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eSupparting Information

ABSTRACT: Addition of a gallium (Ga) precursor in the typical reaction protocols used for the
preparation of [-tricalcium phosphate (3-TCP) led to novel Ga-doped -TCP ceramics with
rhombohedral structures (R3¢ space group). From the refinement of their X-ray diffraction patterns,

it was found that the incorporation of Ga in the 3-TCP network occurs by substitution of one of the five
calcium (Ca) sites, while occupation of another Ca site decreases in inverse proportion to the Ga content
in the structure. The Galocal environment and the modification of the phosphorus environments due to
the Ga/Ca substitution in Ga-doped 3-TCP compounds are probed using >'P and "'Ga magic-angle
spinning NMR. A decrease of the unit cell volume is observed with increasing Ga content, together with
improved mechanical properties. Indeed, the compressive strength of these new bioceramics is enhanced
in direct proportion of the Ga content, up to a 2.6-fold increase as compared to pure 3-TCP.
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1. INTRODUCTION

Porous calcium phosphate ceramics (CaPs) have been used
extensively as bioactive implants in human bone surgery, due
to their similarity to the mineral component of bone." ™ Indeed,
such biomaterials with suitable composition and porosity are
slowly resorbed in the body, to be replaced by natural bone by the
same processes active in bone remodeling. If combined with
drugs, then bone substitute materials when implanted might in
addition be also well-suited to address bone-related diseases,
such as osteoporosis.'®~>* Current approaches for the preven-
tion and the treatment of osteoporosis consist in systemic the-
rapies, the purpose of which is most often increasing bone
density by decreasing osteoclastic bone resorption using drugs,
among which bisphosphonates are the most commonly used, as
compared, for example, to selective estrogen receptor modu-
lators (SERM), strontium ranelate, and various types of hor-
mones. However, the effect on bone healing is limited in some
cases due to poor bioavailability of the drug, which cannot
be administered at higher doses because of significant side
effects. Finally, in the case of bisphosphonate medication, low
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therapeutic compliance is one important problem for osteoporo-
tic patients.25

Many studies have shown that gallium (Ga) inhibits bone
resorption and, when present, lowers concomitant elevated plasma
calcium,**?® leading to its use in the clinical treatment of hyper-
calcemia of malignancy and Paget’s disease of bone.*”*° Accord-
ingly, it has been suggested as a treatment for osteoporosis.
Gallium nitrate is currently marketed by Genta as the FDA
approved labeling Ganite. This product is administered through
intravenous injection for the treatment of clearly symptomatic
cancer-related hypercalcemia that has not responded to adequate
hydration. While gallium nitrate acts as a potent inhibitor of bone
density breakdown, this drug presents two major drawbacks: (i) a
very low bioavailability and (ii) the need for a long and conti-
nuous intravenous administration, resulting in a potential toxi-
city. The design of an implantable gallium-doped scaffold usable
for the release of gallium in vivo would potentially offer a better
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bioavailability of Ga(IlI) ions, in osteoporotic sites. Indeed, using
osteoclastic and osteoblastic cell lines we have recently demon-
strated that Ga®" ions in solution exhibited a dose-dependent
(0—100 uM) antiosteoclastic effect, by reducing in vitro osteo-
clastic resorption, differentiation, and formation without nega-
tively affecting osteoblastic bone forming cells.>’ Accordingly,
these results suggested that gallium may be a promising candi-
date for the development of a bone bioactive drug delivery
system (DDS) targeting osteoporotic sites.

Since gallium has long been known to concentrate in skeletal
tissue, particularly regions of bone deposition and remodeling****
and to adsorb in vitro to synthetic hydroxyapatite,**** we have
investigated the design of gallium-doped phosphocalcic com-
pound usable for the release of gallium in vivo. To date, very few
studies have reported the preparation of gallium-doped calcium
phosphates, mainly based on hydroxyapatite*® or brushite.*” In
this context, the [-tricalcium phosphate (S-TCP) structure
seemed to be a good candidate for gallium-doping, since the
incorporation of different cations by substitution of some cal-
cium sites in the S-TCP network was reported in the literature
(Na*, Zn*", Mg2+, Sr**, Cu**, Co*"), % including trivalent
ions (In3+, F€3+) ,46’47 leading to compounds of formula Cajg s /2~
M?,(PO,); where M is a cation and z its oxidation state. In
addition, 3-TCP ceramics are widely used as bone substitutes,
and their good in vivo solubility should favor the in situ release of
the gallium ions.

