
lable at ScienceDirect

Biomaterials 29 (2008) 3400–3407
Contents lists avai
Biomaterials

journal homepage: www.elsevier .com/locate/biomater ia ls
Bone substitute: Transforming b-tricalcium phosphate porous scaffolds
into monetite
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a b s t r a c t

The goal of the present study was to assess the possibility to change the composition of a calcium
phosphate scaffold from a high-temperature phase to a phase only stable at or close to room temperature
without macrostructural changes. For that purpose, macroporous b-TCP scaffolds were converted into
a-TCP by high-temperature thermal treatment and then dipped into a phosphoric acid solution to obtain
a more acidic calcium phosphate phase called monetite or dicalcium phosphate (DCP; CaHPO4). Two
different solid-to-liquid ratios (SLR: 0.067 and 0.200 g/mL) and three different temperatures (T: 37,
60 and 80 �C) were used. The reaction was followed by measuring the change of sample size and weight,
by determining the compositional changes by X-ray diffraction (Rietveld analysis), and by looking at the
micro- and macrostructural changes by scanning electron microscopy and micro-computed tomography.
The results revealed that the transformation proceeded faster at a higher temperature and a higher SLR
value but was achieved within a few days in all cases. Morphologically, the porosity decreased by 10%,
the pore size distribution became wider and the mean macro pore size was reduced from 0.28 to
0.19 mm. The fastest conversion and the highest compressive strength (9 MPa) were measured using an
incubation temperature of 80 �C and an SLR value of 0.2 g/mL.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

The most common strategy used to heal bone defects resulting
from trauma or diseases is to fill the defect with autologous bone,
typically from the iliac crest. Unfortunately, this technique has
several drawbacks such as the need for a second surgery that pro-
longs the surgical operation and an increased risk of side-effects
such as infections or pain [1,2]. One alternative to bone grafts is the
use of synthetic calcium phosphate substitutes [3]. These materials
have generally a composition very close to that of the mineral part of
bone and as a result present excellent biological properties such as
biocompatibility, osteoconduction (ability to lead bone formation)
and osteotransduction (replacement of the material by new bone).

Most calcium phosphate bone substitutes sold commercially are
obtained by thermal treatments at high temperature (>1000 �C)
via a so-called sintering reaction. These materials include b-trical-
cium phosphate (b-TCP; Ca3(PO4)2), sintered hydroxyapatite (HA;
Ca5(PO4)3OH) or their composites called biphasic calcium phos-
phates [4]. In 1983, Brown and Chow [5] demonstrated that specific
mixtures of calcium phosphate powders could react with water and
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harden in a very similar way to the reaction of Plaster of Paris to
form gypsum. The discovery of calcium phosphate cements (CPCs)
led to the publication of thousands of papers and to more than
a dozen commercial formulations [6].

Despite the fact that CPC has very interesting handling proper-
ties such as the possibility to be injected, to fill any defect shape,
and to provide a certain mechanical stability, most bone substitutes
are still sold under the form of small granules (typically 0.1–5 mm
in diameter) [7]. This fact results from the lower cost and better
biological properties of granules compared to CPCs: whereas CPCs
are seen essentially as compact materials by cells [8], the space
between granules can be easily invaded and colonized by blood
vessels and bone cells [9]. These cells are able to rapidly resorb the
granules and replace them with mature bone.

In the last decade, several researchers recognized the interest of
using CPCs to synthesize granules and porous blocks [10,11]. This
decision was governed by the combination of two very important
features of CPC: first, scaffolds produced from CPC do not necessi-
tate any further sintering to be used as bone substitute as the ce-
ment reaction already provides an important mechanical stability
[12]; second, their composition and structure are very close (if not
identical) to the calcium phosphate compounds found in the body
such as dicalcium phosphate dihydrate (DCPD; CaHPO4 $ 2H2O),
octocalcium phosphate (OCP; Ca8H2(PO4)6 $ 5H2O), and carbonated
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apatite [13]. These similarities, in particular the large specific sur-
face area of these compounds, is believed to bring an improvement
of the already excellent biological responses of calcium phosphate
compounds [14]. In vivo results of these compounds are indeed
very promising [15–17], but the potential benefit of a higher spe-
cific surface area still remains to be demonstrated.

