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Medical Potentialities of Biomimetic Apatites through
Adsorption, lonic Substitution, and Mineral/Organic
Associations: Three lllustrative Examples**

By Ahmed Al-Kattan, Farid Errassifi, Anne-Marie Sautereau,
Stephanie Sarda, Pascal Dufour, Allal Barroug, Isabelle Dos Santos,
Christele Combes, David Grossin, Christian Rey and Christophe Drouet*

Biomimetic calcium phosphate apatites are particularly adapted to bio-medical applications due to their
biocompatibility and high surface reactivity. In this contribution we report three selected examples dealing
with mineral/organic interactions devoted to convey new functionalities to apatite materials, either in the
form of dry bioceramics or of aqueous colloids. We first studied the adsorption of risedronate (bispho-
sphonate) molecules, which present potential therapeutic properties for the treatment of osteoporosis. We
then addressed the preparation of luminescent Eu-doped apatites for exploring apatite/collagen interfaces
through the FRET technique, in view of preparing “advanced” biocomposites exhibiting close spatial
interaction between apatite crystals and collagen fibers. Finally, we showed the possibility to obtain
nanometer-scaled apatite-based colloids, with particle size tailorable in the range 30-100 nm by controlling
the agglomeration state of apatite nanocrystals by way of surface functionalization with a phospholipid
moiety. This paper is aimed at illustrating some of the numerous potentialities of calcium phosphate apatites
in the bio-medical field, allowing one to foresee perspectives lying well beyond bone-related applications.

Apatitic calcium phosphates are major constituents of
vertebrate hard tissues. In particular, bone mineral is
composed of non-stoichiometric nanocrystalline apatites,
which generally respond to the chemical formula:

Calo,X(PO4)67x(HPO4, CO;)X(OH, F, .. ')fo
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where 0 <x <2. One of the specificities of the apatite structure
is its ability to accommodate many types of mineral (or small
organic) ions as well as large amounts of vacancies.!]
Nanocrystalline non-stoichiometric calcium phosphate (CaP)
apatites, both biological or synthetic, were found to involve ions
located in chemical environments which did not correspond
to regular apatite, referred to as “non—apatitic.”[2’3] These
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non-apatitic chemical environments form a surface hydrated
layer on such biomimetic apatite nanocrystals, and the extent of
this layer was shown in these works to be directly dependent on
the conditions of formation of the crystals. A high ion mobility
within this layer was evidenced by way of surface ion exchanges
carried out within very short periods of time (often under
20min)P! and is thought to explain the exceptional surface
reactivity[4] of nanocrystalline apatites.

Bulk ionic substitutions (leading to solid solutions) are also
of interest from an applied viewpoint insofar as they confer an
additional property to the apatite matrix. In this regard, the
possibility to convey luminescence properties to CaP apatites
appears as a particularly attractive option due to an increasing
demand for non-toxic biocompatible systems for medical
imaging applications. Luminescent apatites can indeed be
obtained by substituting part a few at% of the calcium ions by
rare earth elements such as europium,” which was mostly
shown in the case of well-crystallized apatites obtained at high
temperatures.

Adsorption phenomena also represent an important physi-
co-chemical aspect to take into account. The adsorption of
proteins is for example considered to play a determining role in
mineralized tissues in vivo.®! Surface functionalization with
organic molecules such as drugs (e.g., antibiotics...) or other
biomolecules of interest (e.g., growth factors. . .) also opens large
opportunities in view of medical treatments: for example in the
field of bone repair for activating bone tissue regeneration or for
limiting osteoclastic resorption. Several bone proteins such as
osteocalcin, osteopontin, as well as biomolecules like albumin,
or else phospholipids, among others, have been shown to
adsorb on and interact strongly with apaﬁte.[7] In the
biomaterials field, as previously mentioned for mineral ions,
some organic molecules interacting with calcium phosphates
are thought to play a crucial role in the recruitment and
expression of cells, and that they are strongly involved in the
biointegration of implants.[sl Considering the treatment of bone
diseases, some bone-adsorbing molecules like bisphosphonates
have been used to control bone turnover.”! Indeed, their
biological activity has been shown recently to be correlated with
their adsorption properties.””!

The aim of this paper is to illustrate and comment some of
the possibilities offered by calcium phosphate apatites, due to
their intrinsic properties and exploiting their excellent
biocompatibility. We report on the incorporation of Eu*"
ions into nanocrystalline apatites for conveying intrinsic
luminescence properties in the view of exploring the interface
formed with autofluorescent (or dye-doped) biopolymers/
proteins such as collagen. We also examine two types of
surface modifications on CaP apatites: the adsorption
(and desorption) of a bisphosphonate drug (residronate)
used for the treatment of osteoporosis, and the functionali-
zation of apatite crystals with a phospholipid moiety,
2-aminoethylphosphate (AEP), in view of controlling the
agglomeration state of apatite, for preparing colloidal apatite
nanoparticles intended for intracellular drug delivery or (in
the case of luminescent systems) for intracellular imaging.

