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Abstract

The preparation of apatite—alendronate hybrid materials by reactive milling is proposed in this work. Calcium phosphate compounds
of various compositions have been associated to bisphosphonates and found suitable for local application with release kinetics of the
drug compatible with the inhibition of bone resorption. Hybrid compounds have been obtained by reactive milling. The compositions
used were: AP(X-100), Alendronate(X) where X=7 and X=15. An interaction between the hydroxyl group of the apatite and the amine
group of alendronate can be identified with FTIR and enables to confirm the formation of the hybrids. The incorporation of the
alendronate hinders the growing of the apatite crystals resulting in smaller coherent domains of diffraction for the apatite phase.
© 2012 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

Hydroxyapatite (HAp) functions as a bioactive material
that directly regulates the behavior of both normal and
transformed cells [1]. For example, HAp has been shown
to enhance normal bone formation and to alter growth and
expression profiles of bone metastatic tumors [2]. Also,
HAp can bypass a host foreign body response system and
integrate with the surrounding tissues, unlike other artifi-
cial materials. The versatile apatite structure accept numer-
ous substitutions such as K, Na™, Mg?*, OH™ or CO3 ™"
(replacing to the Ca’*, PO3~ and/or OH ™~ ions). These
ions and groups may play a role on the reactivity, stability
and properties of the apatite [3]. Also, hydroxyapatite has
the ability to form strong chemical bonds with natural
bone and a variety of molecules [4,5]. Bisphosphonates
(Bps), which possess a strong affinity to hydroxyapatite
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under physiological conditions [6] are between those
molecules with a great medical potential.

Bisphosphonates are synthetic pyrophosphate analogs,
which have a P-C-P bridge and two phosphonic acid
groups bonded to the same central carbon [7-9]. There are
also two sides chains in the structure normally referred as
R1 and R2. The biological activity and affinity to bone are
defined by this structure. It is generally accepted than the
RI1 side chain determines the binding to bone mineral and
the cellular effects depend on the R2 side chain [10-12].
The bisphosphonates are widely used drugs for the treat-
ments in bone disorders, such as osteoporosis, Paget’s
desease or hypercalcemia [10].

The Bps are currently administered orally, but their
absorption is very poor (about 1% of administered dose)
and only the 20% of the absorbed compound is incorpo-
rated into bone. Consequently, other administration routes
such as nasal delivery, subcutaneous or intramuscular
injection have been developed [13,14]. The main goal for
these drugs is their in situ administration, avoiding in this
way the side effects associated with conventional systemic
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therapy. Calcium phosphate compounds of various com-
positions have been associated to Bps and found suitable
for local application with release kinetics of the drug
compatible with the inhibition of bone resorption [15].

In this paper, we proposed the preparation of HAp—Bp
hybrid materials by reactive milling and to study the effects
of the incorporation of alendronate on the structure of
different apatites. Apatites with different features have
been prepared by a co-precipitation route with both
mechanical and ultrasonic stirring. Then hybrids com-
pounds were obtained by reactive milling.

2. Materials and methods

Apatites were synthesized by a coprecipitation method
assisted either by mechanical stirring or ultrasound stir-
ring. The hydroxyapatite was prepared from two aqueous
solutions; The first solution was prepared with 8 mL of
H;PO4 (85% J.T.-Baker)+235 mL deionized water, which
it was added dropwise to a second aqueous solution,
prepared with 14.75 g Ca(OH), (Sigma-Aldrich)+200 mL
deionized water. Powders were washed with distiller water
and dried at 100 °C during 24 h. While the synthesis
assisted by mechanical stirring was maintained for 20 h
(sample identified as Apl), the synthesis assisted by
ultrasound stirring was maintained for 0.5h at ~35°C
(sample Ap2). Hybrid compounds were obtained by
reactive milling in a RETCH MM400 mill with a setting
of vibrational frequency of 30 Hz. Powders of apatite and
alendronate (Sigma-Aldrich) were mixed for 45 min. The
compositions used were: APy_¢g), Alendronatey, where
X=7 and X=15 and it refers to the percentage of
alendronate. The names for the hybrid compounds are
Apl-A7 Ap2-A7 for the hybrids with 7% of alendronate,
and Apl-Al5 Ap2-A15 with a 15% of alendronate. The
apatites were also subjected to the same process free of
bisphosphonate and were identified as Ap1-0 and Ap2-0.