Unfortunately, there are two drawbacks in the use of CPC for
scaffold synthesis, namely the risk of microbial contamination
during the (wet) synthesis process that can potentially lead to bio-
compatibility problems during implantation (pyrogenicity) and
their relatively low mechanical properties due to large porosities.
Here a new synthesis method is proposed that can potentially solve
both problems.

Until now, macroporous scaffolds (macropore¼ pore with a
diameter larger than 0.05 mm) produced with CPC have been
produced by combining the shaping process with the CPC reaction.
More specifically, authors mixed the CPC powders or paste with
a secondary phase such as solid particles [10,18], an insoluble liquid
phase [11] or a gas or gas-forming phase [19], let the material
harden, and then removed the secondary phase (if necessary) to
obtain a macroporous scaffold. Here, it is proposed to give the final
shape of the scaffold before the CPC reaction and then adjust the
chemistry. For that purpose, macroporous scaffolds were produced
beforehand, transformed into a reactive compound by high-tem-
perature thermal treatment and then converted into the desired
composition. To assess the feasibility of this approach, scaffolds
made of b-TCP were used and converted into a more acidic calcium
phosphate phase called monetite or dicalcium phosphate (DCP;
CaHPO4).

DCP is an interesting calcium phosphate compound. Its solu-
bility product is very close to the solubility product of serum, and
as a result, this compound has been seen to rapidly resorb and
transform into bone [17,20–22].

Two chemical routes can be used to convert b-TCP into DCP. In
the first route, b-TCP is reacted with phosphoric acid according to
reaction (1):

b� Ca3ðPO4Þ2 D H3PO4 / 3CaHPO4 (1)

In the second route, b-TCP is first converted into a-tricalcium
phosphate (a-TCP; a-Ca3(PO4)2) using a thermal treatment above
1150 �C (reaction (2)) [23]. Then, the more reactive a-TCP is con-
verted to DCP according to reaction (3):

b-Ca3ðPO4Þ2 ����!
T�1150 �C

a-Ca3ðPO4Þ2 (2)

a� Ca3ðPO4Þ2 D H3PO4 / 3CaHPO4 (3)

In this study, only the second route proved to work well. In the
first route, the edges of the b-TCP samples were dissolved under the
action of phosphoric acid and the initial sample shape was lost
during the reaction. Therefore, in the following the results obtained
applying the second chemical route will be described, i.e. the
thermal conversion of b-TCP into a-TCP followed by the chemical
conversion of a-TCP into DCP.
2. Materials and methods

For practical reasons, the b-TCP cylinders were produced according to a method
commonly used by the authors and previously reported [11,24]. The only difference
with the reported method was the choice of a different sintering temperature
(1200 �C instead of 1250 �C) and geometry (Ø¼ L¼ 7 mm, instead of Ø¼ 8 mm, and
L¼ 13 mm). The cylinders had a total porosity of 74�1% with a macroporosity
(macropores larger than 0.05 mm) close to 54% (assessed from the oil volume
fraction in the initial paste; for more details, see Ref. [24]).

Five different batches of eight large cylinders (20–30 mL each) were produced at
once and used to produce a few hundred cylinders. Even though the sample
homogeneity was very high (either within a batch or between batches), the cylin-
ders were randomized.

The conversion of b-TCP into a-TCP was performed at 1500 �C for 4 h in a muffle
furnace (heating rate: 5 �C/min; Nabertherm, LHT 02/16; Germany). About 150
blocks stood vertically on a calcium-stabilized ZrO2 plate (S-3406, Zircoa, USA). At
the end of the selected sintering time, the plate on which the blocks were standing
was taken out of the furnace to achieve very rapid cooling.