Experimental
Synthesis Protocols

The risedronate adsorption experiments were performed
on a calcium phosphate apatite exhibiting a chemical com-
position close to stoichiometry, referred to as hydroxyapatite
“HA.” This sample was prepared by double decomposition
between a calcium nitrate solution and an ammonium
phosphate solution (Alfa Aesar, reagent grade). A starting
stoichiometric molar ratio of Ca/P=1.67 was used. The
phosphate solution was added dropwise, over 3h, into the
calcium solution maintained at 90°C under continuous
stirring; the pH of the suspension was around 10. After
filtration, the precipitate was washed with deionized water
and freeze-dried.

The luminescent (non-colloidal) apatite samples were
prepared by precipitation after mixing at moderate tempera-
ture (in the range 37-100 °C) an aqueous solution of calcium
and europium nitrates and an aqueous solution of ammonium
hydrogenphosphate. Typically, a total concentration of 3.12m
of calcium and europium nitrates was mixed with 1.04m of
ammonium hydrogenphosphate (total volume 12.5mL) at a
starting pH set to 9 by addition of ammonia. Increasing Eu/
(Ca+Eu) mole ratios in the precipitating solution were
investigated. The obtained precipitates were filtered, washed
with deionized water and freeze-dried. The association of
such luminescent apatite (europium-doped apatite) with
collagen macromolecules (type I from bovine Achilles tendon,
Sigma—Aldrich) was investigated either by mechanically
mixing the Eu-doped apatite powder and the collagen fibers
(in an apatite-to-collagen weight ratio of 90:10), or by
dispersing the collagen fibers in the phosphate solution
during Eu-doped apatite synthesis at 37 °C for 2h (leading to
Eu-doped apatite precipitating within a suspension of
collagen fibers).

The colloidal apatite samples were synthesized at
temperatures in the range 80-100 °C for 16 h, under alkaline
pH close to 9, by precipitation from calcium nitrate and
ammonium hydrogenphosphate solutions in the presence of a
biocompatible dispersing agent (phospholipid moiety):
2-aminoethylphosphate, or “AEP” (Sigma-Aldrich) intro-
duced in the calcium solution. The starting AEP/(Ca+ Eu)
molar ratio used in this work was selected in the range 0-1.
Dialysis in water was used as the purifying method for apatite
colloids, using a cellulose tubular membrane (molecular
weight cutoff: 6000-8000 Da). The pH value of the colloids was
adjusted, when needed, to physiological value in a subsequent
step. When mentioned in the text, europium ions were added
in the calcium solution (with a Eu/(Ca+ Eu) ratio of 1.5%)
prior to precipitation, in view of preparing luminescent
AEP-stabilized apatite colloids.

Risedronate Adsorption and Desorption Experiments

The risedronate sample used in this study, [1-hydroxy-
2-(3-pyridinyl)ethylidene] bisphosphonic acid] monosodium



hemipentahydrate salt, was generously provided free of
charge by Procter & Gamble Pharmaceuticals.

The adsorption experiments were carried out at physio-
logical temperature and pH (T=37+1°C; pH ~ 7.4) by
equilibrating 50 mg of nearly stoichiometric HA prepared as
mentioned above, with 5mL of risedronate solutions (con-
centration ranging from 0 to 57mM in 1mm potassium
chloride aqueous solution). The suspensions were sonicated
for a few minutes and incubated for 2h without stirring.
After centrifugation at 15000 rpm, the supernatants obtained
were retained by a membrane filter (pore size 0.2 pm) and
characterized.

Desorption tests were performed by replacing the super-
natants obtained after centrifugation with the same volume
of potassium chloride solution previously equilibrated with
HA powder but without adsorbate. The sediments were re-
dispersed and incubated for 2h; the suspensions were
centrifuged again and the amount of risedronate in the
supernatants was analyzed.

Characterization Techniques

The chemical composition of the apatites synthesized was
determined using several complementary techniques. Com-
plexometry with ethylene-diamine-tetraacetic acid (EDTA)
was used for the determination of calcium in the europium-
free samples. The Ca and Eu contents in europium-containing
samples were evaluated by ion-coupled plasma spectroscopy
(ICP-MS) on a Perkin Elmer Elan 6000 apparatus. The amount
of calcium ions released upon adsorption was measured by
atomic absorption spectrophotometry (Unicam model 929).
The phosphate content of all apatite samples was drawn from
spectrophotometry measurements at A =460nm after forma-
tion of yellow phospho-vanado-molybdic acid ™.

For risedronate adsorption experiments, the risedronate
concentration in solution was determined by UV absorption
spectroscopy at 262nm (Hawlett Packard 8452 Diode Array
spectrophotometer).

Nitrogen titrations were performed, for AEP-containing
samples, by elemental microanalysis using a Perkin-Elmer
2400 II analyzer.