Therefore, the preparation of gallium-doped B-TCP phases
was investigated in the present study according to different
methods, including direct solid-phase synthesis along with
calcination of gallium-loaded calcium-deficient apatite precur-
sors obtained by soft chemistry routes. In this article, we demon-
strate on the basis of electron diffraction and X-ray powder
diffraction (XRD) analyses that the resulting gallium-doped
B-TCP compounds adopt a rhombohedral structure with R3¢
space group, in which only one of the calcium sites can be partly
replaced by gallium, leading to a nonlinear contraction of the unit
cell volume. The modification of the phosphorus local environ-
ments due to the Ca/Ga substitution are characterized using >'P
and >'P—""Ga double resonance solid-state NMR.

2. EXPERIMENTAL SECTION

Synthesis. Preparation of Cajos_;.5xGa,(PO,); by Solid-State
Reaction. In a mortar, anhydrous calcium phosphate (0.174 mol) was
intimately mixed with the quantity of calcium carbonate, and gallium
oxide calculated so that the (Ca + Ga)/P molar ratio corresponds to the
desired x value according to eq 1.

7CaHPO4 + (3.5 — 1.5x)CaCO3 + x/,Ga;0;3 — Caios—1.5:Ga,(POs),
+3.5H,0 + (3.5 — 1.5x)CO, (1)

The mixture was ground for 30 min and sintered at 1000 °C for 24 h,
typically on a S g preparation scale (heating rate: S °C/min, cooling rate:
S °C/min).

Preparation of Ca;o.5_1.5:Gax(PO.); Using a Two-Step Coprecipita-
tion/Calcination Process. In a typical procedure, a mixture of gallium
nitrate hydrate and calcium nitrate tetrahydrate was dissolved in a beaker
containing 125 mL of ultrapure water, with a (Ca + Ga)/P molar ratio of
1.515 and a Ga/Ca molar ratio in the 0—0.08 range. The pH of the
solution was adjusted in the 9—9.5 range by means of a concentrated
solution of ammonia. The reaction mixture was then introduced in a
three-neck angled round-bottom flask placed in an oil bath and equipped
with a dropping funnel. The temperature of the reaction mixture was

raised to 50 °C, and 1.089 g of diammonium hydrogen phosphate
(8.25 mmol) dissolved in 125 mL of ultrapure water was added dropwise
over a 5—10 min period. The mixture turned white, and the pH was
adjusted in the 7.5—8 range by means of a concentrated solution of
ammonia. After 30 min, the mixture was allowed to cool, and the
suspension (pH was neutral) was filtered off and washed with 250 mL of
ultrapure water. After repeating this procedure four times, the white
waxy product was dried in an oven at 80 °C for 24 h. The gallium content
of the collected aqueous fractions was measured by atomic absorption
spectroscopy to determine the amount of gallium incorporated in the
isolated solid phase.

After calcination at 1000 °C for 4 h, the resulting compounds led to
Cajg5-1.5:Ga,(PO,4)7 compounds, where x varied in the 0—0.75 range,
as a function of the initial Ca/Ga molar ratio.

