

edge of matrix’ and “matrix” are used to describe the colored center, the dense zone at the edge of

the colored center, the porous zone surrounding the edge of the colored center, and the cement matrix away from the colored center, respectively.

Table 3

Significance of the differences between different zones observed in the cement histology 828 (8 weeks)

MgO/CaO weight ratio (%) Mineral content (%)

Location Ca/P molar ratio
Colored center and edge of colored center 1<0.36

Colored center and matrix edge »<0.030
Colored center and matrix p<2x107
Edge of colored center and matrix edge p<0.022

Edge of colored center and matrix p<4x107
Matrix edge and matrix p<0.011

p<0.002 p<0.41
p<5-10* 2<0.003
p<5-1077 p<2-1073
p<2-107° p<0.002
p<2-1076 p<5-1073
2<0.065 p<0.082

The values which are not significant at the p<0.05 level are underlined.



M. Bohner et al. | Biomaterials 24 (2003) 3463-3474 3471

especially in acid environments [22,23]. B-CPP was
present in the f-TCP powder and in the f-TCP granules
used in the cement composition. Therefore, it is normal
to find this phase after setting. Interestingly, the ratio of
the intensity of the DCPD and -TCP peaks was much
lower in the histological sections than at time zero. One
possible reason could be the partial dissolution of
DCPD or different crystallization conditions in vivo.
The DCPD fraction decreased over time (Fig. 5). The
decrease of the DCPD content over the implantation
time suggests that DCPD was either dissolved or
transformed. The rather constant or increasing fractions
of -CPP and f-TCP suggest that both phases were very
stable in vivo, which is in accordance with their low
solubility [7].

The EDX and WDS results obtained in this study
demonstrated that the colored center observed after a
few weeks of implantation in the center of the cement
samples contained a calcium- and magnesium-rich phase
(Table 2, Fig. 10). Two explanations can be proposed
for this behavior. First, there could be a selective
dissolution of DCPD. As DCPD has a lower Ca/P
molar ratio than f-TCP, the overall Ca/P molar ratio
would be increased. This explanation is supported by
the fact that DCPD has a larger solubility than S-TCP
at physiological pH [7]. However, it is contradicted by
the concomitant decrease of the cement porosity
evidenced by the increase in Ca/C weight ratio and
mineral content measured by EDX and WDS, respec-
tively (Table 2, Fig. 10). It is also contradicted by the
slower resorption rate observed beyond 2 months of
implantation (Fig. 2).

The second explanation for an increase of the Ca/P
molar ratio is the precipitation of a calcium-rich calcium
phosphate, such as an apatite, OCP, or a whitlockite
(magnesium-containing calcium phosphate) [7,24].
These reactions can occur because apatite, OCP, and
whitlockite are less soluble than DCPD at physiological
pH [7.24]. The presence of DCPD in close vicinity to the
new precipitate could be a source of calcium and
phosphate ions that could support the precipitation of
additional crystals. In the latter case, the zone around
the precipitation zone should become more porous and
the precipitation zone should become denser. Looking
at the experimental results, it appears that this explana-
tion is in accordance with the increase in porosity
measured around the colored center and with the decrease
of porosity measured in the colored center (Table 2,
Fig. 10). Additionally, this explanation is supported by
the decrease of the cement resorption rate beyond 8 weeks
of implantation (Fig. 2), and the appearance of apatite
crystals, as measured by XRD (Figs. 4 and 5).

The calcium-rich phase was enriched in magnesium,
suggesting the precipitation of a magnesium-rich phase
or the incorporation of magnesium in the calcium-rich
crystals. Unfortunately, the Mg content of the samples

(Table 2) was too low to be able to detect a Mg-rich
phase by XRD (whitlockite—(Ca,Mg);(PO,),, JCPDS
file 13-404—has a maximum peak at d = 0.283 nm, i.e.
26 angle=31.6). According to LeGeros et al. [25], the
solution Mg/Ca ratio determines the type of calcium
phosphate obtained by precipitation: apatite with
incorporated Mg ions; mixture of apatite and whitlock-
ite; mainly whitlockite, and/or Mg-containing amor-
phous calcium phosphate. These authors showed that
whitlockite starts forming at a Mg/Ca ratio of 0.03 [25].
This value is much larger than the concentrations
measured in our cements (<0.02, Table 2), suggesting
that the Mg concentration present in our cement was
too low to lead to the formation of whitlockite.
Interestingly, an increase of the Mg content is supposed
to decrease the apatite crystallinity [25]. On the SEM
photos, it can be seen that the crystals present at the
edge of the colored center (Fig. 9c), where the magne-
sium content was at a maximum, appeared to be much
smaller than those present in the center of the colored
zone (Fig. 9d).