The apatites and hybrid compounds were analysed in a
Bruker D8 Advance with CukK, (1=1.54 1&) radiation, and
with a diffraction angle (26) range between 5° to 60°, and the
structural analysis was performed by FullPROF suite. A
Perkin—Elmer Spectrum One apparatus was utilized for
registering the ATR-IR spectra, in order to know the
absorption bands that correspond to the apatite and alendro-
nate, as well as to prove the interaction between both. The
specific surface area of the apatites Ap powders was evaluated
by the Brunaer—-Emmett-Teller method in a Bell Prep II-
Belsorp 11, Bell Japan Inc. Thermal properties were studied in
a TGA instrument Q500 with a heating rate to 10 °C min "
and a maximum temperature of 800 °C. The morphology and
microstructure was analized by a Field Emission Scanning
Electron Microscopy SEM model JEOL JSM-6701IF.

3. Results and discussion

The X-ray diffractions patterns obtained from Apl
(Fig. 1(a)) and Ap2 (Fig. 1(b)) show the characteristic peaks
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Fig. 1. X-ray diffractograms of apatite obtained by co-precipitation rute:
(a) Apl and (b) Ap2.
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Fig. 2. ATR-IR spectra from apatites obtained by co-precipitation route:
(a) Apl and (b) Ap2.

of a hydroxyapatite phase according to the crystallographic
letter JCDS-9-0432, no secondary phases could be detected.
ATR-IR spectra obtained (Fig. 2(a) and (b)), are similar and
they show the characteristic absorption bands of hydroxyapa-
tite; the bands of the PO3~ group are observed about at
1088 cm ' and 1022 cm ™ in both spectra Apl and Ap2. They
arise from a triply degenerate stretching vibration mode v;
[16-19]. The bands about at 961 cm ™' for both, Apl and Ap2
spectra, belong to the vibration mode v; [16-19]. The broad
bands about at 3566, 3320 and 1645 cm ™' for Apl and Ap2
spectra is due to adsorbed water [16,18,19]. The bands about
at 1452, 1422 and 876 cm ' for Apl and Ap2, which indicate
the presence of COj3 2, substituting to PO3~ in the apatite
lattice [16,19,20], indicating that both synthetized apatites are
carbonated apatites of the B-type [21]. The bands located
between 1229-1217 cm ™! that correspond to HPO3 ™", these
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bands are characteristic of the apatites obtained at low
temperatures [22,23]. The band at ~ 1740 cm ' for Apl and
Ap?2 correspond to the C—O bond of CO, [24] as result of the
ATR-IR technique.

The parameters for Apl are a=9.40478 and ¢=6.87533,
which are greater than carbonate free hydroxyapatite,
whereas for Ap2 are a=9.44456 and ¢=6.88634. It is well
known that preparation conditions have a marked influ-
ence on the ¢ and particularly g-axis on apatites with
carbonate content [25] and the ultrasonic stirring should be
made responsible for the change in the cell parameter
rather than the carbonate content itself.