Materials and Methods. X-ray Powder Diffraction. The XRD
patterns of 3-Cajos_;.5.Ga,(PO,); powders were recorded using a
Bruker D8 Advance diffractometer (Bragg—Brentano, /26 geometry)
equipped with a copper anode, a germanium monochromator (CuKy;)
and a Vantec position-sensitive detector for fast data collection despite
the large unit cell of the compound (6—110° 26 range with a 0.017° 26
step at 3.5s/step). Rietveld refinements were carried out to determine
the unit cell parameters and the atomic positions using JANA 2006**
code for Rietveld refinement with the fundamental parameters approach*
to directly take into account the instrumental contribution to Bragg
peaks profile during the refinement procedure. The location of gallium
was based on the MS site occupation fraction, making the initial hypo-
thesis that this site was fully occupied by calcium. The obtained value
being higher than 100% was the indication of a substitution of this site by
a heavier atom. This substitution has been then introduced subsequently
into the refinement. TiO, anatase powder (Merck) (around 10% w/w)
was mixed with the samples for accurate amorphous phase percentage
determination.>

Solid-State NMR. All *'P solid-state magic angle spinning (MAS)
NMR experiments were performed on a Bruker Avance 300 spectro-
meter operating at 7.0 T (*'P Larmor frequency of 121.5 MHz) using a
4 mm double-resonance MAS probe. The quantitative *'P one-dimen-
sional (1D) single pulse MAS spectra were acquired using a small pulse
length (0.8 us, 20° flip angle) and a long recycle delay of 60 s to ensure
no saturation. The *'P two-dimensional (2D) through-space double
quantum—single quantum (DQ-SQ) MAS correlation spectra were
recorded at a spinning frequency of 10 kHz. The POST7 DQ recoupling
sequence®’ with a *'P nutation frequency of 70 kHz was used for the
excitation and reconversion of DQ coherences. The DQ _excitation and
reconversion times were fixed to 1.4 ms, corresponding to 14 rotor
periods. To reduce the overall acquisition times of the 2D experiments,
recycle delays of 20s with presaturation loops were employed. Pure
absorption phase spectra were obtained using the States method,” and
90 rotor-synchronized t, increments of 400 us (i.e., four rotor periods)
with 16 scans each were collected.

7'Ga and "'Ga—>'P double resonance solid-state NMR experiments
were performed on a Bruker Avance 750 spectrometer operating at
17.6 T ("*Ga and *'P Larmor frequencies of 228.77 and 303.66 MHz,
respectively) using a 4 mm triple-resonance MAS probe. The "'Ga 1D
MAS central transition spectra were recorded at a spinning frequency of
14 kHz using a Hahn echo sequence with a 7' Ga nutation frequency of
9 kHz (central transition selective 90° pulse length of 13.9 us) and a
recycle delay of 1s. The spinning frequency was 14 kHz, and the 7 delay
was set to one rotor period. *'P {7'Ga}-edited 1D and "'Ga—>'P 2D
HETCOR MAS spectra were recorded at a spinning frequency of
14 kHz using the R’-heteronuclear multiple quantum coherence
(HMQC) experiment.”*** The *'P and "'Ga 90° pulse lengths were
7.5 and 14 us, respectively. Recoupling of the *'P—""Ga heteronuclear
dipolar interaction under MAS was achieved using a continuous wave
3P pulse spanning on 15 rotor periods with a radio frequency (RF) field
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Figure 1. (a) Experimental [010] electron diffraction pattern and (b) experimental and calculated powder XRD patterns of Ca;os_;.5.Ga,(PO,), for
x = 0.45 (x value obtained from the Rietveld structural refinement of the XRD pattern of a sample synthesized from solid-state reaction). In (b), the
Bragg positions (vertical ticks) and the differences between experimental and calculated data (in blue) are shown. The fit statistics are R, = 9.56%,
Ry, =13.15%, and Rpag =3.31%. (c) The experimental [1—10] electron diffraction pattern of Ca;5(POy4)- (pure S-TCP) is given for comparison. In
(c), the arrows indicate additional diffraction spots not allowed by the R3¢ symmetry, which can either be due to double reflection or to alower symmetry
superstructure. (d) Synchrotron powder diffraction pattern (4 = 0.41397 A, 11BM diffractometer, APS, Argonne National Laboratoty) of pure 3-TCP
evidencing weak-intensity reflections not allowed by R3¢ symmetry. These additional reflections could not be assigned to any other known calcium
phosphate phase and perfectly correspond to the extra spots observed by electron diffraction (see arrows), therefore suggesting a lower symmetry

superstructure.

strength of 14 kHz (i.e,, satisfying the n = 1 rotary resonance condition).
Pure absorption phase 2D HETCOR spectra were obtained using the
States method,” and 52 rotor-synchronized t; increments of 143 us (i.e.,
two rotor periods) with 3840 scans each were collected.