Another interesting aspect is to determine the nature
of the precipitated apatite. From XRD data, it appears
that the peak around d = 2.81 A has a lower d-value
than the 100% peak of hydroxyapatite (2.78-2.79
against 2.81 A). This suggests that the apatite is not a
pure hydroxyapatite, but contains impurities. From the
literature [18], it is indeed known that hydroxyapatite
can easily incorporate “foreign” ions such as sodium,
carbonate, hydrogenophosphate, or magnesium ions.
These incorporations have a direct influence on the
parameters of the lattice, and hence on the position of
the XRD peaks. From EDX and WDS measurements, it
appears that the zone where the apatite forms contains
small, but significant amounts of magnesium, hence
suggesting the formation of an apatite with magnesium
substitutions. The presence of carbonate ions within the
apatite cannot be determined because of the presence of
the embedding polymer and the carbon coating. Sodium
was not detected and hydrogenophosphate ions could
not be detected. Based on these facts, it is difficult to
elaborate the possible composition of the apatite.
Additionally, there is hardly any XRD reference for
ion-substituted apatites. There is one standard for a
carbonated apatite (Ca;o(PO4)3(CO3)3;(OH),; JCPDS
File 19-272) that has a 100% peak at d = 2.78 A.
However, this compound is not stoichiometric and has
such a large carbonate content that it is unlikely to be
found in the cement. The replacement of the phosphate
groups present in hydroxyapatite with hydrogenopho-
sphate groups, for example to form a calcium deficient
hydroxyapatite (CDHA; Cao(PO4)s(HPO4)OH), has the
tendency to increase the position of the 100% diffrac-
tion peak (from d = 2.814 A for HA to d = 2.819 A for
CDHA—JCPDS File 46-905). Therefore, the incorpora-
tion of various ions provokes various effects. It is likely
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that combinations of ionic substitutions have very
complex effects. So, based on the results presented in
this study, it is not possible to determine the exact
composition of the precipitated apatite. However, the
results indicate that an apatite is formed which contains
ionic substitutions, possibly magnesium, hydrogenopho-
sphate, carbonate and sodium, because these ions are
present in the cement and in the body.

The EDX results showed that the Ca/P molar ratio
measured at the cement-bone interface decreased with
an increase of the implantation time, reaching after §
weeks the values measured in the cement center. It is
worth noting that the position of the interface moved
over time towards the cement center because of the
resorption of the cement. Taking all facts into con-
sideration, the most likely explanation for the present
results is that there was initially a gradient of Ca/P
molar ratio in the cement sample. As previously
mentioned, high values for the Ca/P molar ratio can
be due either to the dissolution of DCPD or the
precipitation of a calcium-rich phase. Here, the most
likely explanation is that the cement edges were initially
depleted in DCPD. Three reasons support this: (i) FTIR
results showed that the cement edges had a lower
DCPD/S-TCP ratio than the cement center (Fig. 7); (ii)
the porosity of the cement at the edge did not vary
(Fig. 10); and (iii) no new crystals were observed by
SEM. When the cement was resorbed, the position of
the bone—cement interface moved towards the center
and the Ca/P molar ratio decreased.

The reason why the cement edges would be initially
depleted in DCPD could stem from the low pH values
occurring during cement setting. This explanation is
somehow surprising, as the solubility of DCPD at
neutral pH is lower than the equilibrium concentration
of calcium and phosphate ions in vivo [7,26]. The total
concentration of calcium and phosphate ions in
equilibrium with DCPD in an aqueous solution at pH
7.0 is 0.90 and 1.23 mm, respectively [7]. As a compar-
ison, these values are [Ca]=2.42mM and [P]=10.1-
143mM in blood, and [Ca]=2.12-2.72mM and
[P]=2.87-4.81 mM in serum [26]. Therefore, one expla-
nation for the selective dissolution of DCPD would be
that the pH value of the solution in contact with the
cement is low enough so that the solubility of DCPD at
that pH value is larger than the in vivo calcium and
phosphate concentrations. To meet this criterion (for
calcium ions), the pH value should be below 5.8-5.9.
Interestingly, the pH value occurring during the in vitro
setting reaction is close to 3—4 [27]. Moreover, the pH
expected at the end of the setting reaction in pure water
is close to 5.9, i.e. the equilibrium pH between DCPD
and B-TCP in water [27]. Therefore, assuming that this
explanation is correct, this implies that the pH values in
the center of the cement sample are below 6 for at least a
few days. The latter explanation is based on the
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Fig. 11. Evolution of the surface fraction of the colored zone as a
function of implantation time. The error bars indicate 1.96 standard
errors. (A) First in vivo study; (A) second in vivo study.

