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Synthesis, chemical and microstructural
characterization of micro macroporous biphasic
calcium phosphate granules

M. A. Garcés Villala,?® J. L. Calvo Guirado,© D. Granados,? S. P. Limandri®®
and V. Galvan Josa%®*

A route based on calcium phosphate emulsions with addition of glycolic acid as pore former was developed for synthesizing
porous nanocrystalline biphasic calcium phosphate ceramics. The method is low cost and gives a biphasic calcium phosphate
composed of 88% f-tricalcium phosphate and 12% hydroxyapatite. The material obtained is characterized by scanning electron
microscopy, X-ray diffraction and X-ray fluorescence techniques, and the specific surface area is determined by the Brunauer,
Emmett and Teller method. The small crystalline domain sizes obtained (68 and 87 nm for g-tricalcium phosphate and
hydroxyapatite phases, respectively) allow a major contact reaction and stability in the interphase between the implanted
material and natural bone, as well as a better promotion effect on the early bone in-growth. The improvement of the physical,
chemical and structural properties by the balanced combination of the ceramic phases, the small crystallite size, the high porosity
and high specific surface area obtained is a desirable characteristic in bone tissue engineering and encourages the performance of
animal studies in vivo to evaluate their use for applications such as bone replacement in humans. Copyright © 2017 John Wiley &
Sons, Ltd.

Introduction

Tissue engineering is an interdisciplinary field in which engineering
and life science principles are combined to obtain biological substi-
tutes capable of restoring, keeping or improving the function of the
tissue or organ that has been affected. To be accepted as a bone
matrix, a material must fulfill certain requirements related to
biocompatibility, osteoconduction, osteointegration and bio-
absorbabilty, and it must also have suitable mechanical properties
to provide structural support during bone growth, allowing vascu-
lar neoproliferation and consequently osteogenesis. Several
in vivo and in vitro experiments have shown that calcium phos-
phates in many forms (porous blocks, coatings and powders,
among others) and phases (crystalline, amorphous or mixtures)
support the attachment, differentiation and proliferation of cells
(such as osteoblasts and mesenchymal cells).! They are mainly
used as bone grafting materials and, due to their high hygroscopic-
ity, as drug delivery systems.””

The biphasic calcium phosphates (BCPs), which are composed of
a stable phase, hydroxyapatite (HA) (Ca;o(PO4)s(OH),, HA) and a
more soluble phase, generally fS-tricalcium phosphate (Caz(POy,),,
BTCP), present several advantages over the single-phase compo-
nents or other calcium phosphate ceramics because of their unique
dissolution characteristics promoting new bone formation at the
implant site.®) Medical applications of BCP are currently focused
on the production of non-load-bearing implants, such as bone graft
substitutes in oral or orthopedic surgery, or as coating for
implants."

Biphasic calcium phosphate can be obtained by sintering bio-
logic or synthetic apatites. Sintering commercial calcium phosphate
reagents above 900 °C also gives, depending on the starting

material and sintering conditions, pure HA, BTCP or BCP. Another
possibility to obtain BCP is by mechanically mixing two types of
synthetic apatites: one resulting in BTCP and the other in HA after
sintering at temperatures above 900 °C."”!

Chemical and clinical performance of BCP is related to their stoi-
chiometry, crystallinity and morphology. The mass proportion be-
tween HA and BTPC influences the reactivity: The lower the
HA/BTCP ratio, the higher the reactivity.”) Mechanical properties
are associated with the Ca/P molar fraction.® Bioactivity and
osteoconduction are associated with the material solubility, which
increases when some Ca atoms are substituted by Sr.”’ Regarding
this last effect, the incorporation of chemical species into the apa-
tite structure influences the physical, chemical and physiological
properties of the solid and consequently affects the mineralization
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process of the calcified tissues.'%'? Mg substitution has its own
significance in the calcification process and on bone fragility and
has an indirect influence on mineral metabolism.*'” Besides, it also
influences the apatite crystallization, promoting the formation of
BTCP."® The presence of Na in biological apatites plays an
important role in the cell adhesion and also in bone metabolism
and resorption processes.® Trace Zn amounts favor osteoblastic
cell proliferation and differentiation, adding a potent and selective
inhibitory effect on osteoclastic bone resorption in vitro.'?"
The beneficial effects of Sr arise from its capacity to prevent
bone loss by depressing bone resorption and maintaining bone
formation.!"