1P and "' Ga chemical shifts were referenced relative to a 85% H5PO,
solution and a 1.1 mol- kg71 Ga(NO3); D,O solution, respectively.
Simulations of all spectra were performed using the dmfit software.>®

3. RESULTS AND DISCUSSION

3.1. Structural Characterization of Gallium-Doped f-TCP
Ceramics Using Electron Diffraction, Powder XRD, and
Multinuclear Solid-State NMR Spectroscopy. Our attempts
to prepare gallium-doped 3-TCP ceramics were derived from
two methods commonly reported in the literature for the
synthesis of pure 3-TCP:

(i) sintering of a CaHPO,/CaCOj; mixture, to which Ga,0;

was added using the suitable stoichiometry from eq 1.

(i) calcination of calcium-deficient apatites (CDAs) synthe-

sized by precipitation in the presence of gallium nitrate

8254

with a (Ca + Ga)/P molar ratio of 1.515. For the
preparation of the CDA precursors, the selected base was
ammonium hydroxide. Indeed, we have previously reported
that CDAs prepared in the presence of sodium resulted after
calcination in the incorporation of sodium in the S-TCP
network, by substitution of some calcium sites.*”

The structure of pure 5-TCP was determined by single-crystal
XRD by Dickens et al.*® and later confirmed by Yashima et al.*’
through a neutron powder diffraction study. For both prepara-
tion routes used in the present work, both the electron diffraction
and the powder XRD patterns of the obtained ceramics show
that the average structure of Ga-doped 3-TCP is rhombohedral
with the R3c symmetry, similar to the (B-TCP proposed
structure.*®>” For all the studied Ga-doped ceramics, the elec-
tron diffraction patterns show very well-defined dots indicative
of highly crystalline samples and no extra spots (or diffuse
streaks) than those expected for the R3¢ structural model. Typical
electron diffraction and powder XRD patterns obtained for the
Cajs-1.5:Gay(PO,); samples are shown in Figure la and b.
Energy-dispersive X-ray spectrometry (EDXS) analyses indicated

dx.doi.org/10.1021/ic2007777 |Inorg. Chem. 2011, 50, 8252-8260
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Figure 2. Variation of the cell parameters obtained from Rietveld structural refinements of Ca;o5_; 5,Ga,(PO,); compounds prepared by both solid-
phase and coprecipitation/calcination reactions, as a function of the x Ga content obtained from the refinement. The a and ¢ values for pure 5-TCP [a =
10.4352(2) A, ¢ = 37.4029(5) A] are given for comparison.®”

Table 1. Positional and Thermal Parameters for the Atoms of Ca;g s.1.5.Ga(PO,), for x = 0.45°

atom site symmetry occupancy @ y z Uso (A%)
Cal 18b 1 1 0.7255(6) 0.8580(10) 0.1674(3) 0.0097(9)
Ca2 18b 1 1 0.6228(6) 0.8250(11) —0.0328(3) 0.0097
Ca3 18b 1 1 0.1282(8) 0.2766(5) 0.0608(3) 0.0097

MS/Gal 6a 3. 0.441(14) 0 0 —0.264 0.008(2)

MS/Cas 6a 3. 0.559(14)

