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Abstract

A simple pathway in preparation of biphasic calcium phosphate scaffold of hydroxyapatite/beta-tricalcium phosphate with controlled
pore size, shape and porosity using phosphoric acid and calcium carbonate was successfully developed. Microporosity was controlled by
adjusting temperature and soaking time of the sintering process while macroporosity was obtained through addition of polyethylene
spherical particles. The advantage of this method is that a highly pure biphasic calcium phosphate scaffold consisting of hydroxyapatite/
beta-tricalcium phosphate in a controlled ratio of 20/80 with a mean pore size of 300 pm and 65% porosity can be produced. These
properties of scaffold are of high potential for use in dentin regeneration.

© 2012 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

Tissue engineering is a novel concept to regenerate
functional new tissue using cells, bioactive molecules and
scaffolds. A well-designed scaffold can provide a structural
framework as well as a microenvironment to facilitate
tissue formation [1,2]. Thus, the selection of appropriate
scaffold parameters such as scaffold material, porosity,
pore size, shape and pore distribution is critical in dentin
tissue regeneration [3,4].

Biphasic calcium phosphate (BCP) materials have been
reported as a suitable scaffold for hard tissue engineering
[5-8]. BCPs consist of an intimate mixture of hydroxyapatite
(HA) [Ca;o(PO4)s(OH),], and beta-tricalcium phosphate (-
TCP) [Ca3(POy),] crystals of varying phase compositions
(HA/B-TCP ratios) [9]. HA is bioactive and B-TCP is
resorbable [10], and recent research has been devoted to
manipulation of the composition of HA and B-TCP [11,12].
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BCP of HA/B-TCP in a ratio of 20/80 has been reported as
an appropriate scaffold material for bone tissue engineering
and is more effective than pure HA or B-TCP alone [13] and
also provided the best dentinogenic effects resulting in a
thicker reparative dentin bridge and quicker formation of
normal tubular dentin when it was placed in direct contact
with pulp tissue [14]. Yildirnm et al. [15] reported that it
served as an ideal calcium phosphate biomaterial to induce
initial healing response and served as a good carrier for
biologically active dentinogenic molecules.

Generally, there are two main methods to synthesize
BCP: (1) sintering of calcium-deficient hydroxyapatite
(CDHA) powder and (2) direct mechanical mixing of
HA and B-TCP powders [16]. In the first method, a
synthetic, natural or biological calcium-deficient hydro-
xyapatite (CDHA) [Cajg_(POy4)s_(HPO4)xXx(OH),_,] is
sintered at a temperature above 700 °C. The extent of
calcium deficiency (Ca/P molar ratio > 1.67) determines
the HA/B-TCP ratio in the BCP ceramics, which affects the
reactivity of the material; the lower the ratio, the higher the
reactivity. However, the reactivity also depends on particle
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size, and micro- and macro-porosity of the BCP that are
affected by temperature and duration of sintering as well
as by other variables of processing [9,17].

The intermediate product of CDHA in BCP processing
is usually produced by the precipitation method [16,18].
In one type of precipitation method that employed
Ca(NO3), and (NH4),HPO,4 other phases of impurities
resulted [19-21]. Ca(OH), and H;PO,4 were used in another
precipitation process. However, the absorption of atmo-
spheric CO, by Ca(OH), and its partial transformation to
CaCOj resulted in irreproducibility of BCP characteristics
[9,22]. Hence, CaCO5 was used due to its chemical stability
during storage at standard conditions. The following
reaction occurs between CaCO3; and H3;POy4 [9]:

(5—2x)CaCO; + (3—x)H3PO4 — (1—x)Cas(POy)s
OH + xCa;(POy), + (4—x)H,0 + (5—-2x)CO, (1)

x=10—6Ca/P;

In the case of direct mechanical mixing, the impurities in
the initial commercial powders of HA and B-TCP affected
the scaffold functional characteristics [16,17]. Another
important factor that can also affect the functional
characteristics of the scaffold is the porosity, in which
pore size and total porous volume are very important.
Microporosity (diameter < 10 pum) allows body fluid
circulation, whereas macroporosity (diameter > 100 um)
provides a scaffold for cell attachment, migration, coloni-
zation and tissue deposition [23,24].