The crystal structure of the samples was identified by
powder X-ray diffraction (XRD) using an Inel diffracto-
meter CPS 120 and the monochromatic CoK, radiation
(lco=1.78892 A).

Fourier transform infrared (FTIR) analyses were carried
out on a Thermo Nicolet 5700 spectrometer in the wave-
number range 400-4000 cm™!, with a resolution of 4cm™},
using the KBr pellet method.

The specific surface area, S,, of the samples was
determined from the BET method (nitrogen adsorption) on
a Nova 1000 Quantachrome apparatus.

Granulometry data (determination of hydrodynamic
radius) for the colloidal particles were obtained by dynamic
light scattering (DLS) using a Malvern Nanosizer ZS
apparatus (4=630nm). Zeta potential measurements were

run on the same apparatus with an adapted electrophoretic
mobility cell.

Transmission electron microscopy (TEM) micrographs
were recorded in the secondary electron mode on a JEOL
JEM-1011 microscope set up at an acceleration tension of
100kV.

Fluorescence properties for apatite-collagen associations
were investigated with an Aminco SPF 500C spectrofluori-
meter. A sample holder adapted to the analysis of solid state
substrates fixed on a microscope glass plate was used.

Results and Discussion

As mentioned in the introduction section, the apatite
structure is capable of accommodating many substituents and
vacancies, which leads to the possibility to tailor to some
extent the chemical composition of apatitic compounds in
view of pre-determined applications. Moreover, the ionic
nature of apatite compounds leads to the exposure of both
anions and cations on the surface of the crystals, thus enabling
to anticipate possible interactions with (bio)molecules exhi-
biting charged end-groups such as carboxylate, phosphate, or
phosphonate functions for instance.

The following sections are dedicated to illustrate three
types of such possibilities:

— the adsorption on apatite of a bisphophonate salt used in the
treatment of osteoporosis,

— the incorporation of luminescent Eu®" ions in apatites and
the exploration by Forster (or “Fluorescence’) resonance
energy transfer (FRET) of interfaces with autofluorescent
collagen,

— and the functionalization of apatite colloidal nanoparticles
with a phospholipid moiety in view of the preparation of
new nanometer-scale intracellular drug carriers or lumines-
cent nanoprobes.

Surface Adsorption of Risedronate Molecules

Bisphosphonate molecules have lately raised a great
interest for the treatment of bone-related pathologies accom-
panied with poor mineralization condition, such as osteo-
porosis. This section addresses from a physico-chemical point
of view the interaction of apatite crystals with one such
bisphosphonate, risedronate, with the view to better under-
stand the type of interaction existing between this therapeutic
molecule and the surface of apatite crystals.

This study was run on an HA compound, referred to as
HA. This sample was found to exhibit an XRD pattern and
FTIR spectrum characteristic of a well-crystallized calcium
phosphate apatite. The specific surface area of HA was
59m”g~'. Chemical analyses led to a Ca/P ratio of 1.64,
characteristic of nearly stoichiometric HA. No other crystal-
line phase was detected by XRD after risedronate adsorption.

The adsorption isotherm of risedronate at pH 7.4 and 37 °C
onto the HA prepared was obtained by plotting the evolution
of the amount of risedronate adsorbed by HA, as a function of
its equilibrium concentration in solution (Fig. 1). The isotherm
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Fig. 1. Adsorption (plain symbols) and desorption (open symbols) isotherms of rise-
dronate on HA at pH =7.4 and T =37 °C; the dashed lines indicate that no risedronate
desorbs upon dilution.

was found to be Langmuirian with a good correlation factor
(#**>0.99), and the plateau (2.1 wmol m2) was reached at
relatively low risedronate concentrations. These findings
point out a high affinity between risedronate molecules and
apatite. Similar adsorption characteristics were reported for
the interaction of others bisphosphonates on calcium phos-
phates.!"?! From the Langmuir equation, we can calculate the
parameters of adsorption: the amount of risedronate adsorbed
at saturation (2.31 £0.06 wmol m~?) and the affinity constant
of risedronate for the apatitic surface (7.27 +3.64 L mmol ).
Adsorption parameters depend on several factors such as pH,
temperature or nature of the apatitic support, and thus the
determination of such parameters contributes to better
understand the interaction between bisphosphonates mole-
cules and bone mineral.

Desorption results obtained by decreasing the risedronate
concentration in the solution by diluting with a potassium
chloride solution (Fig. 1) suggested that the process is
irreversible with respect to dilution in the range of
concentrations examined. These findings thus indicate that
the amount of risedronate adsorbed is not altered by dilution
of the adsorption solution or even upon washing of the
samples.