Crystal sizes are 12.339110 nm for g¢-axis and
18.652337 nm for c-axis on Apl and 11.257452 and
16.862285 nm for Ap2. The micrograph obtained from
Apl (Fig. 3(a)) shows spherical particles with a size
between 20 nm and 50 nm, whereas in the micrograph
from Ap2 (Fig. 3(b)) shows elongated particles with a
particle size between 10 and 50 nm. SSA for Apl and Ap2
are 72 and 60 cm?/g, respectively. The particle size
observed in the SEM for Ap2 is smaller than the observed
for Apl. This fact can be due to an acoustic cavitation
effect [26,27]. Apatite ceramics prepared by the conven-
tional sintering furnace are made through a slow heating
rate that leads to the growth and enlargement of crystal
grains. On the contrary, microwave sintering has a fast
heating rate and can be used for the fabrication of
nanosized or submicrosized ceramics [28]. Fig. 4 shows
the thermogravimetric analysis curves from Apl and Ap2.
The curve from Apl has a continuous weight loss and the
total weight loss is at 6.7% at 800 °C. The event before
570 °C could be due to the removal of adsorbed and
structural water, and at 630 °C can be attributed to the
elimination of carbonate in CO, form. No other significant
events are observed up to 800 °C for Apl and Ap2.

The biological performance of a biomaterial is related
tightly with its structure and property. A large number
of studies have shown that the microstructure of calcium
phosphate ceramics played a key role in their bioactivity
and osteoinduction [29,30]. On the other hand, the bis-
phosphonates have the ability to bind to the bone mineral,

acting mainly on remodeling zones, then are absorbed
by osteoclasts inhibiting the bone resorption [31,32].
New evidences suggest that the Ap—Bps interaction
is more complex that though previously, including the
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Fig. 4. (a) Thermogravimetric analysis of Apl. (b) Thermogravimetric
analysis of Ap2.
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Fig. 3. SEM micrographs of apatites (a) Apl and (b) Ap2.
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Fig. 5. ATR-IR spectrum from alendronate ™.
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Fig. 6. ATR-IR spectra from (a) Apl-0 and (b) Ap2-0.

displacement of inorganic phosphate groups by POj;
groups from the Bp. Thus composition and textural
parameters of the apatite should play a role in this
interaction [33]. In this paper, a study of the interaction
of alendronate with carbonated apatite with different
features follows.

The IR spectrum obtained from the alendronate™ is
shown in Fig. 5. The spectrum shows a band at 3486 cm ~!
that can be assigned to the N-H group [9]. A C-H
vibration mode can be assigned at 2965 cm ™! [34]. The
band at 1608 cm ' should correspond to the C=C double
bond [34]. The bands at 1240, 1180 and 1132cm ™' are
attributed to the P=0O and P-O modes [9,34,35]. A
symmetric P-OH vibration mode is located at 1060 cm ~'
and the bands at 1022, 956 and 916 cm ' belong to the
asimmetric vibration of P—-OH [35,36]. Also, the asim-
metric vibration of the POP group is located at 867 cm !
and the P-OH vibration mode is located at 827 cm ' [36].
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Fig. 7. ATR-IR spectra of hybrid compounds (a) Apl-A7 and

(b) Apl-AlS.

Transmittance (a.u.)

1020

T T T T T
1800 1600 1400 1200 1000 800

Wavenumber cm!

Fig. 8. ATR-IR spectra of hybrid compounds of (a) Ap2-A7 and
(b) Ap2-AlS.

The ATR-IR spectra from the apatites with/without
alendronate™ are shown in the next figures. ATR-IR
spectra from Apl-0 and Ap2-0 (Fig. 6), show the char-
acteristics bands of the hydroxyapatite; the bands in the
region of 1088 to 1040 cm ™' are due to v; vibrational
mode of POz~ group and the band located about
960 cm ! correspond to the v, vibrational mode of PO;~
group [37,38]. The bands between 1460 to 1417 are due
to the v; vibrational mode of CO3~ ion and ~874 cm ™!
are attributed to the v, vibrational mode of CO3~ ion
[37,39]. Hybrid compounds spectra (Figs. 7 and 8) indicate
the presence of bands that identify the interaction between
the apatite and the alendronate. The bands located at
1545 and 1356cm™! could be assigned to the N=0O
bond in both spectra, this bond is between the hydroxyl
group of apatite and the amine group of alendronate.
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Fig. 9. X-ray difractograms from (a) Ap1-0 and (b) Ap2-0.
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Fig. 10. X-ray diffractograms from (a) Apl-7 and (b) Apl-AlS.