Structural and morphological properties also affect the
bioceramic performance. For dentistry applications, a high specific
surface area is usually desired in order to maximize the interaction
of multinucleated cells with the bone substitute.! Optimum gran-
ule morphology ensures an adequate space for new vascular
sprouts and the consequent invasion by osteoprogenitor cells.
The 3D array of the granules is another factor that has received
low attention, despite its potential effect on osteoconduction.®
Calcium phosphate scaffolds with macro (>50 pm) and micro
(<10 um) pores produce capillary forces allowing adhesion and
penetration of cells!"”? A macroporous structure favors cell in-
growth and blood vessel invasion'® because of the similarity be-
tween the pore size and the macroporosities in human spongy
bone'®! Microporosity allows the entrapment and concentration
of proteins, which, when contact with undifferentiated cells, induce
their differentiation.’%2"

The aim of this work is to present a fast and low-cost sintering
process to obtain BCP granules with optimal chemical, mineralogi-
cal and morphological characteristics for grafting purposes in oral
surgery. The chemical and structural characterization performed
here is the first step for obtaining a biocompatible material. In vivo
animal tests, which are not covered in the present study, constitute
the following step necessary to evaluate the tissue responses to the
implanted material.

Materials and methods

Synthesis

Biphasic calcium phosphate powder was obtained by using a tech-
nical grade mixture of calcium phosphates (60% HA, 30% calcium
hydrogen phosphate and 10% tricalcium phosphate) and an aque-
ous solution of glycolic acid GH,05 at 70% with pH = 0.35 (Sigma-
Aldrich). The last compound is diluted at 50% in water, adjusting its
pH value to 0.7. The liquid glycolic acid is added to the powder at a
proportion of 1 ml/g in a glass vessel and continuously stirred at
60 rpm in a stainless steel mixer for 2 min. An exothermic reaction
with a maximum temperature of 54.5 °C is produced. Then, to evap-
orate the water excess, the sample is dried in a furnace at 100 °C for
24 h. The material obtained is ground to break up agglomerates
and sieved to obtain particle sizes of 500-1000 um. After that, the
sample is heated at 600 °C for 10 min under a 60 °C/min heating
rate at atmospheric pressure. Afterwards, the temperature is raised
(with the same heating rate) until 1100 °C is reached, and the mate-
rial is maintained at this temperature for 6 h in vacuum atmosphere.
This last thermal treatment produces a solid-state reaction that re-
duces 53% of the sample weight and transforms the material into
crystalline BTCP and HA. The new material is sieved again with
the same sieved size previously used.

Characterization techniques

The morphology and microstructure of the final particles obtained
were observed from secondary electron images, acquired in a Field
Emission Scanning Electron Microscope (FE-SEM) Zigma Zeiss
electron microscope, operated at 5 kV. To this aim, final granules
were dispersed in carbon tapes and sputtered with 10-nm-thick
chromium layers.

The chemical composition was determined by X-ray fluores-
cence (XRF); a total of five fusion beads were prepared in order to
get reproducible results with a Claisse M4 flux-litetetraborate—
dilithium tetraborate (Li,B,0,) (Claisse, Canada). For each fusion
bead, 1 g of sample and 8 g of flux were weighed (with an accuracy
of 0.0001 g) and put into a previously cleaned crucible. The use of
fusion beads has several advantages over the conventional press
pellets, such as as elimination of particle size and structure effects,
removement of the heterogeneity, decrease of interelement
influence and lower consumption of the sample, which leads to
more accurate results. The measurements were performed in an
XRF sequential spectrometer Bruker F8 Tiger. The X-ray tube has a
Rh anode, and the characteristic X-ray lines were detected with
LiF(200) (K-U), PET (AI-Cl) and XS-55 (O-Mg) crystals and with a
proportional counter (for low Z elements) and a scintillator counter
(for high Z elements).

The specific surface area was determined by the triple-point
Brunauer, Emmett and Teller (BET) method.*? The sample was
dried and degassed at 400 °C for 2 h. Three independent measure-
ments were carried out in a DigiSorb 2600 micromeritics surface
area analyzer, and krypton gas was used as adsorbate, because
the value obtained for BET area by using nitrogen gas is below
the precision limit of the equipment.

A PANalytical Empyrean Philips PW 3710 X-ray diffractometer
was used to determine the mineral phases present in the raw
material used and in the final sample. Five independent measure-
ments were performed for each sample in the interval 5-90 ° 260
with a step size of 0.02 °, Cu-Ka radiation, 30 kV voltage and
25 mA current. Rietveld refinements were carried out in order to
determine the mineral mass concentrations and the Ca substitution
by Mg in the BTCP phase. The results presented here correspond to
the mean values of the independent measurements.

The Rietveld method

The Rietveld method is a suitable alternative for the quantitative
analysis of mixtures of polycrystalline phases. It uses a least squares
approach to refine a theoretical X-ray diffraction pattern until it
matches the measured profile.”®! The model for the calculated pro-
file includes structural (spatial group, atoms in the asymmetric unit,
temperature factors etc.), microstructural (concentration, crystal
size and microdeformation) and instrumental (slit width, sample
size etc.) factors.