Very interestingly, the analysis of the suspensions obtained
after adsorption revealed that the binding of (negatively-
charged) risedronate ions onto the HA surface was accom-
panied by the release of phosphate ions in the solution,
pointing out a more complex process than simple surface
grafting. The variation of the concentration of phosphate ions
released in solution as a function of the amount of adsorbed
risedronate is plotted in Figure 2. As can be seen, the amount
of phosphate released increases linearly with respect to the
uptake of risedronate ions, whereas the adsorption of
risedronate has only a weak influence on the calcium content
of the solution. This observation thus strongly suggests that
risedronate molecules substitute for phosphate ions localized
on the apatite surface. Considering that the dissolution of HA
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Fig. 2. Variation of the phosphate and calcium concentrations in the solution versus the
amount of risedronate adsorbed.

in our system is congruent (i.e., that the Ca/P ratio is the same
in the solid and the solution: Ca/P =1.64), the calculations
indicate that the adsorption reaction corresponds to an ion
exchange process between risedronate molecules in solution
and phosphate ions from the apatite surface, with a one-to-one
substitution process (except for the first point of the isotherm),
which can thus be described by the reaction:

Rij,;,

solution

+ POi_ surface & Ri>7,  + POi_solution 1)

surface

From this reaction, it appears that the exchange process is
not only related to the concentration in the solution of the
““adsorbing” risedronate ions, but also to that of the PO}~ ions
that are being exchanged. From reaction (1), one can then write
the equilibrium constant:

k = [PO}"|N./([Ri* | (Nm — Ne)) )

where N, is the amount of Ri*~ ions taken up by the apatite
sample, [Ri* ] the equilibrium risedronate concentration in the
solution, [PO;~] the equilibrium phosphate concentration, and
Ny, the total number of exchange sites. This equation can then
be transformed into a Langmuir-like isotherm equation by
extracting N,, leading to:

Ne = Nuk([RI]/ PO ]) /(L4 K(RET/ PO} ) @)

Indeed, in this equation, the equilibrium concentration of
““adsorbate’”” in a traditional Langmuir equation is simply
replaced by the concentration ratio [Ri’> ]/[PO}"] in the
exchange reaction equilibrium.

Additionally, it should be noted that although the
solubility equilibrium of HA would lead to a decrease of
the free calcium ions in the solution, this is not observed and
the stability (and even the slight increase) of the calcium
content with the increase in risedronate in solution may be
interpreted as an indication for the probable formation of ion
pairs or complexes between risedronate molecules and
calcium ions in solution.



The above findings implicate that risedronate molecules
are capable of being fixed in a strong way on the surface of
apatite crystals, implying an ion exchange mechanism, and
cannot be displaced by simple dilution. These results thus
make it possible to anticipate the preparation of ““superior”
bisphosphonate-enriched apatite bioceramics for treating
osteoporosis-like conditions (localized implantation in high-
fracture-risk areas) while limiting the uncontrolled deso-
rption/release of the drug throughout the organism.

This example, considering the different equilibria involved
(mineral dissolution, adsorption, complex formation), shows
that the interaction of apatite with organic molecules/drugs
may not be straightforwardly described by a “simple”
adsorption model, and that the main driving force seems to
be an ion-exchange process involving the replacement of
mineral ions of the apatite surface by molecular ions from the
solution. This can also be the case for other molecules
exhibiting charged end-groups. The process of adsorption can
be related with an alteration of the mineral ion concentration
in solution and, inversely, mineral ions in solution were found
to interact strongly with the adsorption. The observation of
such ions exchange interactions needs a precise evaluation of
the amount adsorbed and of the mineral ion content of the
solution when investigating adsorption phenomena onto
apatite compounds, so that the possible release of phosphate
or calcium ions during adsorption experiments should
probably always be monitored.

Eu’*-Doped Luminescent Apatites for Exploring
Interfaces of Bio-Medical Interest

The incorporation of luminescent rare-earth elements such
as europium presents a potential interest for the exploration of
interfaces within multi-material systems where another part
of the system also exhibits fluorescence capabilities. Indeed,
in this conjecture, techniques based on FRET may then be
advantageously exploited for assessing whether the interface
between the two luminescent subparts involves a close spatial
interaction or not. This is linked to the basic principles of the
FRET process which exhibits a decreasing intensity when the
distance “r”” separating both chromophores increases, follow-
inga ““1/r*” mathematical law:!"* the detection of a significant
FRET signal is indeed a mark of the nanometer-range
proximity of the two chromophores. This aspect of “spatial
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vicinity” between two subparts of a system is then informative
on the existence and the “quality”” of the interface, which is an
important concern when exploring for example new synthesis
routes for the production of advanced biocomposites (e.g., for
bone filling application). The main interest of FRET-based
techniques is the possibility to get information down to
scales of about 5-10 nm while the classically-used observation
techniques are often limited to about an order of magnitude
higher.