Many methods have been described for the preparation
of macroporous scaffolds: use of polymeric sponges
[25,26], porogen substances such as naphthalene particles
[27], poly vinyl butyral (PVB) [28], polystyrene or poly-
methyl methacrylate beads [29], sodium chloride grains
[30], flour [31] and gas-forming [32]. However, ecach
technique has its own limitations and challenges. One of
the serious challenges is controlling the total porosity,
macropores shape and size. It was reported [33] that the
total porosity of 65% was efficient compared to those of
25% and 75%, for total protein production and alkaline
phosphatase (ALP) activity which were taken as indicators
of growth/matrix production and for the comparison of
cell differentiation. Tonomura et al. [5] concluded that the
porous scaffold of 300 um pore size was adequate for
porcine dental pulp-derived cells to align with the scaffold
surface, differentiate, and regenerate dentin-like tissue
compared to granular and fiber-type scaffolds. Recently,
Ando et al. [14] found that the transplanted dental pulp-
derived cells using 2:8 ratio of HA/B-TCP of 300 um pore
size as a scaffold, regenerated dentin bridge-like structures
on exposed dental pulp tissue. The hard tissue was positive
for type I collagen (Col-1), osteonectin (ON), bone sialo-
protein (BSP), and dentin sialoprotein (DSP), which are
important markers for dentin.

The preparation of pure BCP scaffold with HA/B-TCP
ratio of 20/80, controlled total porosity and macropores
suitable for dentin regeneration has not been reported in
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the literature and hence the aim of this study was to
develop a simple pathway for preparation of this material.
The shape and size of the macropores were controlled by
using a porogen, polyethylene (PE) spherical particles.
Thermogravimetry analysis (TGA) and differential thermal
analysis (DTA) were used to adjust thermal treatment
during scaffold fabrication. Qualitative and quantitative
X-ray diffraction (XRD), X-ray fluorescence spectroscopy
(XRF) and fourier transform infrared (FTIR) were used for
scaffold characterization. Pore size, shape and distribution
were evaluated using a field emission scanning electron
microscope (FESEM) and image analyzer. The total por-
osity was measured by the Archimedes method.

2. Materials and methods
2.1. BCP scaffold synthesis

BCP was processed by CDHA synthesis using the wet
precipitation method. To prepare BCP of 20/80 ratio of
HA/B-TCP, different Ca/P ratios were used. For whole
ratios, H3POy4 (99.99%, Aldrich, USA) water solution was
added at a rate of 7mL/min into a water suspension of
CaCO; (=>99.0%, Aldrich, USA) under continuous stir-
ring at room temperature (28 + 3 °C). When the pH of the
medium was 7.0 or 8.0, the mixture was heated at a
temperature of 80 °C for an hour with stirring before
cooling it down to room temperature. The precipitate was
aged for 48 h, then washed three times and filtered using a
centrifuge and dried using an oven at 100 °C for 24 h. The
dried cake was crushed using pestle and mortar and the
powder of mean particle size of 0.97 um was mixed with
PE spherical particles of 300-350 um (Cosphere, USA) at a
ratio of 4:2.5v/v using alumina balls. The mixture was
uniaxially pressed at 24 MPa in a 32 mm die to form 6 mm
thick pellets.

To optimize the heating profile and to avoid cracks that
form due to expansion of beads when heated in air, TGA-
DTA analyses were performed on a mixture of CDHA/PE.
The analysis was performed at a heating rate of 10 °C/min
from 26 °C to 1000 °C. On the basis of TGA/DTA study,
the pellets were fired at 400 °C for 2 h with 0.5 °C/min
heating rate for PE removal and further sintered at
1000 °C for 2h with 5°C/min before cooling down to
room temperature. Scaffold synthesis procedure is sche-
matically illustrated in Fig. 1.

2.2. Characterization of the scaffold

The phase present and the ratio of HA/B-TCP of the
scaffold were analyzed qualitatively and quantitatively by
the XRD analysis using Eva and X’Pert HighScore Plus
softwares, respectively. The scanning was done from 10° to
60° at a rate of 0.02°/min (Bruker, D2, PHASER) using
Cu-Ko radiation generated at 30kV and 10 mA. The
crystalline phases were determined from a comparison of
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Fig. 1. Schematic presentation of (a) flow chart of BCP scaffold preparation procedure and (b) sintering program.

the registered patterns with the International Centre for
Diffraction Data (ICDD) powder diffraction file (PDF).