This interaction has been described thought 3-D computa-
tional modeling; the interaction between an bisphospho-
nate at the calcium Ca(l) site where the bidentate and
tridentate coordination of the P-C—P and R1-OH domains
of the bisphosphonate interact [40]. This explains how the
N-bisphosphonate interacts on the hydroxyapatite surface
to form N-H-O bonds. Other band located at 930 cm ™'
that is assigned to the P-O bond and could be related to
the deprotonation of the phosphonate group can be identified
as well [34]. Also, another band located at 748 cm™! is
assigned to the -CH, modes of the absorbed alendronate [41].

The X-ray diffractograms corresponding to Apl-0 and
Ap2-0 (Fig. 9) show the stability of hydroxyapatite after
being subjected to 45 min of grinding. No secondary
phases can be identified whereas the X-ray diffractograms
of the hybrids compounds Apl-A7, Apl-Al5 (Fig. 10),
and Ap2-A7-A15 (Fig. 11), show two extra phases. They
correspond to a f—TCP phase (f—Ca3(POy),) according to
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Fig. 11. X-ray diffractograms of the hybrids compounds (a) Ap2—-A7 and
(b) Ap2-AlS.
Table 1

Cell parameters from the apatites and hybrid compounds.

Sample Parameter a (A) Parameter ¢ (A)
Apl 9.40478 + 0.00078 6.87533 + 0.00060
Apl-0 9.55110 £+ 0.00385 6.98315 + 0.00282
Apl-A7 9.33183 £ 0.00558 6.82571 +0.00395
Apl-AlS 9.38992 +0.00100 6.86565 + 0.00080
Ap2 9.44456 +0.00101 6.88634 + 0.00077
Ap2-0 9.67286 + 0.00381 7.05729 + 0.00279
Ap2-A7 9.38851 £ 0.00618 6.85265 + 0.00436
Ap2-AlS 9.41478 £+ 0.00599 6.86851 +0.00423
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Fig. 12. Crystal size of apatite and hybrid compounds.

JCPDS 70-2065, peaks at 20 13.34, 18.4, 19.57, 20.05,
29.80 and 37.53° and to the alendronate phase at 260 9.05,
12.25, 19.57, 20.81, 23.15, 24.10 and 24.70°. Lattice
parameters Apl-0 and Ap2-0 (Table 1) show an increase
in c-axis and g-axis compared to Apl and Ap2, even
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greater apatite parameters CO; free. This increase in the
lattice parameters is due to an increase in the degree of
crystallization in both apatites. In comparison to the Ap
used for the preparation of the hybrids a decrease in lattice
parameters of a- and c-axis is observed for both Apl-A7
and Ap2-A7, (Table 1). Cell parameters are also smaller
for Apl-Al15 and Ap2-Al5 but larger than in their
corresponding A7 compounds. While in compared with
Apl-0 and Ap2-0, the cell parameters are smallest; this due
to the interaction of the apatite bisphosphonate. A similar
behavior can be appreciated for the coherent domain of
diffraction of the apatite component (Fig. 12). It is smaller
for the hybrids with a 7% of alendronate along the c-axis
than for hybrids with a 15% of alendronate and in both
cases is smaller than for Ap. The contrary can be observed
for the domain along the a-axis. Fig. 13 shows the lattice
strain variation of the apatite structure where the % strain
from Apl increases with the decrease of domains and the
% strain from Ap2 increases with the increase of domains.
With these results shown in Fig. 13, it can be said that
the smaller the size difference between the domains is, the
lower stress in the structure is obtained.

Termogravimetric curves from Apl-A7 and Apl-Al5
(Fig. 14(a)), have a total weight loss of 10.4 and 12.5%,
respectively. Ap2—-A7 and Ap2-Al5 (Fig. 14(b)), show a
weight loss at 800 °C of 11.2 and 12.5%, respectively.
For the hybrid compounds, a loss of stability is observed
at 725 °C which could be due to the removal of OH groups
from apatite lattice [42]. Elisa Boanini et al. [8] refer to the
effect of alendronate on the thermal stability of hybrid
compound apatite-bisphosphonate which lead to a partial
conversion into f-tricalcium phosphate as observed in the
X-ray difraction patterns (Figs. 10 and 11). Also the
amount of f—TCP can be correlated with the amount of
the alendronate content.

