J Mater Sci: Mater Med (2008) 19:753-759
DOI 10.1007/s10856-007-3085-7

Bone resembling apatite by amorphous-to-crystalline transition

driven self-organisation

Yassen Pekounov - Ognyan E. Petrov

Received: 7 May 2006/ Accepted: 1 May 2007/ Published online: 10 July 2007

© Springer Science+Business Media, LLC 2007

Abstract Calcium apatite is the main inorganic constit-
uent of mammalian hard tissues such as bones and teeth. Its
formation in vivo is likely to be preceded by a transient
amorphous phase. If so, the amorphous-to-crystalline
transition would have some crucial role in the biominer-
alisation process. To investigate this possibility, a two-step
biomimetic experiment was designed. First, a stable
amorphous calcium apatite precursor was synthesized in
simulated body fluid (SBF) and was then transformed into
a low crystalline apatite. X-ray diffraction (XRD), Fourier
transform infrared (FTIR) spectroscopy, vacuum FTIR,
inductively coupled plasma-atomic emission spectrometry
(ICP-AES), scanning electron microscopy (SEM) and N,
adsorption measurements were used to characterise both
the precursor and the apatite. The latter exhibits numerous
bone-like features including lack of OH, nanometer size,
low crystallinity, etc. An amorphous-to-crystalline transi-
tion driven self-organisation is observed. The amorphous
precursor seems to be the essential step for the creation of
bone resembling apatite.

Introduction

Calcium apatite is the main mineral constituent of bone.
Therefore, it attracts much research interest since it could
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be used for bone tissue repair and as a biocompatible
coating on artificial implants [1]. Nevertheless, the syn-
thesis of a completely bioanalogous calcium apatite is still
challenging.

In vivo biomineralisation process is likely to be a two
step one. Initially, an amorphous phase is formed, which
subsequently transforms into a crystalline solid [2, 3].
Currently, this possibility is supported by numerous bi-
omimetic model studies. An amorphous calcium apatite
precursor (ACAP) is usually found in experiments with
synthetic physiological solutions such as Kokubo’s simu-
lated body fluid (SBF) [4-6]. ACAP is detected in more
complicated model systems containing biopolymers such
as gelatin, phosvitin, and remarkably dentin matrix protein
1 [7-10]. It was demonstrated that an amorphous calcium
phosphate phase plays a key intermediate role in the initial
matrix vesicles induced mineralisation [11, 12]. Moreover,
a general relationship between the amorphous precursor
and calcium apatite was established [13], namely that both
phases are constituted by the same building block—the so-
called Posner’s cluster (Cag(POy)e). Further on, it was re-
vealed that the Posner’s cluster with the expected size and
chemical formula exists in various kinds of SBFs [14, 15].

Natural bone calcium apatite is poorly crystalline and
calcium deficient carbonate apatite with several ionic
substitutions [1]. Probably, in bone apatite there is no
detectable amount of hydroxyl groups [16, 17]. Other
features are the nanometer size and the high surface area,
i.e., 100200 m*/g [18]. Thus, a bone resembling apatite
should be at least nanometric, low crystalline and hydro-
xyl-free with a surface area and chemical composition
similar to these of natural bones.

Biomimetics is a suitable strategy for the engineering of
bioanalogous materials with desired properties. Therefore,
in this study we investigate the possibility to use an
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amorphous calcium apatite precursor in order to produce
bone-similar apatite.

Materials and methods
Preparation of materials

Reagent and analytical grade chemicals (Fluka or Merck)
and distilled deionised (dd) water were used. In order to
avoid Si contamination all the experiments were performed
in polypropylene or Teflon vessels [19].

Amorphous calcium apatite precursor (ACAP) was
synthesized in simulated body fluid [5]. Two distinct cal-
cium and phosphorus solutions were prepared by dissolv-
ing the appropriate amount of salts (Table 1). Ca/P molar
ratio was kept to 2.5 while Ca and P concentrations were
40 times greater than the concentrations of human plasma
respectively SBF (Table 2). To compensate the so intro-
duced high amount of sodium and chlorine ions, no NaCl
was added. In order to reduce the transformation rate of
ACAP, cold dd water (-4 °C) was used [20]. The pH of Ca
solution was adjusted to 3 with 1 M HCI to avoid CaCOj;
precipitation [5]. About 15 mL 5 M NaOH were added to P
solution. The stock solutions were rapidly mixed and vig-
orously stirred until pH was stabilized. The latter process
took less than a minute and the pH value was slightly under
8. Thus obtained gel-like precipitate was filtered, triply
washed with cold dd water, not completely dried at 60 °C
and finally desiccated over silica gel at room temperature.
Typically, the filtration procedure prolonged more than
30 min. The material remains amorphous for at least
6 months. It should be noted that temperature as low as
60 °C is enough to induce the crystallisation of the dry
ACAP and that the higher the precipitation the greater the
transformation rate is [21].