The conversion of a-TCP cylinders into DCP cylinders was performed in 2 mL
Eppendorf tubes (for a solid-to-liquid ratio (SLR) of 0.200 g/mL) or 5 mL plastic tubes
(for SLR¼ 0.067 g/mL). In each tube, a given volume of phosphoric acid solution was
added to one single a-TCP cylinder (w0.2 g) and incubated for a pre-defined dura-
tion at a pre-defined temperature. The experimental factors that were varied
were: (A) temperature (T: 37, 60 and 80 �C); (B) solid-to-liquid ratio (SLR: 0.067 and
0.200 g/mL – the phosphoric acid solution had a concentration of 0.233 and 0.700 M,
respectively); and (C) incubation time (t: 200 s, 30 min, 4.5, 48 h). At the end of the
incubation period, the samples were removed from the Eppendorf tubes, placed on
an absorbing paper, soaked in ethanol, and placed again on absorbing paper. The
latter rinsing procedure was repeated twice with water. Finally, the samples were
dried at 60 �C until constant weight was reached. Five samples of each composition
were produced leading to a total of 3 temperatures� 2 SLR� 4 incubation times� 5
repeats¼ 120 samples.

Block characterizations included: (i) weighing and size measurements to de-
termine the apparent volume, apparent density and porosity; (ii) micro-computed
tomography (mCT) to determine the macropore size distribution; (iii) mechanical
testing to determine the compressive strength; (iv) nitrogen adsorption to de-
termine the specific surface area (SSA) using the BET model; (v) scanning electron
microscopy (SEM) to assess the nano-, micro-, and macrostructure; and (vi) X-ray
diffraction (XRD) to assess the crystalline composition. The details of some of the
characterization methods are given hereafter. Importantly the terminology used in
the present work to define pores is the following: nanopore¼ pore in the nanosize
range, i.e. smaller than 1 mm in diameter; micropore¼ pore between 1 and 50 mm in
diameter; and macropore¼ pore larger than 50 mm in diameter. The latter size can
be considered to be close to the minimum diameter that a pore should have to be
accessed by cells.

The characterizations were performed in a pre-defined order. Before processing,
each block was weighed and its size was measured to determine the apparent
density. Four samples were analyzed by micro-computed tomography (mCT40,
Scanco Medical AG, Brüttisellen, Switzerland) before transformation to a-TCP, after
transformation to a-TCP and after transformation to monetite. A microfocus X-ray
tube with a focal spot of 7 mm was used as a source. Measurements were stored in
a three-dimensional image arrays with an isotropic voxel size of 10 mm. Besides
assessing visually the block images, morphometric parameters were determined
from the mCT datasets using direct 3D morphometry [25,26]. Each of the four
samples analyzed by mCT was submitted to different incubation conditions: the
incubation temperature was either 60 or 80 �C and the SLR value was either a 0.067-
or 0.200-g/mL. The SSA was measured by nitrogen adsorption using the BET model
(Gemini 2360, Micromeritics, USA). Four samples were tested per composition and
time. As the block diameter was smaller than the testing tube diameter (>7 mm),
the blocks could be directly inserted into the test tubes. All five samples with the
same treatment were then mechanically tested at a compressive load rate of
0.5 mm/min (Zwick 1474, Zwick, Ulm, Germany). Afterwards, one sample per group
was characterized by XRD. For that purpose, the block was ground to obtain
a powder. The powder was homogenized and packed in a cavity in an aluminum
sample holder. XRD data were collected in reflective geometry on a Philips PW1800
diffractometer (Philips, Eindhoven, The Netherlands) equipped with a graphite
monochromator in the secondary beam. CuKa radiation and a step size of 0.02� were
used to measure from 4.01 to 59.99� 2q. Rietveld refinements for quantitative phase
analysis were done with the computer program FullProf.2k (Version 3.40) [27] using
a previously determined instrument resolution function. Starting models for the
quantified phases were taken from Ref. [28] for b-TCP (whitlockite model, but with
fully Ca-occupied sites), Ref. [29] for a-TCP, Ref. [30] for monetite, and Ref. [31] for
brushite. For SEM, one sample per composition and reaction time was coated with
gold and observed with a Cambridge S360 microscope (Leica, Germany).
3. Results

The SEM analysis of the samples clearly demonstrated the
presence of micro- and macropores in the samples, and revealed
that the micro- and macrostructure of the samples were not
markedly modified during the various reactions (Fig. 1). However,
small changes were noticed. For example, the macropores appeared
smaller and the microstruts appeared thicker after the thermal
treatment used to convert b-TCP into a-TCP (compare Fig. 1a,e and
b, f). A more important change was seen during the conversion of
a-TCP to DCP: after only 200 s of reaction, the micropores were not
only filled with fine crystals, but also the macropore walls were
covered with crystals varying in size and shape (Fig. 1c,g,k; Fig. 2).