M4/Ca4 6a 3. 0.280(7) 0 0 —0.0615(10) 0.0097
P1 6a 3. 1 0 0 —0.0001(4) 0.009(2)
P2 18b 1 1 0.6806(8) 0.8573(12) —0.1289(3) 0.009
P3 18b 1 1 0.6500(11) 0.8457(12) —0.2333(3) 0.009
01 6a 3. 1 0 0 0.0499(8) 0.004(2)
02 18b 1 1 0.0207(18) 0.8685(14) —0.0087(6) 0.004
03 18b 1 1 0.7347(18) 0.9130(18) —0.0925(6) 0.004
04 18b 1 1 0.770(2) 0.781(2) —0.1445(6) 0.004
05 18b 1 1 0.732(3) 0.008(3) —0.1541(6) 0.004
06 18b 1 1 0.5104(19) 0.760(3) —0.1382(S) 0.004
07 18b 1 1 0.608(2) 0.956(2) —0.2193(7) 0.004
08 18b 1 1 0.590(2) 0.694(2) —0.2136(6) 0.004
09 18b 1 1 0.819(2) 0.916(3) —0.2297(5) 0.004

010 18b 1 1 0.6285(16) 0.826(2) 0.7254(6) 0.004

“ Cell parameters (A, ©): 10.36429(19), 10.36429, 37.3959(9), 90.0, 90.0 120.0.

relatively homogeneous gallium content within crystallites, at
least at the probe scale (less than SO nm). The presence of
chemical composition inhomogeneity at a smaller length scale,
which would give rise to extra features on electron diffraction
patterns, was thus excluded.

Rietveld refinement of the XRD patterns of the various
samples, mixed with TiO, to detect the presence of any amor-
phous impurity, showed a monotonic variation in cell para-
meters. A linear decrease of the a parameter and a monotonic
decrease of the ¢ parameter were observed (Figure 2), leading
to a contraction of the cell volume as the gallium content
increased. This behavior was expected considering the differ-
ences between both cationic radius and oxidation state of
%alli;r;x) compared to calcium (0.99 A (Ca**) and 0.62 A

Ga™)).

The JANA 2006 program was successfully used to refine the
structure for various Ga/Ca ratios, which corresponded to the
Cajos1.52Ga,(PO,), general formula. Based on the proposed
B-TCP crystal structure, gallium ions only occupy the MS
calcium site, while calcium occupation of the M4 site decreases
in inverse proportion to the gallium content in the structure
(Table 1). This substitution mechanism is similar to that
previously described for trivalent cations in the case of In>'-
and Fe**-doped B-TCP.***” The atomic parameters of the
Cajos-1.5xGa,(PO,); compound with x = 0.4S are gathered in
Table 1. For all the studied samples, the Ga content was
determined using constraints on atom site occupation factors
to ensure the charge balance of the material.

Irrespective of the preparation method, for initial Ga/Ca
molar ratio less than 0.075, the amount of gallium in the final
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Table 2. Ga wt% Content in The Ca;¢ 5.1 s.Ga,(PO,)- Final
Products

Ga wt% in the final product
entry Initial Ga/Ca ratio AAS* XRD”
1 0.025° 1.58 £0.25 1.86

2 0.052° 3.16+£025 332

3 0.074° 4474025 4.40

4 0.092¢ 542+£025 4.65

N 0.11° 6.19£0.25 5.23

“Determined by atomic absorption spectroscopy. ” Determined from
the Rietveld refinement of the experimental XRD patterns, assuming
that a pure Cags.1.5,Ga,(PO,) structure is obtained.  Determined by
compound obtained by solid-phase reaction. Determined by com-
pound prepared via a coprecipitation/calcination route.

31P frequency (ppm)

6 4 2 0 2 -4
31P frequency (ppm)

Figure 3. 3P 2D sheared homonuclear DQ—SQ_correlation MAS
NMR spectrum of 3-Ca;o5(PO,); recorded at By = 7.0 T using the
POSTC7 DQ_dipolar recoupling pulse sequence with a spinning
frequency of 10 kHz. The experimental and reconstructed *'P single
pulse MAS NMR spectra of 3-Ca;o5(PO,4)- are shown above the 2D
spectrum.

product measured by atomic absorption spectroscopy was found
to be close to that expected for a quantitative incorporation of
gallium in the 3-TCP structure. Indeed, the Ga wt% determined
by atomic absorption spectroscopy was fully consistent with that
obtained from the XRD Rietveld refinements, considering the
presence of a Cajgs_1.5.Ga,(PO,)7 single phase (Table 2, en-
tries 1—3). However, deviation between these two values was
observed for higher initial Ga/Ca molar ratios (Table 2, entries
4—S), due to the presence of side products, the major part of
which corresponding to an unidentified amorphous component
(i.e, 1S wt % for a 0.11 Ga/Ca ratio) and to a lower extent to
crystalline 5-Ca,P,0, pyrophosphate (3.5 wt%).