ACAP was transformed into a more or less crystalline
calcium apatite (CAp) via maturation in SBF at 37 °C in
closed Teflon vessel. SBF was prepared as described
elsewhere [5]. Typically, 0.2 g ACAP was immersed in
100 mL SBF for times ranging from 5 min up to 48 h.
After desired time periods, the samples were filtered, triply
washed with dd water and dried in air. The features of the
final apatites thus obtained were not affected by the solid to
liquid ratio in a wide range.

Table 2 Ion concentrations of ACAP solution, SBF [5], and human
plasma [14]

Ton ACAP (mM) SBF (mM) Human plasma (mM)
Na* 183* 142.0 142.0

cr- 208 125.0 103.0

HCO; 27.0 27.0 27.0

K* 5.0 5.0 5.0

Mg** 1.5 1.5 1.5

Ca* 100 2.5 25

HPO}~ 40 1 1

S0~ 0.5 0.5 0.5

# NaOH supplement was considered in the calculation

Methods

Powder XRD was performed to control the crystallisation
status of the apatite structure using a DRON-3 M diffrac-
tometer (Fe-filtered CoK, radiation) and applying step-
scanning approach. The samples were scanned from 8° to
60° (20) using steps of 0.02° (20) and counting time of 3 s
per step. The WinFit V1.2 software helped to determine the
peak positions and to evaluate the crystallite size with time
[22].

FTIR spectroscopy was used to investigate the crystal-
linity as well as to evaluate the carbonate substitution. The
IR spectra were recorded on Nicolet Avatar 360 spec-
trometer at a spectral resolution of 2 cm™' and accumula-
tion of 64 scans using KBr technique. The number and the
exact positions of the overlapping bands in the v; carbonate
stretching region about 1,600-1,300 cm™! were determined
using Fourier self-deconvolution (FSD) procedure by
means of Omnic™ ™ software (Thermo Electron Corp.). The
smoothed spectra were automatically deconvoluted using
Happ-Genzel apodization and were then corrected to con-
tain no more than six peaks in the resolved region. The
carbonate content measurements were accomplished with
Omnic™ software as well. Since the integrated intensity is
proportional to the concentration, the integral peak areas of
the v; carbonate stretching region were calculated for the
region between 1,565 cm™! and 1,365 cm™! with an auto-
matic base-line correction. CaCO3 was used as a standard.

Vacuum FTIR was performed to determine the hydroxyl
content. Self-supporting pellets (ca. 10-20 mg cm %) were

Table 1 Chemical composition

of ACAP solutions Reagent Ca solution Reagent P solution
Purity (%) Amount (g/l) Purity (%) Amount (g/1)
CaCl,-2H,0 99 14.80 Na,HPO, 99.5 5.70
KCl 99.5 0.375 NaHCO; 99.5 2.268
MgCl,-6H,0 99 0.305 Na,SO, 99 0.074
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prepared from pure sample powder and treated directly in
the purpose-made IR cell equipped with a heat treatment
device. The cell was connected to a vacuum-adsorption
apparatus with a residual pressure below 107> Pa. The
samples were heated to 400 °C in vacuum to remove water
content [23, 24], which enables the registration of hydroxyl
groups in apatite structure [17]. The spectra were recorded
as described. It should be noted that the vacuum cuvette is
equipped with CaF, glasses which explains the different
cut-off values between the two FTIR protocols used in this
study since CaF, absorbs under about 1,000 cm™.

ICP-AES was used to determine the elemental compo-
sition and to calculate the Ca/P molar ratio. The samples
were dissolved in HNO;5 and the analyses were performed
with a Jobin Yvon (JY ULTIMA 2) apparatus equipped
with a 1 m Cserny-Turner monochromator and a
40,68 MHz ICP. In certain cases the Ca/P molar ratio was
verified with chemical analysis.