In this work, the software Toras 3® with fundamental parameters
approach was used for the Rietveld refinements. The parameters
refined were the background, which was modelled by sixth-order
Chebyshev polynomial, the sample displacement, the zero
correction, the crystallite sizes of HA and BTCP phases and some
Ca occupancy factors for the BTCP structure. The International
Crystal Structure Database (ICSD) codes used as starting crystallo-
graphic data for HA and BTCP were #22059 and #410782,
respectively. Temperature factors were not refined, because their
influence is negligible compared with the statistical uncertainties
and the errors associated with the refinement of occupancy factors.
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In order to provide a figure of merit for the performance of the fit,
the goodness of fit is assessed through the weighted comparison of
the predicted intensities Y with the experimental ones Y:

2
GOF¢;§M o

N—-PS Y

where j denotes each of the N channels in the considered XRD
pattern and P is the number of refined parameters”® The
statistical quality of the fit is represented by the R, value, defined
as follows:

Results and discussion

The physical structure of BCP sample obtained in this work can be
observed in the SEM micrographs (Fig. 1) acquired at different mag-
nifications. The presence of porous with sizes ranging from 50 to
200 um (macropores) is evidenced in Fig. 1(a) and (b). Particles bear
irregular shapes with rounded borders, which is associated with a
high macroporosity. The particle surface is mainly concave, which
is advantageous because this surface morphology favors cell adhe-
sion and proliferation and it is responsible for the beginning of new
bone formation.*¥

The particle microstructure consists in a highly porous agglomer-
ate of fine micrometer-sized grains [Fig. 1(c) and (d)]. The mean di-
ameter of these subunits is 1.5 + 1.0 um, and their irregular
morphology indicates that they are not completely coherent crys-
talline domains. The necking among the grains is due to the final
sintering temperature at 1000 °C.*! The total volume associated
with the micrometric pores, obtained from the images acquired
at the same magpnification (3500x) for different particles, resulted
at around 35%. This is only a rough estimation because images

do not correspond to a flat sample and the precise delimitation of
pores is not straightforward.

The specific surface area of the material studied, obtained by the
BET method, is 4.06 + 0.06 mz/g, which lies between the largest
values reported in literature for the sintering temperatures used
in this work. For instance, Gauthier et al™ reported BET areas of
3.5-3.9 m%/g for BCP with 60/40 HA/BTCP ratio, whereas Descamps
et al!"® obtained areas ranging from 2.5 to 5 m%/g for pure BTCP at
calcination temperatures of 950 °C. The high porosity observed in
SEM images and high surface area obtained can be associated with
the effect of the glycolic acid in the sintering process. As it was
mentioned in the introduction, a large surface area (closely
related with microporosity) is necessary to achieve excellent
osteoconductivity and to promote material resorption.?®

The average mass concentrations obtained by XRF for the sam-
ple synthetized and for natural bone are shown in Table 1. The nat-
ural bone composition was estimated by renormalization of data
given by Kannan et al”®! removing the carbonate groups and con-
stitutes a rough approximation, because there are strong variations
in major and trace elements according to age, nutrition and bone
type. The mass concentration uncertainties were estimated by
quantifying a fusion bead of an HA purum p.a. sample (Sigma-Al-
drich), resulting at around 0.01% for all the elements studied. The
low uncertainty values obtained are related to the use of fusion
beads for the XRF measurements, which minimizes matrix effects
and leads to more accurate results. The presence of Na, Mg, Sr, Ni
and Zn as minor and trace elements is expectable and can be asso-
ciated with impurities of the raw materials used. It is well known
that ionic components Ca®* and (PO,) in calcium phosphates can
be easily interchanged by other ions;*® particularly, some Ca sites
are naturally substituted by Sr and Mg. As it was previously men-
tioned, the presence of these trace elements is not negative, be-
cause some ionic substitutions favor physical, chemical and
physiological properties of bioceramics. It is important to mention
that Ti and Al were not detected in the samples obtained here.
These elements negatively affect solubility properties and mineral-
ization processes. Mass concentrations higher than 1 and 7 for TiO,

Figure 1. SEM micrographs corresponding to one of the biphasic calcium phosphate granules acquired at (a) 50, (b) 500, (c) 2000x and (d) 3500x.
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Table 1. Mass concentrations obtained by X-ray fluorescence for the
BCP sample obtained here

Element Composition wt%

Bone BCP
Ca 37.6 37.98
P 164 19.77
Na 0.97 0.76

0.78 —
F 0.03 —
Cl 0.14 —
Sr — 0.03
Zn — 0.008
Ni — 0.008
Ca/P molar ratio 1.71 1.48

The results correspond to the mean value of five independent
measurements, and the estimated uncertainties are lower than 0.01%
(as described in the text). The natural bone composition®® is also
shown as comparison.