Fig. 1. Microstructure of the blocks as seen by SEM before transformation to a-TCP (left column; Fig. 1a,e,i), after transformation to a-TCP (middle-left column; Fig. 1b,f,j), after
reacting the a-TCP blocks for 200 s in phosphoric acid solution (middle-right column; Fig. 1c,g,k), and after reacting the a-TCP blocks for 2 days in phosphoric acid solution (right
column; Fig. 1d,h,l). SLR¼ 0.20 g/mL. Conversion temperature: 80 �C. Error bar: on top: 500 mm (Fig. 1a–d); in the middle: 20 mm (Fig. 1e–h); and at the bottom: 5 mm (Fig. 1i–l).
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After 2 days of reaction, the microstructure initially defining the
microporosity had disappeared in some places while the initially
empty micropores were completely filled with a fine crystalline
structure (Fig. 1d,h,l). In other words, the conversion of a-TCP to
DCP replaced the microporous structure by its negative (also mi-
croporous) structure (Fig. 1h).

Few macroscopic changes were seen by mCT during the two
phase conversions (Fig. 3). The main change was a partial filling of
the macropores during the transformation of a-TCP to DCP. A closer
look at one specific location of a block (Fig. 4) shows that the
macropore size was reduced during the first phase transformation
and partly filled with new material during the second phase
transformation. These observations were confirmed by the analysis
Fig. 2. DCP crystals seen at macropore surfaces. These photos show that large changes of cry
size and shape of DCP crystals in two different macropores (left and right side of the phot
of the pore size distribution (Fig. 5, Table 1). Importantly, mCT
images did not reveal the presence of micropores (Fig. 3).

The apparent volume of the samples was calculated based on the
diameter and height of the (cylindrical) samples assuming that the
shape remained constant during the conversion of a-TCP into DCP.
The latter assumption was not always 100% true since the shape
tended to change at the contact surface between plastic tube and
block. During the transformation of b-TCP in a-TCP scaffolds, the
apparent volume decreased from 0.266� 0.003 to 0.234� 0.010 mL.
The latter value was hardly changed during the conversion of a-TCP
into DCP. In fact, only one factor had a significant effect at p< 0.01,
namely the interaction between the SLR value and the time (data not
shown here). The effect was linear and all estimated values were in
stal size and shape are found within the same sample: (a) a ruptured surface shows the
o); (b) size and shape of DCP crystals within a macropore.



Fig. 3. Morphological changes of four blocks during phase transformation as seen by mCT. Left column: before conversion to a-TCP; middle column: after conversion to a-TCP; and
right column: after 2-day conversion to DCP. Top row: SLR¼ 0.200 g/mL; 60 �C; bottom row: SLR¼ 0.067 g/mL; 80 �C.
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the range of 0.220� 0.021 and 0.234� 0.021 mL. More specifically,
the apparent volume decreased from 0.234� 0.021 to
0.220� 0.021 mL at an SLR value of 0.067 g/mL when the reaction
time increased from 200 s to 2 days. The evolution at an SLR value of
0.200 g/mL was exactly the opposite (from 0.220� 0.021 to
0.234� 0.021 mL).