Particle size distribution and morphology were investi-
gated using JEOL 5510 scanning electron microscope. The
samples were gold sputtered prior to examination in argon
atmosphere by means of JEOL JFC-1200 device.

The specific surface area of the samples was measured
by N, BET method using an apparatus described elsewhere
[25].

Results

In this section four samples are discussed—the amorphous
calcium apatite precursor (ACAP) and three crystalline
ones denoted as SBF 2 h, SBF 24 h and SBF 48 h
according to their maturation time in SBF.

Figure 1 shows the XRD spectra of these samples.
ACAP exhibits typical spectrum of noncrystalline material
where only amorphous halo is observed. SBF 2 h, SBF
24 h and SBF 48 h show some degree of crystallinity,
which, as expected, increases with soaking in SBF. How-
ever, the apatite peaks in the pattern are not well resolved
due to the nanometer size of thus obtained material [23,
24]. The crystallite size determined using peaks with Akl
indices 002 and 211 slightly increases from about 7.4 nm
and 1.5 nm, respectively, (SBF 2 h) to 9.2 nm and 2.5 nm
(SBF 24 h) [26]. There is no further increase in crystallite
size after 24 h maturation period suggesting some SBF-
driven inhibitory effect on the crystal growth.

The crystallisation process was also followed by FTIR
(Fig. 2). For this purpose the increase of the characteristic
splitting in the v, phosphate vibrational region about 530—
630 cm™! was monitored [27, 28]. The smooth spectrum of
ACAP in this region is an evidence for an amorphous state
while the sustained splitting occurring with its soaking in
SBF confirms the increasing crystallinity of thus obtained
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Fig. 1 Powder X-ray diffraction patterns of the samples
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Fig. 2 FTIR spectra of the specimens. The inset displays the Fourier
self-deconvoluted spectrum (solid line) and raw data superimposed
(dotted line) of the carbonate asymmetric stretching vibration region
of SBF 24 h sample. The resolved spectrum shows only the existence
of type A-B carbonate apatite bands and neither the peaks intensities
nor their areas are in scale

apatite. Notably, the crystallisation status in the initial
period of transformation (less than 2 h) can be followed
only by IR spectroscopy, but not by XRD analysis. The
carbonate content in ACAP is demonstrated with the peaks
at 1,491, 1,430, and 873 cm™! [29]. The latter is about
7.5 wt% for ACAP and slightly decreases with increase of
crystallinity [23]. With maturation the v; carbonate vibra-
tional region about 1,450 cm™' becomes unresolved and
SBF 24 h and SBF 48 h apatites exhibit an unusual
broadening. As known the carbonate ions can substitute
both for hydroxyl ions (that is A-type substitution) and for
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phosphate ions (B-type substitution). It is possible that the
observed broadening is due to A-B type substituted apatite.
If so, a characteristic IR signature should be present con-
taining three doublet bands that correspond to the three
structural locations, which the carbonate ions can occupy in
the apatite lattice, denoted as Al position (bands at 1,540
and 1,451 cm‘l), A2 position (bands at 1,571 and
1,506 cmfl) and B position (bands at 1,475 and 1,416 cm™
1) [30, 31]. However, the exact positions of these bands can
vary among different samples, but not greatly [30, 31]. The
inset of Fig. 2 shows the Fourier self-deconvoluted spec-
trum of the SBF 24 h sample confirming the presence of
characteristic IR signature of type A-B carbonate apatite. It
should be noted that SBF 48 h specimen exhibits as well a
characteristic IR signature of type A—B carbonate apatite
while ACAP and SBF 2 h sample do not (data not shown).