(@ (@)

(b) ®)

8 4 0 -4 8 4 0 4
31P frequency (ppm) 31P frequency (ppm)

Figure 4. >'P single pulse MAS NMR spectra of Cajos_1.5:Ga,(PO,);
compounds with: (a) x =0, (b) x = 0.29 (initial Ga/Ca = 0.025), (c) x =
0.45 (initial Ga/Ca = 0.046), (d) x = 0.69 (initial Ga/Ca = 0.074),
(e) x = 0.82 (initial Ga/Ca = 0.11) [synthesized by solid-state reaction],
(f) x=0.22 (initial Ga/Ca =0.021), (g) x = 0.52 (initial Ga/Ca =0.052),
(h) x = 0.67 (initial Ga/Ca = 0.070), and (i) x = 0.73 (initial Ga/Ca =
0.092) [synthesized using the coprecipitation/calcination process].

To investigate the structural modification of the phosphorus
environments due to the Ca/Ga substitution in the 3-TCP net-
work, *'P solid-state MAS NMR spectra of Cajgs_1.5,Ga,(PO,),
samples and pure [-TCP were also recorded. The pro-
posed B-TCP structure involves three fully occupied crystallo-
graphically distinct phosphorus sites with Wyckoff multiplicities
of 6 (P1) and 18 (P2, P3), while the calcium ions are distributed
over five different sites. Two of these Ca sites [M4 and MS]
are located in special positions, one of which is half occupied
[M4].56’57 As shown in Figure 3, the 3'p MAS NMR spectrum of
pure 3-TCP exhibits a large number of partly overlapping reso-
nances. Enhanced spectral resolution of the various P sites was
obtained using a 2D 3P homonuclear DQ—SQ correlation ex-
periment which allowed resolving overlapping *'P resonances
having similar isotropic chemical shifts but different P neighbors.*®
From the obtained 2D correlation spectrum, 16 distinct >'P
narrow resonances (*'P linewidths range from 0.45 to 0.65 ppm)
can be distinguished, with significantly different relative inten-
sities indicating that 3-TCP contains at least 16 inequivalent P
sites. Such narrow resonances would not be expected assuming a
random distribution of the vacancies in the structure, since the
resulting positional disorder around the phosphorus atoms
should significantly broaden the *'P resonances. This strongly
suggests an ordering of the vacancies within the 5-TCP structure.

Preliminary investigation of the vacancies orderin% within the
B-TCP structure has been carried out on the basis of >' P isotropic
chemical shifts PBE-DFT calculations™ for several structural
models using the GIPAW method® implemented in the CA-
STEP code.”"®* For three basic possible arrangements of half
occupying M4 site within the 1 x 1 x 1 3-TCP structure des-
cribed by Jay et al,*® which exhibits space groups of lower
symmetry (P3 and R3 for the lowest-energy configuration), the
theoretically calculated >'P MAS NMR spectra exhibit a much
smaller number of *'P resonances (i.e., of distinct P sites) than
that observed in our experimental spectrum. This suggests that
crystalline 3-TCP likely adopt a superstructure. As shown in
Figure 1lc and d, electron and synchrotron powder diffraction