The apparent density of the samples increased significantly with
time (p< 0.01) during the conversion of b-TCP into a-TCP and
during that of a-TCP into DCP (Fig. 6a). Interestingly, the change of
apparent density during the conversion of a-TCP into DCP was
linear with log(t) and was not significantly affected by the SLR value
or temperature. The values ranged from 0.74� 0.04 g/cc (�1 SD) for
Fig. 4. Evolution of the porous structure in one particular location of one sample. SLR¼ 0.06
after 2-day conversion to DCP.
b-TCP to 0.83� 0.02 g/cc at time zero (a-TCP) and 1.05 g/cc after 2
days of reaction in phosphoric acid. A significant (p< 0.01) but
opposite trend was observed for the porosity (Fig. 6b). The values
decreased from 74�1% (�1 SD) for b-TCP to 71�1% for a-TCP (time
zero of the reaction) and 64�1% after 2 days of reaction.

According to XRD, DCP was formed very rapidly (Figs. 7 and 8).
First diffraction peaks were already observed after 200 s of reaction
(Fig. 7) and the reaction was complete after 2 days at 60 and 80 �C
for SLR¼ 0.2 g/mL (Fig. 8). Interestingly, the samples incubated at
37 �C contained some brushite, contrary to those incubated at the
two highest temperatures. Another important point is the fact that
more a-TCP remained in the samples incubated at the lowest SLR,
7 g/mL; T¼ 60 �C. (a) Before conversion to a-TCP; (b) after conversion to a-TCP; and (c)
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Fig. 5. Evolution of the pore size distribution and size distribution of the pore interconnections. (a) SLR¼ 0.067 g/mL; 60 �C; (b) SLR¼ 0.200 g/mL; 60 �C; (c) SLR¼ 0.067 g/mL;
80 �C; and (d) SLR¼ 0.200 g/mL; 80 �C. Symbols: (,) before conversion to a-TCP; (:) after conversion to a-TCP; and (B) after 2-day conversion to DCP.
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suggesting a slower reaction. However, only one sample per com-
position and time was analyzed by XRD, so that no statistically
significant changes could be observed.

The samples SSA increased from 0.22þ 0.02 to 4–5 m2/g within
200 s (Fig. 9). Beyond that point, the SSA of blocks was significantly
influenced by many factors and interactions of factors. In particular,
both the reaction time and the interaction between reaction time
and SLR value had a quadratic effect.

The compressive strength of the blocks was positively influ-
enced by the transformation of b-TCP into a-TCP (from 4 to 6 MPa)
even though this effect was not significant at p< 0.01. The con-
version of a-TCP into DCP affected the compressive in a more
complex way (Fig. 10) as not only the main effects of SLR and
temperature but also their interaction were significant (p< 0.01).
At an SLR value of 0.067 g/mL, compressive strengths ranged be-
tween 4 and 5 MPa with only a minor increase at increasing tem-
peratures. At an SLR value of 0.200 g/mL, the strength increased
Table 1
Results of the mCT analysis before conversion to a-TCP (Time 1), after conversion to
a-TCP (Time 2), and after conversion to DCP (Time 3)

Treatment Response Time 1 Time 2 Time 3

60 �C, 0.067 g/mL Porosity [%] 51 48 35
Mean pore
size [mm]

0.28� 0.06 0.26� 0.06 0.20� 0.08

60 �C, 0.200 g/mL Porosity [%] 51 47 33
Mean pore
size [mm]

0.28� 0.07 0.25� 0.07 0.19� 0.08

80 �C, 0.067 g/mL Porosity [%] 50 47 38
Mean pore
size [mm]

0.27� 0.08 0.25� 0.08 0.19� 0.10

80 �C, 0.200 g/mL Porosity [%] 50 46 33
Mean pore
size [mm]

0.27� 0.06 0.24� 0.06 0.18� 0.07

Only one sample was analyzed per treatment. The errors indicated in the table
correspond to�1 SD. The average porosity of the four samples was 51�1, 47�1, and
35� 2% at Time 1, 2 and 3, respectively. The average pore size of the four samples
was 0.28� 0.01, 0.25� 0.01, and 0.19� 0.01 mm at Time 1, 2 and 3, respectively.
linearly from below 4 MPa at 37 �C to 9 MPa at 80 �C. Interestingly,
the reaction time did not significantly affect the results.

4. Discussion

The goal of the present study was to assess whether it is possible
to convert b-TCP scaffolds into DCP scaffolds without major mor-
phological changes. Generally, the results presented in this study
support this statement, but require additional explanations.