Fourier transform infrared (FT-IR) spectrum (Perkin-
Elmer 1720X) was obtained for a pellet of approximately
2 mg sample mixed with 800 mg ground spectroscopic-
grade KBr that was analyzed in the diffuse reflectance
mode over the wave number range of 400-4000 cm ~' with
4cm~" resolution. The chemical composition of the
prepared BCP scaffold was measured by X-ray fluorescence
spectroscopy (Rigaku, RIX 300).

Field emission scanning electron microscopy (FESEM,
VPFESEMSUPRA, 35 VP) was used to evaluate the mor-
phology of the PE particle, macro- and micro-porosity. The
samples were first sputter-coated with a layer of platinum
alloy (ISOA thick). The pore size was measured by using
Image J software.

The shrinkage properties were analyzed to determine the
shrinkage range of the pellets after sintering. The diameter
of the porous pellet was measured before and after the
sintering process using vernier caliper. The percentage of
shrinkage was measured by the following equation [34]:

2)

where D; and D, are the diameters before and after
sintering, respectively.

The Archimedes method using water was used to assess
the total porosity of the scaffolds. This was performed by
tying the scaffold by nylon string and weighing in air (M)
by an electronic balance (Precisa XT 220A). The sample was
then placed in a beaker containing water in a vacuum glass
container which was vacuumed to release the air from
porosities of the sample for 1 h. While it submerged in the
water (M,,;), the sample was weighed. The excess water on
the surface of the sample was wiped by filter paper before
the sample was weighed in air (M,,.;). Measured values were
used to calculate the porosity value with the following
equation [35]:

% Shrinkage = (D, —D,/D,) x 100

% Porosity = (Mwet_Mdry)/(Mwet_Msub) x 100 (3)

where M, is the wet mass, My, is the dry mass, and M,
is the submerged mass.

3. Results and discussion

The parameters for the synthesis of BCP and the Ca/P
ratio of the powders are summarized in Table 1. A pH of
7.0 or 8.0 was chosen for CDHA synthesis as it provides a
neutral or slightly alkaline environment. This was in
agreement with the results of the earlier researchers
[16,36]. The qualitative XRD patterns for the synthesized
BCP scaffolds of different ratios sintered at 1000 °C are
shown in Fig. 2. The results showed that the prepared
CDHA has a poor crystalline apatite structure, with peak
positions matching closely with the diffraction peaks of
stoichiometric hydroxyapatite (ICCD no. 00-0-9-0432),
which is in agreement with earlier researchers [37,38].
The qualitative XRD patterns of the CDHA with Ca/P
ratios of 1.50, 1.517, 1.534 and 1.55 at both pH values
revealed that they were indistinguishable from each other
(data not shown).

Fig. 2 shows the presence of the two phases in BCP
samples: B-TCP [ICDD 01-070-2065] and HA [ICDD
00-009-0432] only. Three main peaks were observed for
B-TCP at 20 angle of 27.77°, 31.04° and 34.33° while for
HA, they were observed at 31.86° and 33.05°. The highest
peak intensities for B-TCP and HA were at 31.04° and
31.86° corresponding to the plane (0210) and (211),
respectively. These peaks were considered as the most
appropriate peaks for XRD analysis [11]. The results
confirmed that the prepared BCP consisted of highly
crystalline phases as indicated by the narrow and sharp
diffraction peaks. This is in agreement with the work
reported by earlier researchers [39,40].

The pH value clearly affected the final Ca/P ratios of
BCP scaffolds as shown in Table 1. The higher the pH, the
higher the HA percentage and subsequently, higher are the
final Ca/P ratios. This may be due to the phase transfor-
mation of B-TCP to HA in alkaline environment by the
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The synthesis parameters, initial and final percentages of HA/B-TCP and Ca/P ratios of the BCP powder.