Further, we used vacuum FTIR to check whether there
are hydroxyl groups as the lack of OH is a possible sig-
nificant bone feature [16]. Figure 3a shows the IR spectrum
of SBF 48 h at 25 °C. The broad absorption peak at
3,400 cm™' and this at 1,637 cm™', which disable the IR
observation of the apatitic OH groups [17], are typical for
water associated with CAp [33]. Figure 3b exhibits the
spectrum of a carbonate apatite after removing the water as
described earlier. The peaks at 3,400 and 1,637 cm™! van-
ished while a new peak ascribed to apatite OH stretching
mode appeared at 3,569 cm™' [33]. The spectrum of water
depleted SBF 48 h sample is shown on Fig. 3c. Apparently,
there is no detectable amount of hydroxyl ions. The band at
1,233 cm™" (Fig. 3a) is ascribed to P-OH in-plane defor-
mation [34] due to adsorbed water. This peak cannot be
detected in KBr pellets (Fig. 2) but only in pure sample
powder self-supporting pellets due to their very high signal
intensity and is directly related to the water content of the
probe. With evacuation and drying it disappears confirming
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o
-
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Fig. 3 Vacuum FTIR spectra of (a) SBF 48 h at room temperature,
(b) a carbonate apatite after heating at 400 °C, and (c) SBF 48 h at
400 °C. Note that the lack of OH is not necessarily due to type A
carbonate substitution but mainly to charge compensation mecha-
nisms [32]
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its water-adsorption nature. It is to note as well that SBF
48 h apatite was synthesized via amorphous precursor,
while the apatite displaying OH containing IR spectrum
(Fig. 3b) was obtained via a low crystalline precursor pre-
pared and transformed into more crystalline apatite using
the same experimental protocol as for SBF 48 h sample.

The elemental composition, the Ca/P molar ratio, and
the specific surface areas of the samples are listed in Ta-
ble 3. It should be noted that the elemental analysis of
ACAP is not fully accurate due to the high water content
which enables the occlusion of CaCl, and NaCl [3]. The
carbonate content additionally increases the Ca/P molar
ratio of ACAP. In accordance with the observations made
by Kim et al. [4], ACAPs elevated Ca/P ratio decreases
rapidly to about the theoretically expected value for ACP
of 1.5 in the initial times of crystallisation after soaking in
SBF due to dissolution of the occluded salts. Further, the
Ca/P molar ratio increases and reaches the hydroxyapatite
stoichiometric value of 1.67 [4]. The incorporation of the
minor elements decreases with maturation but not neces-
sarily with crystallinity, which suggests some calcium
apatite self-cleaning ability. The specific surface area is
strongly reduced from amorphous to crystalline state.

The SEM micrographs are shown in Fig. 4. The parti-
cles size ranges from about 20 nm to 60 nm and slightly
increases with maturation due to Ostwald ripening [2].
Probably, the particles with smooth faces resembling
crystal faces on Fig. 4c (marked with asterisk) are more
crystalline than the particles without edges and clearly
discernible faces (marked with arrow). If so, after 24 h
soaking in SBF, an amorphous-like phase still exists,
suggesting some stability of ACAP under the examined
pseudo physiological conditions. The SBF solution is
supersaturated with respect to calcium apatite [36] and
therefore heterogeneous nucleation and subsequent crystal
growth are to be expected (Fig. 4d). Notably, the SEM

Table 3 Elemental composition, Ca/P molar ratio, and specific sur-
face area of the samples

Sample Na (wt%) Mg (wt%) K (wt%) Ca/P SSA
(m*/g)

ACAP 2.36 0.15 0.099 1.95 285 + 28°
SBF2h 0096 0.68 0.097 1.51 -
SBF 24 h 0.38 0.57 0.004 1.64 190 = 21
SBF 48 h 0.23 0.53 0.001 1.67 88 +9
Bone [1] 0.90% 0.72% 0.030? 1.5-1.7 100-200

[24] [18]

* Data obtained with ashed specimens

® The specific surface area (SSA) of the samples is strongly influ-
enced by the remaining water. Nevertheless, no heating was per-
formed to avoid any crystallisation driven reduction of the SSA [35].
Therefore, the measured values are approximate and most likely
underestimated
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Fig. 4 SEM micrographs of (a)
ACAP, (b) SBF 2 h, (e) SBF
24 h and (f) SBF 48 h showing
the morphology of the samples,
(c) SBF 24 h revealing the
possible existence of both
amorphous (white arrow) and
crystalline (white asterisk)
particles, and (d) SBF 24 h
manifesting the secondary
apatite crystallisation, i.e., the
bright aggregates on the crystal
face

images reveal some surface roughness and microporosity,
due to the high water content generating voids with drying.
This observation correlates well with the large surface area.

Discussion

Bone is constituted by organic and inorganic phases highly
organised in several hierarchical levels [37]. Although
most of the bone features are governed by the interactions
between the protein matrix (mostly collagen), the calcium
apatite mineral dispersed in it, and by the bone cells
activities, functions attributed only to apatite are present.