assumption that the solubility of DCPD in body fluids
is not influenced by organic compounds such as
proteins. In vivo, calcium and phosphate ions are likely
to form complexes with proteins which could increase
DCPD solubility. The extent of this effect is difficult to
quantify because there is too little data in the literature
on this topic. However, if this effect is large, DCPD
could be soluble in body fluids, and hence spontaneously
dissolve.

An interesting point that should be discussed is the
position of the colored center/precipitation zone. In fact,
the center of the cement is likely to be the place where
the cement is the most highly saturated towards an
apatite, because this is the place where there is the
largest amount of DCPD and the smallest interface to
the cement surroundings. Therefore, the apatite is likely
to precipitate first in the center of the implanted cement
samples.

Another important point is the kinetics of apatite
formation. To get a better idea of the speed at which
the precipitation takes place, the surface area of the
colored center was measured histomorphometrically as
a function of time (Fig. 11). The present experimental
results show that it took 6-8 weeks of implantation to
observe macroscopic amounts of apatite crystals.
Additionally, the propagation of the calcium-rich zone
was very fast since the average surface fraction had
reached a maximum after 9 weeks (2 months). There-
fore, the precipitation of apatite was not limited by
diffusion, but by nucleation, possibly due to the
presence of magnesium ions. Interestingly, the size of
the colored zone decreased beyond 2 months of
implantation, indicating that despite its transformation
to a less soluble calcium phosphate, the cement
remained resorbable.

In the literature, several authors reported the presence
of a dense layer in a DCPD cement. For example,
Frayssinet et al. [28] implanted a DCPD cement
proposed by Bohner [21,29] into a defect drilled in
rabbit condyles. In one sample implanted for 6 weeks a
dissolution zone of thickness 100-300 um was observed
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under the material surface. This dissolution zone was
edged by a densified layer less than 100 um thick.
However, these authors did not investigate the nature of
this zone. Flautre et al. [10] implanted two different
DCPD cements into the tibia condyle of rabbits. The
cement samples were sometimes transformed into an
apatite [11], and/or surrounded by a dense layer. Again,
these authors did not investigate the nature of this zone.
To summarize, the transformation of brushite cement
into an apatite and the formation of a dense layer within
the cement samples have been observed in the past.
However, this is the first study analyzing these chemical
changes.

5. Conclusion

The results show that the stability and resorption of
DCPD cement is a complex process. The present cement
formulation was observed to sustain a selective dissolu-
tion of DCPD crystals, as evidenced by FTIR and EDX.
EDX results suggested that this selective dissolution
took place mostly in the first 2 weeks of implantation,
probably as a result of the low pH values present at
early implantation times. Beyond 6-8 weeks of implan-
tation, the center of the cement sample became denser
and its Ca/P molar ratio increased. This was attributed
to the transformation of DCPD crystals into apatite
crystals. The appearance of a colored center in the
cement samples after 6-8 weeks of implantation was
correlated with a decrease of the resorption rate.
Therefore, the key to keep a large resorption rate is to
prevent the transformation of DCPD into a poorly
soluble phase, such as an apatite. The occurrence of the
latter transformation and the low amounts of Mg
present in the cement after several weeks of implantation
suggest that the amount of magnesium present in the
cement composition was either not sufficient or not
released at the right speed to prevent DCPD conversion.
However, despite the transformation of DCPD into a
less soluble calcium phosphate, the amount of DCPD
that was transformed remained low and the apatite
resulting from this transformation was still resorbable.
Furthermore, due to the presence of resorbable -TCP
particles in the transformed cement matrix, the overall
resorption rate of this brushite cement was still superior
to that of apatite cements.

This study shows that the combination of EDX,
FTIR and XRD is an excellent tool to identify
compositional changes in DCPD cements. However,
the easiest way to estimate the transformation of DCPD
into a poorly soluble calcium-rich phase is to stain the
histological sections with toluidine blue: a blue color is
typical for DCPD, a violet color indicates the presence
of a calcium-rich phase.
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