8256 dx.doi.org/10.1021/ic2007777 |Inorg. Chem. 2011, 50, 8252-8260
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Figure 5. (a) 1D *'P quantitative single pulse MAS spectrum (top), 1D *'P {"'Ga}-edited MAS spectrum (middle) and projection along the *'P
dimension of the 2D 7'Ga—>'P HETCOR MAS spectrum shown in (b) (bottom) obtained for the Cayos_1 5,Ga,(PO,), sample with x = 0.45 (initial
Ga/Ca = 0.046). All spectra were recorded at a magnetic field of 17.6 T with a spinning frequency of 14 kHz.
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Figure 6. *'P 2D sheared homonuclear DQ—SQ correlation MAS NMR spectra of Cayq 51 5xGa,(PO4); compounds with (a) x = 0.52 (initial Ga/Ca =
0.052) and (b) x = 0.82 (initial Ga/Ca = 0.11). The 2D spectra were recorded at By = 7.0 T using the POSTC7 DQ dipolar recoupling pulse sequence
with a spinning frequency of 10 kHz. The corresponding experimental (black) and reconstructed (red dotted line) *'P single pulse MAS NMR spectra

are shown above the 2D spectra.

data provide further experimental evidence for the presence of a
superstructure with symmetry lower than R3c.

As already discussed from diffraction results, gallium insertion
in the structure appears to take place on the MS site (surrounded
by the P2 and P3 phosphorus sites) with concomitant decrease of
the calcium occupancy in the M4 site. The *'P isotropic chemical
shift being very sensitive to local structural modifications, the
introduction of gallium in the structure results in the appearance
of additional *'P resonances with isotropic chemical shifts in the
—1.5/—3.0 ppm range, assigned to Ga—neighborin§ P2 and P3
sites (Figure 4). It should also be noted that the >'P resonan-
ces in the spectra of the Cajgs_;.5,Ga,(PO,); compounds are
broadened even for very low Ga contents, by comparison with

8257

pure B-TCP. This broadening suggests a random Ca/Ga substitu-
tion that suppresses the long-range ordering of the vacancies in
the B-TCP structure. This is consistent with the absence of extra
spots on the electron diffraction patterns which give evidence that
the average structure of Cajos_;5.Ga(PO,); compounds is
correctly described by the proposed 1 X 1 X 1 cell R3¢ model.

The assignment of the additional *'P resonances observed
in Ga-doped 3-TCP compounds to P sites having Ga neighbors
is supported by 1D *'P {"'Ga}-edited and 2D "'Ga—>'P
heteronuclear correlation (HETCOR) MAS spectra. As clearly
shown in Figure 5, only the *'P resonances in the —1.5/—3.0 ppm
range are observed in these heteronuclear dipolar recoupling
experiments.

dx.doi.org/10.1021/ic2007777 |Inorg. Chem. 2011, 50, 8252-8260
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Figure 7. Experimental (black dots) and reconstructed (red lines) ' Ga
central transition MAS NMR spectra (B, = 17.6 T, MAS 14 kHz) of the
Cajgs-1.5xGa,(PO,); compounds with: (a) x = 0.19 (initial Ga/Ca =
0.019), (b) x=0.22 (initial Ga/Ca = 0.021), (c) x = 0.52 (initial Ga/Ca =
0.052), (d) x = 0.67 (initial Ga/Ca = 0.070), (e) x = 0.73 (initial Ga/
Ca =0.092), and (f) x = 0.82 (initial Ga/Ca = 0.11).

As shown in Figure 6, the 2D *'P homonuclear DQ—SQ
correlation spectra recorded for the Cajos_;5,Ga,(PO,); com-
pounds exhibited enhanced spectral resolution with respect to
conventional 1D MAS spectra, giving evidence of the presence of
five distinct resonances in the —1.5/—3.0 ppm range. Good fits
of both the experimental *'P 2D correlation and 1D quantitative
MAS spectra were obtained using the 16 resonances previously
observed in pure -TCP, in addition to these S upfield-shifted
supplementary lines, the relative intensities of which gradually
increased with the Ga content in the structure. Since these
resonances strongly overlapped, their positions and linewidths
were constrained to vary 0.1 and £0.15 ppm, respectively.
Although the strong overlap between the *'P resonance prohib-
ited an accurate quantification of the various P sites as a function
of the Ga content, the intensity ratio between the two sets of
resonance determined following this protocol was found to be in
good agreement with the x value in the Caos_;5,Ga,(PO,),
structure.