This aspect would for example be applicable to interfaces
between luminescent apatite crystals (as the “acceptor’” of the
FRET process) and collagen (as the “donor”), the latter being

indeed known to exhibit autofluorescence properties.!"*! For
this purpose, the preparation of luminescent apatite com-
pounds is therefore needed. In this work, we addressed more
specifically this physico-chemical aspect by doping calcium
phosphate apatites with europium ions during the synthesis
process. Europium was selected in this study due to several
interesting properties of this element such as rather simple
excitation/emission spectra with thin lines, long lumines-
cence lifetime, low toxicity, and excitability in the emission
domain of collagen.

The possibility to incorporate europium in the apatite
structure was studied in several works.""®! However, the vast
majority of such literature reports dealt with apatite
compounds synthesized at high temperature (>1000°C)
and therefore exhibiting a high degree of crystallinity that
is far from the one found in biological apatites. In contrast, we
have prepared in the present work a series of apatite
compounds by moderate-temperature soft chemistry routes
with the objective to obtain more reactive apatite crystals, with
crystallinity states closer to those found in bone mineral.

Several Eu-doped apatite samples were prepared with
increasing Eu contents corresponding to starting ratios Eu/
(Ca+Eu) in the range 0-2 mol%. XRD and FTIR analyses of
the obtained samples showed all the characteristic features of
moderately-well crystallized apatites, and no indication on the
presence of secondary phases was evidenced. Figure 3 reports
for example the evolution of the XRD patterns corresponding
to 0,1, 1.5, and 2% Eu in the starting mixture. Only diffraction
lines attributable to a single apatite phase were found and
indexed (after ICDD-JCPDS datasheet 09-432). Slight varia-
tions in the XRD patterns could however be noticed such as a
decrease in the resolution of XRD lines upon increasing Eu
doping rates, which is especially visible in the 26 range 34—42°.
This evolution was quantified by measuring for each
composition the “crystallinity index,” I;ys, determined from
the resolution of XRD line (300) using the method proposed by
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Fig. 3. XRD patterns for Eu-doped apatite samples (non-colloidal) with varying Eu
doping rates. Insets: calculation scheme for crystallization index Ioys = 10(a/b), and
measured values for Ipq.



Table 1. Compositional data for the prepared Eu-doped apatite compounds.

Starting Eu/(Ca + Eu)
ratio in solution (%)

(Ca+Eu)/P
ratio in solid™!

Cationic contents in
100 mg of solid

Calculated'™ Eu/(Ca + Eu)
ratio in solid (%)

Experimental Eu/(Ca + Eu)
ratio in solid (%)

Ca (mmol) Eu (mmol)
0 1.66 £0.01 0.951 +0.029 0 0 0
1.000 +0.005 1.60 £0.01 0.903 £0.027 0.017 £0.001 1.9+0.2 2.04+0.13
1.500 £ 0.005 1.61+0.01 0.882 +0.026 0.026 +0.001 29+0.2 3.03+0.13
2.000 = 0.005 1.57 £0.01 0.838 £0.025 0.036 £ 0.001 41+0.1 4.05+0.13

[a] Evaluated from chemical analyses;
[b] assuming all the Eu3 + ions present in the starting mixture have reacted.

Bartsiokas and Middleton,!'®! and schematized on the inset of
Figure 3. The measured values of I,y were found to decrease
noticeably upon europium incorporation (from about 7.5+ 0.1
down to 4.2+0.1). This evolution quantifies a noticeable
decrease in crystallinity state upon Eu doping. It may
be linked to an inhibiting crystal growth effect due to the
presence of Eu®" ions, likely to stabilize the non-apatitic
surface layer over the apatitic core, and to increase the amount
of defects in the overall structure.

Some compositional characteristics of the doped apatite
samples (Eu: 0-2%, 100°C for 16h, pH =~ 9) are given in
Table 1. The (Ca+Eu)/P molar ratio of the solids was
evaluated from chemical titrations of Ca, Eu, and phosphate
and tends to indicate that the incorporation of europium is
accompanied by a slight decrease in this ratio, pointing out an
increase in the number of ionic vacancies in the solids. These
results are in agreement with the XRD data previously
mentioned. Table 1 also indicates that the europium doping
rates found in the solids are greater than the Eu doping rates in
the starting mixtures, with a multiplying factor close to 2.
These findings point out the preferential incorporation of
europium ions over calcium ions despite rather similar ionic
radii (1.00 A for Ca®>*, 0.95 A for Eu®*)."”! In order to shed
some light on this aspect, so-called ““theoretical” Eu/(Eu + Ca)
molar ratios were calculated (see Table 1) assuming the
incorporation of all Eu®* ions initially present in the starting
mixtures. Interestingly, the resulting calculated ratios were
found to be extremely close to the experimental ones, thus
confirming the occurrence of a preferential incorporation of
Eu’" ions in the apatite lattice in our preparation conditions.
This effect could for example be linked to a more energetic
Eu-O bond as compared to Ca-O. Indeed, some studies have
pointed out the high affinity of europium ions for oxygen in
apatite matrices, %! leading to pseudo-covalent bonds, which
is also consistent with the +3 charge of the ion as compared to
that of calcium.