Ideally, the sample geometry should not change during the
conversion of b-TCP into DCP blocks to eliminate the need of ma-
chining the samples after conversion. Here, despite the fact that the
apparent volume of a-TCP scaffolds was practically not modified
during the transformation of a-TCP into DCP, size changes were
seen when b-TCP scaffolds were converted into a-TCP scaffolds
(from 0.266� 0.003 to 0.234� 0.010 mL). To prevent this, one
possibility could be to use a higher sintering temperature for b-TCP
scaffolds (e.g. 1500 �C instead of 1200 �C).

The analysis of the SEM pictures revealed that the morphology
of the crystals formed at macropore surfaces varied extensively
within samples and less from sample to sample (Figs. 1 and 2). Two
explanations can be proposed. Firstly, since the phosphoric acid
solution was not degassed before mixing and since mixing was not
performed under vacuum, it is possible that some of the macro-
pores contained air bubbles. Secondly, due to the microporous
nature of the scaffolds and the limited presence of macropore in-
terconnections, the solution composition was certainly different
inside and outside the block. As a result, there was probably
a composition gradient between the outer and the inner part. In-
deed, the crystalline composition of one sample was determined
and showed significant differences between its external surface
and its core (40 and 20% DCP, respectively).

The various SEM and mCT pictures (Figs. 1–4) show that the
scaffold microstructure was more affected than its macrostructure.
In fact, this is quite likely to happen if the whole scaffold surface
reacts in a similar way. The formation of a small DCP layer at the
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solid–micropore interface would completely fill the micropore,
whereas the same reaction at the solid–macropore interface would
only slightly reduce the macropore size. Such a phenomenon
coupled to an inhomogeneous reaction rate might explain why the
pore size distribution not only decreased during the conversion of
a-TCP into DCP, but also became wider (Fig. 5).
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conversion to a-TCP; after 3 min 20 s of incubation (SLR¼ 0.200 g/mL; T¼ 60 �C) and
after 2 days of incubation (SLR¼ 0.200 g/mL; T¼ 60 �C).
No information is provided here regarding to the size of pore
interconnections, even though interconnections play a major role
in the biological response of bone substitutes [32–35]. The SEM
photos shown in Fig. 2 suggest that the number and size of the
interconnections were not markedly changed. This point should be
looked at more carefully in the future.

The scaffold porosity measured using their weight and size was
close to 70% whereas those measured by mCT was close to 40–50%
(Table 1). The reason for this discrepancy is related to the relatively
low resolution of mCT (10�10�10 mm3) compared to the size of
the micropores (close to <10 mm; Fig. 1). As a result, only macro-
pores could be detected by mCT. The macroporosity of the b-TCP
samples used in this study was close to 54%, i.e. close to the values
measured here after phase conversion. The decrease of porosity
during the first and the second transformation is probably related
on one side to the decrease of mean macropore size, hence
resulting in a more difficult detection of macropores (Fig. 5) and on
the other side to a decrease of the overall porosity due to filling of
macropores with DCP (Fig. 6b).

The apparent density of the samples did not reach a value of
1.16 g/cc predicted by reaction (3) assuming a constant apparent
volume (Fig. 6a). In fact, reaction (3) assumes that the solution
contains only water at the end of the reaction even though DCP is
a fairly soluble compound in slightly acidic conditions [36]. As the
final pH values of the incubating solutions were all in the range of
2.54–2.83, it is likely that non-neglectable amounts of calcium and
phosphate ions present in the incubating solution were removed
during the washing step performed at the end of incubation, hence
resulting in lower-than-expected apparent density values.

The rate of the a-TCP–DCP conversion reaction was enhanced
with an increase of temperature and SLR value. Apparently, the
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benefit of larger diffusion rates at higher temperature was higher
than the drawback of having lower solubilities [36]. The effect of
the SLR is probably due to the fact that the solubility of a-TCP was
higher in the more acidic 0.700 M phosphoric acid solution used for
an SLR value of 0.2 g/mL than in the less acidic 0.233 M phosphoric
acid solution used for an SLR of 0.067 g/mL.