Samples Theoretical phases (%) Initial Ca/P ratio® Final phases (%)° Final Ca/P ratio® Deviation (%)
HA B-TCP HA B-TCP
pH 7
Al 0 100 1.500 8.9 91.1 1.514 0.9
Bl 10 90 1.517 20.1 79.9 1.535 1.2
Cl1 20 80 1.534 30.7 69.3 1.551 1.1
Dl 30 70 1.550 39.2 60.8 1.565 1.0
pH 8
A2 0 100 1.500 15.1 84.9 1.524 1.6
B2 10 90 1.517 25.6 74.4 1.542 1.6
Cc2 20 80 1.534 37.5 62.5 1.563 1.9
D2 30 70 1.550 47.7 52.3 1.579 1.9
#Calculated by Ca/P=wt% HA x 1.67+wt% TCP x 1.50.
®Measured by quantitative XRD using X’Pert HighScore Plus software.
B ——pH 8.0 6000
— pH7.4 z
5000 @ * §-TCP
®HA
D2 2
b £ 40004 2
B S &
z 3000, &
D1 -
o
= 2 20001
H 1000+
\ I cz
0 T T T T T
B 35 40 45 50 55 60
s Angle (20)
f A c1
o Fig. 3. Qualitative X-ray diffraction pattern of BCP scaffold of 1.517 Ca/P
i;_ e ratio synthesized at pH 7.0 and sintered at 1000 °C for 2 h.
| n
E ' B2 ; i .
following reaction [36]:
B
5Ca;3(POy), +30H ™ —3Cas(PO4);0H+PO;~ )
= - The results in Table 1 show that the deviation between
initial and final Ca/P ratio is only ~1% for the samples
B
prepared at pH 7.0 compared to those at pH 8.0 that leads
- to a variation of ~10wt% of phase proportions after
A thermal treatment measured by quantitative XRD.
T Based on theoretical calculation [41] using Eq. (5), Ca/P
ratios of 1.534 and 1.517 result in HA/B-TCP of 20/80 and
H Al 10/90 respectively.
Calculated Ca/P =wt% HA x 1.67+wt% TCP x 1.50 (5)
CDHA
v _ — i, Experimentally, a Ca/P ratio of 1.534 resulted in HA/
20 25 30 3s 40 a5 s0 ss 60 B-TCP ratio of 30.7/69.3 instead of 20/80, while a Ca/P

Angle (20)

Fig. 2. Qualitative X-ray diffraction pattern of CDHA and different
ratios of BCP scaffold synthesized at pH 7.0 or 8.0 and sintered at
1000 °C for 2 h (B=p-TCP, H=HA).

ratio of 1.517 resulted in HA/B-TCP ratio of 20.1/79.9
instead of 10/90. Therefore, Ca/P ratio of 1.517 at pH 7.0
was chosen to prepare 20/80 ratio of HA/B-TCP. Fig. 3
shows the qualitative X-ray diffraction pattern of BCP
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scaffold that contains only HA and B-TCP phases. How-
ever, the composition of the final powder did not depend
directly on the Ca/P value of the initial reagents but rather
depended strongly on the processing parameters such as,
solution composition and supersaturation, temperature,
pH, stirrer speed, duration and aging time that have been
established. This synthesis condition achieved good repro-
ducibility since the powders could be produced with a
relative deviation of their Ca/P value ~1%. Thus, a simple
pathway for the preparation of BCP was established.

For the BCP scaffold preparation using PE as a pore
former, TGA/DTA thermograms of a mixture of CDHA/PE
were performed. The results showed that the weight of the
mixture decreased as temperature increased (Fig. 4). The first
weight loss at ~ 100 °C is due to the evaporation of water. A
sharp weight loss at ~300-380 °C is due to the burning out
of PE particles. Thus, to ensure that the PE particles were
burnt out completely and to avoid the cracks in the scaffold,
the heating rate adopted was very slow at a sintering
temperature below 400 °C. Other weight loss at temperatures
above 750 °C is attributed to the decomposition of CDHA
to HA and B-TCP according to the general reaction below
[10,12,20].