Several Eu’* — Ca®" bulk substitution mechanisms can be
considered in such apatites: in the absence of monovalent or
tetravalent ions in the medium, as is the case here, the
following schemes may a priori be considered (a square
represents an ionic vacancy in the corresponding crystal-

lographic site):

3Ca%" — 2Ev®" + e, @
Ca’" 4+ HPO,?~ — Eu** + PO,*" 5
Ca”" + Oon — Eu®" + OH™ 6
Ca’*t + OH™ — Eu’®" + 0%~ )

or a combination of two or more of such mechanisms.
At this stage, none of these mechanisms can be a priori
privileged or discarded. Moreover, two or more of these
mechanisms may come into play simultaneously; and
the increase of Eu doping rate might also lead from
one preferred mechanistic scheme for low doping rates
to another preferential mechanism at higher Eu
contents. These aspects will be further investigated in
future studies.

The above results showed the possibility, with our
synthesis conditions, to incorporate Eu®* ions into the apatite
structure (up to at least 2 mol% relative to calcium) while
retaining a wet chemistry preparation process. It was thus
interesting to check at this point whether an FRET signal could
be detected for apatite—collagen systems. Interestingly
enough, among the two types of Eu-apatite/collagen
associations tested in this work, the first protocol based on
simple mechanical mixture did not lead (Fig. 4) to any
europium-linked emission upon excitation at 340 nm (excita-
tion domain of collagen exclusively). In contrast, the second
way of Eu-apatite and collagen association involving the
precipitation (at 37°C for 2h) of apatite in the presence of
collagen, led to two emission bands around 592 nm (minor)
and 616 nm (major), as shown in Figure 4. These two bands are
characteristic of the emission bands of europium relative to
the de-excitation transitions Dy — ’F; and °Dy — ’F,,
respectively,'” despite an excitation in the exclusive collagen
domain. These findings thus tend to show that, for a
precipitation in the presence of collagen, the Eu®" ions
incorporated in the apatite structure were successively
subjected to excitation and de-excitation (emitting the
observed photons), and this phenomenon would then be
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Fig. 4. Luminescence properties (FRET) for two types of Eu-doped (2 mol%) apatite/

collagen associations: mechanical mixture and apatite precipitation in the presence of
collagen.

characteristic of a FRET signal between the collagen donor and
the Eu®" accepting ions.

This observation, therefore, insinuates that this second type
of association led to apatite crystals in close spatial interaction
with the collagen molecules. The analysis by XRD and FTIR of
the apatite crystals precipitated (for 2h at 37 °C, see Fig. 5) in
the presence of collagen led to data very close to the ones
obtained without collagen. For example, on the FTIR spectrum
the bands characteristic of apatite can be seen (phosphate,
OH"™ and minor carbonate bands as shown) as well as some
amide bands from collagen. The presence of collagen therefore
did not lead to major differences in the crystallization of
apatite nanocrystals (mean crystallite size from Scherrer’s
formula: 17 nm length and 6 nm width), but may have played
a role of nucleating substrate. This preparation route would
thus appear as a promising method for the elaboration of
advanced biocomposites susceptible of exhibiting homoge-
neous and optimized macro- and microscopic properties. In
contrast, the absence of europium emission for the simple
mechanical mixture between collagen fibers and apatite
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Fig. 5. FTIR spectrum and XRD pattern (inset) for apatite precipitated in the presence
of suspended collagen fibers (2h at 37 °C).

crystals unveils the poor quality of the apatite-collagen
interface in such a system, thus suggesting to avoid
preparation routes based on sole mechanical mixture.

Functionalization with a Phospholipid Moiety for
Controlling Agglomeration

The agglomeration of apatite particles is a common
phenomenon, especially when dealing with nanocrystalline
apatite crystals exhibiting large surface areas. In fact,
agglomeration (like hydration processes) is a simple way to
limit the surface energy of many ionic solids. The aggregation
of adjacent nanocrystals for forming agglomerates is not a
problematic concern per se when the apatite compound is
intended for bone repair applications where consolidated
ceramics are generally needed. However, the agglomeration
of apatite nanocrystals into micron-size (or larger) aggregates
becomes a critical issue when intracellular applications are
envisioned, since the size of the host cells (up to a few tens of
microns) has then to be taken into account. For example
in view of intracellular drug delivery, apatite particles
will require surface modifications so as to remain in the
nanometer range (typically under 100nm), while retaining
the biocompatibility of the system. One obvious way to reach
this anti-agglomeration effect is by functionalizing, during
precipitation, the surface of apatite nanocrystals with
biocompatible molecules capable of both (i) interacting
advantageously/energetically with apatite (good binding
properties) and (ii) enabling some steric hindrance (or better
electro-steric) for inhibiting in a stable way the union of
neighboring crystals, leading to colloidal suspensions.