The bone apatite is in the nanoscale with typical
dimensions of 25-50 nm [1, 37]. The nanometer size
provides at least two essential roles. The first one is related
to the mechanical purpose of the hard tissues [38]. The
second, due to thermodynamic reasons [39], is referred to
the bone remodelling process where the matrix is degraded
by the osteoclasts and reconstructed by the osteoblasts.
Additionally, such a small crystal size is responsible for the
large surface area of the bone apatite along with the surface
roughness.

Bone apatite is low crystalline which increases solubility
hence enhancing remodelling. Since calcium apatite is
composed by Posner’s clusters (Cag(POy)e), it is suggested
that the low crystallinity is mainly a result of the amor-
phous-to-crystalline transition where some clusters are not
well stacked and/or stacking is incomplete [13], i.e.,
amorphous domains still exist. In addition carbonate con-
tent leads to structural mismatch [31, 40] thus decreasing
crystallinity, which, in turn, increases solubility.

The importance of bone apatite as ion store is incon-
testable. Apart from calcium and phosphorus, minor
amounts of magnesium, sodium and other elements are also
available in case of necessity. The immune function should
be mentioned as well since noxious elements such as Sr**
or Pb** are incorporated to prevent intoxication. The large
surface area (i.e., 100-200 m2/g) makes some 20% of the
bone accessible to body fluids [2], therefore favouring the
element exchange and, if required, the fast bone remodel-
ling, e.g., in case of fracture. At this point the question
about the high content of carbonate (i.e., about 6 wt%) and
the lack of OH groups arises. The osteoclasts resorb the
inorganic part of bone by targeted secretion of HCI into the
resorption lacuna resulting in local slightly acidic pH [41].
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If there are any hydroxyl ions in the apatite, they will
buffer the cell produced acid hence suppressing degrada-
tion [16]. On the other hand, a recent study reported the
presence of hydroxyl groups in bone mineral at about 20%
of the level observed in stoichiometric HAP [42]. Notably,
in order to keep the mineral part of bone unaltered this
investigation was made without any chemical pre-treat-
ment. The question about hydroxyl content and its possible
role in bone mineral remains to be clarified. Further, CO,/
HCOj; is the main inorganic buffer of the human plasma
[6]. Bone apatite is a source of carbonate ions thus actively
participating in the maintaining of the physiological pH.
The influence of carbonate content on the degree of crys-
tallinity should also be emphasized as discussed above.

The supposed and unexpected stability of ACAP in
simulated body fluid at 37 °C and the possible presence of
amorphous phase even after 24 h of maturation are to be
mentioned. Assuming an amorphous calcium phosphate
(ACP) phase exists in bone, it is likely that the former has
some physiologic role such as enhancing solubility [29, 43]
and ensuring the mechanical isotropy, thus increasing the
stiffness in all directions [44]. In fact, the amorphous cal-
cium phosphate has comparable mechanical parameters to
hydroxyapatite and f-tricalcium phosphate [29]. The real
Ca/P ratio of the possible biogenic ACP is unknown but if
this ratio is high, ACP could as well promote the calcium-
mediated interactions between the mineralised collagen
fibrils and the non-fibrous organic matrix, which holds the
mineralised fibrils together [45].

The calcium apatite synthesized in this study possesses
many of the known bone apatite features [1, 16, 18, 23, 24,
37]. It is known that A-type carbonate substitution can be
obtained via high temperature and/or pressure synthesis
[30-32]. Using amorphous precursor an A-type carbonate
substitution is produced at a physiologic temperature and
atmospheric pressure. The lack of OH is intriguing as well
since it is impossible to control the incorporation of hy-
droxyl ions into the apatite lattice. Notably, only an
amorphous precursor derived apatite is hydroxyl-free.
Being low crystalline, the material exhibit nanometer size,
specific surface area, and carbonate content in the same
order as bone crystals. In addition, minor amounts mag-
nesium and sodium, originating from the SBF, are present.

The existence of all these characteristics simultaneously
in one material synthesized in vitro was much unexpected.
It is likely that an amorphous-to-crystalline transition dri-
ven self-organisation takes place and causes the obtained
bone resemblance.

Conclusion

In this study a biologically inspired strategy gives rise to
bone-like apatite. Initially, a stable amorphous calcium

@ Springer

apatite precursor was synthesized. The existence of the
amorphous precursor and its biomimetic transformation
into a crystalline phase seems to be the key event for the
synthesis of a bone resembling calcium apatite.
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