Cao_(HPOy) (POy)s_(OH), = (1-x)Cajo(PO4)s(OH),
+3xCa3(PO4), +xH,0

(©)
x = 10—6Ca/P;

Fig. 5 shows that BCP is composed of HA and B-TCP
with no other phases. The characteristic peaks between
557604 cm ™" and 945-1087 cm ™' were assigned to phos-
phate group (PO3~) and the peak at 3571cm™' was
attributed to the stretching mode of hydroxyl group (OH™).
The high peak intensity at about 1040 cm ™ 'and the absence
of absorbances at 1400-1600 cm™' range and at about
875cm ! in the IR-spectrum confirm the absence of carbo-
nate group (CO3™) indicating that the reaction of CaCOs/
H;POy, system did not result in carbonated BCP. The results
of this FTIR spectroscopy were in good agreement with those
of the standard BCP infrared absorption spectrum [9,34].

0<x<l
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Fig. 5. FTIR spectrum of BCP scaffold of 1.517 Ca/P ratio synthesized at
pH 7.0 and sintered at 1000 °C for 2 h.

The chemical composition of the prepared BCP was
obtained by using XRF. The contents of CaO and P,Os
were 57% and 43%, respectively. The results confirmed
that the prepared BCP was pure without other compounds
or impurities that may greatly affect the physical-chemical
and consequently, the functional characteristics of the
product.

The linear shrinkage of the sintered scaffold is calculated
to be 9% by employing the formula (2) (in Section 2 of
Materials and methods part). This can be attributed to the
densification that occurs during the sintering process [36].

Fig. 6(a) shows the scaffold spherical macropores that
were fabricated using spherical PE particles as porogens
(Fig. 6(b)). The advantage of PE is that it creates a well-
defined porosity with accurate pore size and can be easily
eliminated by thermal treatment [4]. Statistical analysis of
the scaffold macroporous structure revealed that the mean
pore size was 308 + 12 um. The thermal removal of these
porogens generated macropores with smaller size com-
pared to the original size of porogen. This can be due to
the scaffold shrinkage during the sintering process after the
removal of PE particles.

The size of macropores is a critical factor affecting the
supply of nutrition, cell attachment, migration, and tissue
in-growth. For dentin tissue regeneration, odontoblasts, that
are polarized cells, need to align on the surface of the matrix
or existing dentin to generate dentin. The closed environment
of porous scaffolds which is achieved by using spherical PE
particles is beneficial for cell fate determination and induction
of odontogenic differentiation.

A pore size of 300 um was adequate for porcine dental
pulp-derived cells to align with the surface and to regen-
erate dentin-like tissue [5].

Fig. 6(c) and (d) shows that the scaffold still had
micropores. The presence of micropores can be attributed
to the presence of HA phase. This result is in agreement
with Descamps et al. [42] who reported that HA phase
scattered in the matrix would act like an inhibitor of grain
growth and enlargement of B-TCP, allowing a better densi-
fication of the material. It was found that the presence of
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Fig. 6. SEM images showing (a) macroporosity, (b) PE particles, and (c) and (d) microporosity of BCP of 1.517 Ca/P ratio synthesized at pH 7.0 and

sintered at 1000 °C for 2 h.

only 5% HA with micropore size of < 10 pm could improve
the densification properties of the ceramic. This depended on
the sintering temperature and sintering program, which
usually decrease with increase in temperature [43]. The
micropores can be well preserved by adopting the sintering
temperature and program used in this study. The presence of
micropores in the scaffold is necessary for fluid circulation,
vascularity restoration and for controlled delivery of drugs
[44].

The total porosity of the prepared scaffold, as measured
by the Archimedes method, was 64.62 4+ 0.84%. It is
considered as a total porous volume in the scaffold which
includes both micropores and macropores volume. This
percentage is beneficial for protein production and ALP
activity, which are necessary for the differentiation of cells
[33].

4. Conclusions

In this study, a simple and reproducible pathway for
producing highly pure BCP scaffold of HA/B-TCP in a
ratio of 20/80 with 65% total porosity and 300 pm
spherical shape macropores, besides the preservation of
the micropores structure has been successfully developed.
The scaffold was produced by using CaCO; and H3POy, as
the starting materials with Ca/P deviation of only ~1% at
pH 7.0. The presence of micropores is very helpful for the
flow of nutrients, while the controlled macropores shape
with a mean size of 300 pum is suitable for the alignment of
dental pulp-derived cells and its differentiation to odonto-
blasts. Hence, this porous BCP scaffold holds promise to
be used in dentine tissue regeneration.
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