This topic has been investigated here for apatite suspen-
sions prepared from easily handled ionic salts, by following
the effect of surface functionalization with the phospholipid
moiety AEP: NHf —CH,—CH,—OP(O)(O™),. In addition to
its biocompatibility, this molecule (already present on
the membrane of human cells)® was selected due to the
presence of a phosphate group on one side of the molecule
(enabling to predict good interacting properties with apatite)
and of a charged ammonium end-group on the other side of
the molecule (for electrostatic repulsion of adjacent particles).

In this work, AEP was added in various proportions during
apatite precipitation. The suspensions prepared (in the
temperature range 80-100°C) from starting AEP/Ca molar
ratios greater than 0.4 were found to be stable translucent
colloids, whereas for lower ratios opaque suspensions were
obtained and a sedimentation rapidly occurred (within an
hour). In all cases studied, including in the presence of
europium with starting Eu molar contents in the range 0-2%
(relative to calcium), the apatitic nature of the particles in
suspension was assessed by both FTIR and XRD analyses. By
FTIR, an additional band was observed at 754 cm ™! which is
attributable to Ca(AEP), complexes,'?!! thus revealing inter-
actions between the phosphate group of AEP molecules and
some Ca”" ions on the particle. The XRD pattern obtained for
1.5% Eu is given on Figure 6. The mean size of the crystallites
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Fig. 6. Typical XRD pattern for apatite-based colloids prepared (at 100 °C) for varying
Eu contents. Inset: mean crystallite size from Scherrer’s formula.

constitutive of the colloids was also estimated by applying
Scherrer’s formula to diffraction lines (002) and (310), giving,
respectively, a measure of the mean length and width of the
nanocrystals as discussed elsewhere.'”?! The values obtained
were added in the inset of Figure 6. As can be seen, the
nanocrystalline nature of the colloids is confirmed and the
crystallites exhibit dimensions close to 15nm in length and
6nm in width/depth.

The mean hydrodynamic radii of the colloids were also
determined by way of DLS. In all cases studied, monomodal
size distributions were observed. The evolution of the median
dsg size parameter was followed for T =80 °C as a function of
the starting AEP content in the solution (Fig. 7). A noticeable
decrease in particle size was observed for increasing AEP/Ca
starting ratios, with dsy values down to 46 +£5nm for AEP/
Ca=0.4 and 30 £5nm for AEP/Ca > 0.6. Interestingly, these
two size values are noticeably lower than 100 nm and thus
appear suitable for intracellular drug delivery applications.

A decrease in the width of the size distribution, monitored
by the polydispersity index (parameter derived from the auto-
correlative function of the granulometry data, proportional
to the square of the standard deviation of the Gaussian
distribution) was also witnessed upon increasing the AEP
initial content in the medium (see data on Fig. 7). This
observation indicates that the colloids obtained beyond AEP/
Ca =0.4 have an increased homogeneity in particle size, which
is also a desirable feature for potential drug nano-carriers.

Fig. 8. TEM micrographs on apatite-based colloids (starting AEP/Ca=1, T=280°C).
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The morphology of the colloids for starting ratios AEP,/
Ca > 0.4 was examined by TEM. A representative example is
given in Figure 8 in the case AEP,/Ca =1. The particles were
found to exhibit an appreciable morphological homogeneity,
with mean sizes in good agreement with the granulometry
data (DLS) mentioned above. This homogeneity for AEP,/
Ca > 0.4 suggests the existence of a homogeneous distribution
of the AEP molecules on the surface of the apatite
nanocrystals.

The amount of AEP grafted on the apatite particles was then
followed as a function of the starting AEP/Ca molar ratio (inset
of Fig. 7). The obtained curve shows that a stabilization is
progressively reached, with an inflexion occurring around
AEP/Ca=0.6. These findings point out the increase of the
amount of adsorbed AEP molecules on the apatite crystals up to
a maximum value corresponding to ca. 2.7mol AEP/mol
apatite (in our experimental conditions). The attainment of this
maximum AEP coverage can then explain the stabilization of
the apatite particle size observed beyond AEP/Ca=0.6.

The above results revealed that a rather strong interaction
occurred between AEP molecules and apatite, which is
especially clear from the stability of the colloids obtained. This
affinity is likely to be linked to the presence of a phosphate
end-group on the AEP molecules, which is inclined to interact
strongly with calcium phosphate surfaces. This is in agree-
ment with the observation of an IR absorp-
tion band at 754cm ' indicative of the
formation of Ca(AEP), complexes. In this
context, the ammonium end-groups of AEP
molecules would then be exposed toward the
solution. The decrease in particle size
observed upon increasing the AEP coverage
may then be seen as a consequence of
electro-steric hindrance effects between
particles,
agglomeration effects. These considerations
are in agreement with the positively-charged

adjacent preventing/limiting



particle surface (close to + 25 mV) measured by zeta potential
measurements, suggesting that the ammonium groups —NH;r
of the AEP molecules are indeed exposed outbound, toward
the solution and other particles.