BCP, biphasic calcium phosphate.

and ALOs respectively extend the time necessary to achieve the
material bone connection.?”!

The X-ray diffraction patterns and the fits obtained by Rietveld
refinement corresponding to the final sample and to the raw mate-
rial used are shown in Fig. 2. The fits are acceptable according to the
resulting goodness-of-fit and R, factors. The phase concentration

GOF =1.52
R =87

e
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Figure 2. Rietveld analysis patterns of powder diffraction data of the (a)
biphasic calcium phosphate (BCP) sample obtained and (b) calcium
phosphate mixture used as precursor in this work. Dots: measured profile;
black line: calculated profile; and gray line: residue. The most intense
peaks corresponding to the hydroxyapatite (HA) phase in the BCP sample
are marked below the profile with vertical bars. GOF, goodness of fit;
BTCP, S-tricalcium phosphate.

obtained for the raw material is HA 61%, dicalcium phosphate
31% and BTCP 8%, which is in good agreement with the nominal
composition. The corresponding domain sizes are 29, 50 and
32 nm, respectively. Regarding the final BCP granules obtained,
only HA and BTCP phases were detected, with mass percentage
contents of 12% and 88%, respectively; this proportion is advanta-
geous, because bone induction occurs fastest for BCP with
HA/BTCP ratios of around 20/80 and 15/85, compared with pure
HA, BTCP or BCP with higher HA/BTCP values.25%"

The lattice parameters obtained for the BTCP phase are
a=>b=10435 A and ¢ = 37.418 A, which are barely lower than
the cell parameters corresponding to BTCP without Mg substitution
(a=b=10.4352 Aand c = 37.4029 A).2% This contraction in the cell
parameters is associated with the Ca substitution by Mg, which has
a lower ionic radius.>" Bearing in mind that BTCP crystallizes into
the rhombohedral space group R3c with five crystallographically in-
dependent sites for calcium, and considering that the maximum
substitution occurs at the Ca(5) site,*" it is possible to obtain the
amount of Ca substitution from the Rietveld analysis by refining
the Ca(5) occupancy. We obtained that 15% of the Ca(5) site is oc-
cupied by Mg atoms in the studied sample, which implies a pres-
ence of around 0.01% of Mg in the sample. This value reasonably
agrees with the results obtained by XRF.

The crystalline domain sizes obtained from the refinement are 68
and 87 nm for BTCP and HA phases, respectively. Small crystal do-
mains are desirable because they allow a major contact reaction
and stability in the interphase between the implanted material
and natural bone, as well as a better promotion effect on the early
bone in-growth.%

The crystallinity X. grade corresponding to the fraction of crystal-
line phases is 99% and was evaluated according to the relation [33]:

1 — Back _
X, — (300)—(02 10) 3)
li0210)

where Backizoo) — (0 2 10) is the background intensity between
(300) and (0 2 10) BTCP reflections and /; ¢ 1¢) is the intensity of
the maximum peak, corresponding to the (2 0 10) reflection.

The total porosity can be calculated by comparing the theoretical
density p. of an HA-BCTP mixture with the measured density p;,,. As-
suming the mass concentrations G4 and Ggrcp obtained by XRD for
HA and BCTP phases, respectively, and using the theoretical densi-

ties of each phase (4 = 3.156 g/cm? and pgrep = 3.07 g/cm?3), p. is
estimated as follows:
n CBTCP) a
Perce

(CHA
Pc= "
PHA
The value p,,, was determined by weighing a known material vol-

ume in a high-precision scale, resulting in 0.55 g/cm?. The total pore
volume is, thus, as follows:

1 1

and the porosity is as follows:

=311/ 4

Vp

= VT (6)

where V; is the total sample volume. The porosity obtained with
Eqgns (4)—(6) is 82%.

The same method was applied by Li et al.®* for two commercial
samples resulting in values of 75% and 80%. Porosity of 79%
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(measured by the Archimedes method) was reported by Amera
et al'* for a 16/84 HA/BTCP sample.

Conclusions

A new process for sintering BCP ceramics (HA + BTCP) is presented.
A technical grade (low-cost) mixture of calcium phosphates is used
as precursor and glycolic acid as pore former. Improvement of the
structural properties by the balanced combination of the ceramic
phases was achieved in this nanocrystalline material, which has
12% HA and 88% BTCP. The high values obtained for the specific
surface area (4.06 m?/g) and porosity (82%), as well as the particle
structure, suggest that this material is suitable for bone grafting ap-
plications in oral surgery. In vivo animal experimentation involving
the implantation in bone of the material presented in this work is
currently being carried out in order to evaluate osteointegration
properties.
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