The presence of brushite in samples incubated at 37 �C was
unexpected because DCP is less soluble than brushite at all pH
values and temperatures [36]. However, brushite formation is ki-
netically favored compared to that of DCP, particularly at low
temperatures [37–39]. Importantly, the crystalline composition of
the samples was determined after drying even though it has been
reported that brushite can convert to DCP, particularly in humid
and slightly acidic conditions [40–43]. Therefore, it is possible that
the brushite content was larger at the time of reaction, but de-
creased during drying.

As previously seen, the SSA results are very simple and very
complex at the same time (Fig. 9). The simple part is the fact that
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the replacement of large rounded a-TCP surfaces by fine DCP
crystals (Figs. 1 and 2) led to a rapid and roughly 20-fold SSA in-
crease (from 0.22 to about 4–5 m2/g). The complex part is the fact
that many factors and interactions of factors played a significant
role (at p< 0.01) on the SSA values (Fig. 9). In particular, both the
reaction time and the interaction between reaction time and SLR
value had a quadratic effect. These results are likely to be related to
the fact that the DCP content increases with time, which should
lead to an increase of SSA, and that the DCP crystal size is expected
to increase with time, which should decrease the SSA.

Scaffolds used in surgery should not only have the right com-
position and structure, but also present a mechanical strength high
enough as to stand surgical handling. A compressive strength larger
than 1–2 MPa is sufficient in most cases. Here, the conversion of b-
TCP scaffolds into DCP had no negative effect on the compressive
strength. In fact, the values were increased two-fold up to 9 MPa
with an SLR value of 0.2 g/mL and an incubation temperature of
80 �C. It is clear that a simple compressive test is not sufficient to
fully characterize the samples mechanically [44], but provides
enough information since the scaffolds are not meant to be
implanted in load bearing areas (considering the fragile nature of
calcium phosphate bone substitute, it is a contra-indication).

One important goal of the present study was to provide
a method that would allow producing scaffolds made of a calcium
phosphate phase only stable at or close to room temperature (e.g.
DCP) in pyrogene-free conditions. Here, conversion was performed
using high-temperature pyrogene-free processes (sintering) fol-
lowed by incubations in aqueous media at temperatures high
enough to prevent microbial proliferation (e.g. 80 �C). Thus, it is
believed that the presented method could be used industrially to
produce DCP scaffolds.

Last but not least, it has to be mentioned that several authors
have used a similar approach as the one presented here. For exam-
ple, Kitamura et al. [45] converted a-TCP scaffolds to octocalcium
phosphate in a pH 4.0 buffer solution at 36.5 �C. These authors also
observed the formation of nanosized crystals, a decrease of macro-
porosity, and an increase of specific surface area (from 0.1 to 50 m2/
g). However, since the focus of their study was the enhancement of
protein adsorption, a detailed description of the reaction kinetics,



L.G. Galea et al. / Biomaterials 29 (2008) 3400–3407 3407
change of porosity and mechanical properties was not provided. The
group of Ishikawa et al. [46,47] transformed a-TCP granules and
blocks hydro thermally in water or disodium carbonate solution to
form apatite and carbonated apatite scaffolds, respectively.

5. Conclusion

The goal of the present study was to assess the possibility to
convert b-TCP scaffolds into DCP without macrostructural changes.
For that purpose, b-TCP scaffolds were first converted to a-TCP via
a thermal treatment, and then dipped into a phosphoric acid so-
lution. The results demonstrated that the scaffolds were fully
converted to DCP within 2–3 days. The two successive conversion
reactions provoked a decrease of porosity from roughly 75 down to
65%. However, only few geometrical changes were seen at the
macro-level, i.e. some macropores were partially filled with DCP,
hence reducing the mean pore size. Most geometrical changes were
observed at the micro-level with the filling of micropores with
small DCP crystals. To conclude, the presented method can be used
to convert b-TCP scaffolds into DCP scaffolds practically without
macrostructural changes and with a positive effect on the me-
chanical properties (two-fold increase) and the specific surface area
(roughly 20-fold increase up to 5 m2/g).
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