It is interesting to note at this point that the addition
of AEP after precipitation rather than simultaneously
did not lead to any de-agglomeration effect. This is not
surprising due to the strong interaction existing between
agglomerated apatite nanocrystals in the absence of disper-
sing agent. It also confirms our conclusions stating that
stabilizing molecules such as AEP have to interact with
the surface of the crystals during the precipitation process,
so as to limit their agglomeration thanks to electro-steric
hindrance. In the case of these colloids, the comparison
of the mean crystallite size (15nm in length) estimated
from XRD (see Fig. 6) with the hydrodynamic diameters
drawn from DLS data (=30-45 nm for AEP/Ca =1) suggests
that the colloidal nanoparticles are composed of only a few
crystallites. In this context, although it is not impossible to
find a few AEP molecules entrapped between agglomerated
crystallites, the strong decreasing-size effect observed when
increasing the AEP content as well as the positive zeta
potential are strong indicators of surface modifications
of the nanoparticles rather than internal ones. At the
alkaline pH (x9) used here for the preparation of these
apatite colloids, the zeta potential of HA is known to
be negative.[m However, the zeta potential, which is
generally determined by way of electrophoretic mobility,
is only indicative of an overall surface charge summing up
all the local contributions. In particular, it does not take
into account the presence of local positive centers composed
of surface calcium ions that remain accessible to adsorption.
The observation of Ca(AEP), surface complexes in the
present work witnesses the possibility to graft AEP
molecules (by way of their phosphate group since their
positive —NHJ groups are found to be exposed outbound)
onto Ca”" surface ions.

Attempts to obtain similar particle sizes by a synthesis
protocol performed at neutral pH were not successful as
agglomeration remained substantial in this case (leading to
particle sizes above 100nm). A possible explanation for
this phenomenon may be related to the more extended
hydrated layer on the apatite nanocrystals obtained at pH 7
as compared to pH 9. Indeed, such alkaline media were
found®*! to lead to apatite compounds exhibiting a chemical
composition closer to stoichiometry (decrease of the amount
of non-apatitic species). In this context, the nanocrystals
prepared at pH 7 are bound to exhibit a larger surface energy
for which agglomeration may then interfere to a greater
extent with the AEP adsorption process. This hypothesis is
supported by the fact that the amount of AEP adsorbed on
the apatite particles prepared at pH =7 is noticeably lower
(0.68 mol AEP/mol apatite in the example of the starting
ratio AEP,/Ca=0.4) than for pH=9 (2.14mol AEP/mol
apatite) revealing a much lower degree of interaction
between the AEP and apatite crystals. It is however possible

to adjust the pH to physiological value in a subsequent step,
after synthesis and dialysis, in order to enable biological
applications; and this method should be favored in the
objective to minimize agglomeration.

The results reported in this section indicate that it is
possible to prepare, from easily handled ionic salts,
nano-scale colloids associating biomimetic apatite nano-
crystals and a biocompatible phospholipid moiety. More-
over, we showed that the mean particle size for
such colloids could be tailored in the range 30-100 nm by
modifying synthesis conditions. Applications as intracel-
lular drug-nanocarriers may then be envisioned for these
systems.

In addition, a preliminary luminescence study pointed out,
in the case of Eu-doped colloids, the typical features of Eu®"
ions. These results suggest then the possibility to use such
luminescent colloids as nanoprobes in view of intracellular
applications linked to diagnosis aspects. These considerations
are now in development and will be the object of other
contributions.

Concluding Remarks

The data and discussions reported in this contribution were
aiming at pointing out several possibilities offered by calcium
phosphate apatite-based systems in the field of bio-medical
applications. In the form of three selected examples, we
addressed adsorption/functionalization processes involving
organic molecules of interest, as well as the preparation of
Ca-Eu apatite solid solutions, meant to bring new function-
alities to apatite materials either as dry bioceramics or as
aqueous colloids.

We reported on the possibility to enrich apatite surfaces
with risedronate molecules that present potential therapeutic
properties for the treatment of osteoporosis. We pointed out in
this case the existence of a complex interaction involving not
only adsorption but also an exchange with surface ions. We
then showed the possibility to convey luminescence proper-
ties to apatite crystals prepared by soft chemistry, for example
in view of exploring apatite/collagen interfaces through the
FRET technique, in order to derive adapted protocols for
the preparation of “advanced” biocomposites. Finally, we
investigated the preparation of nanometer-scaled apatite-
based colloids (with particle size tailorable in the range
30-100nm), obtained by controlling the agglomeration
state of apatite nanocrystals by way of surface grafting of a
phospholipid moiety.

The conclusions illustrate some of the numerous potenti-
alities of calcium phosphate apatites in the bio-medical
domain, that are progressively widened thanks to a better
comprehension of the physico-chemistry of biomimetic
apatites and of their surface characteristics allowing to
imagine new therapeutic and/or diagnosis perspectives for
the future.
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