Micrographs from apatites Apl-0 and Ap2-0 (Fig. 15(a)
and (b)) show the formation of large agglomerates of particles
as a result of particle size reduction. The particle sizes, in both
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Fig. 13. % strain of apatite and hybrid compounds.
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Fig. 14. (a) Thermogravimetric analysis of hybrid compounds Apl-A7
and Apl-AlS5. (b) Thermogravimetric analysis of hybrid compounds
Ap2-A7 and Ap2-AlS.

cases, are greater than Snm and less than 50 nm. The
observed morphology remains Apl-0 spherical, whereas in
the case of Ap2-0 the morphology changed from elongated
particle morphology to spherical particle. In the case of the
micrographs (Fig. 15(c) and (d)) Apl-A7 and Ap2-A7
respectively show agglomerated particles with an apparent
order in their arrangement. In these micrographs can be seen
agglomerates formed by nanosized spherical particles smaller
than Apl and Ap?2 particles, but the size is the same that can
be seen in Apl-0 and Ap2-0. The micrographs of Apl-Al5
and Ap2-A15 samples (Fig. 15(e) and (f)) show agglomerates
formed without a specific order in their arrangement and they
are larger than previous agglomerates. The morphology of the
agglomerates is irregular and they are formed by > 100 nm
nanoparticles.

The agglomeration of particles seems to be favored by
the morphology of the apatites. The spherical morphology
of Apl provides a larger contact area than the morphology
of elongated particles presented in Ap2.
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Fig. 15. SEM Micrographs from the powders: (a) Apl-0, (b) Ap2-0, (c) Apl-A7, (d) Ap2-A7, (¢) Apl-AlS5 and (f) Ap2-AlS.

The apatite structure grows initially along the c-axis
forming columns of Ca(l) surrounded by oxygen forming
triangles, then these columns are linked through P-O
bridges formed with oxygen from two adjacent columns.
If the Bp interacts with the Ca ions, or with the OH groups
of the apatite, as observed in this work, it can hinder the
growing of the crystals resulting in smaller coherent
domains of diffraction for the apatite phase as observed
for compound with 7% alendronate content. The greater
inhibition in the initial stages of the crystal growth that
occur for the compounds with 15% content of alendronate
may result in less crystal growth points allowing the
crystals to grow a bit larger but in a less organized manner.

The hybrid Apl-A7 shows little dispersion of agglomerates.
However, for the hybrid Ap2-A7 the dispersion between the
agglomerates is greater. This can be justified from the milling
processes, which introduces defects and dislocations in the
structure, causing a strain responsible for the decreasing of the

size of the particles [43]. These defects facilitate the binding
between particles due to the higher surface energy of the
particles. Furthermore, the initial morphology of apatites may
also play an important role in the microstructure obtained in
the hybrid, since the greater contact area favors the union
between them. In the case of the hybrids that contain 15% of
alendronate, the formation of agglomerates is favored by the
same conditions. The formation of the hybrids depends on the
amount of OH~ and Ca* that are exposed on the surface of
the structure of the apatite, which bind to the OH™ and N of
the amine contained in the bisphosphonate. As there are a
greater number of them, a greater number of bonds can be
formed.

4. Conclusions

The use of ultrasonic energy in the synthesis of apatites
enables to prepare hydroxyapatite in a shorter time and
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produces smaller crystals than conventional stirring. The
reactive milling process introduces defects and dislocations in
the apatite structure and a decrease on the particle size on
apatite powders favoring the formation of apatite—alendronate
hybrids. The incorporation of the alendronate hinders the
growing of the apatite crystals resulting in smaller coherent
domains of diffraction for the apatite phase. An interaction
between the apatite and alendronate can be achieved with the
energy provided by the reactive milling process.
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