To probe the gallium local environment in the Cajgs_1.5.Ga,-
(PO,) structure, ' Ga solid-state MAS NMR experiments were
performed at high-magnetic field (17.6 T). As shown in Figure 7,
the experimental "'Ga (I = 3/2) MAS NMR spectra of the
Cajos_1.5xGa,(PO,), compounds exhibited asymmetric line
shapes which are characteristic of a distribution of the quad-
rupolar interaction. To account for this distribution of the quad-
rupolar interaction, the ' Ga MAS NMR line shapes were recon-
structed according to the Gaussian isotropic model (GIM)
(d =5, case of the Czjzek distribution)®* in which the distribution
of the electric field gradient is assumed to correspond to a

statistical disorder.°>%® Using this model, good fits of the experi-
mental spectra were obtained, from which the mean "'Ga iso-
tropic chemical shift, the isotropic chemical shift distribution,
and the mean quadrupolar coulpling product P were determined
(ESI, Table 1). The obtained ”'Ga isotropic chemical shifts, which
range between —39 and —57 ppm, are characteristic of GaOg
sites,®”® in agreement with the proposed Cajg 5 1.5:Ga,(POy)7
structure. It should be noticed that, while the experimental
spectra of samples with x < 0.6 are nicely reconstructed with a
single contribution, an additional resonance of weaker intensity
must be taken into account to obtain good fits of the spectra
recorded for the compounds with a x Ga content larger than 0.6.
The relative intensity of this additional resonance (with a smaller
quadrupolar product and shifted upfield relative to the main
peak) increased from 3 to 11% with increasing x from 0.67 to
0.82. Both its quadrupolar product and "'Ga isotropic chemical
shift likely indicate the appearance in the structure of more
symmetric GaOg environments with a larger number of Ga
atoms in the remote coordination sphere.

As previously mentioned, for initial Ga/Ca molar ratios higher
than 0.075, increasing amounts of side products were detected in
the obtained Cajos ;.5.Ga,(PO,); phase, a significant part of
which consisting of an amorphous component. The latter was
unambiguously identified as poorly crystalline gallium phosphate
(GaPO,) from its characteristic >'P and ' Ga isotropic chemical
shifts at —9.0 and 117 ppm, respectively (data not shown). This
gives evidence that the MS site cannot be fully substituted by
gallium, resulting in a side reaction between gallium and phos-
phate precursors when the gallium insertion limit (x ~ 0.8) is
reached.

Finally, it is worth noting that the compressive strength of
gallium-doped B-TCP ceramics increases linearly with the Ga
content (see Supporting Information). For the higher Ga-sub-
stitution rates (21.5 MPa, x = 0.73), the compressive strength was
2.6 times higher than that measured for pure 5-TCP (8.3 MPa,
x = 0). This is an interesting feature since improved mechanical
properties results in better handling of macroporous ceramics for
surgeons.

4. CONCLUSION

We have shown that adding a source of gallium during the
synthesis of S-TCP, either by direct solid-phase synthesis or
calcination of calcium deficient apatite precursors, yielded Ga-
doped ceramics as a result of gallium insertion in the -TCP
structure (i.e,, Cajgs_1.5.Ga(PO,)-). This occurs by substitu-
tion of one of the five calcium sites in the 3-TCP network
(MS site) with a random Ca/Ga distribution, while occupation of
another Ca site (M4 site) decreases in inverse proportion to the
gallium content. A decrease of the unit cell volume is observed
with increasing gallium content, together with improved me-
chanical properties. However, to avoid the formation of unde-
sired side products (mainly gallium phosphate) in the resulting
Cajps_1.5:Gay(PO,); ceramics, the Ga/Ca ratio used in the
synthesis has to be less than 0.07S.

Given our recent studies showing that Ga®" ions in solution
exhibited a dose-dependent antiresorptive effect®’ and consider-
ing that calcium phosphate-based implants are widely used in
orthopedics and dentistry for bone tissue engineering, the
gallium-doped S-TCP ceramics reported in this study could
offer a potential route to induce local Ga’*-mediated bone
resorption inhibition in osteoporotic sites. This local drug delivery
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approach could offer a convenient strategy to minimize adverse
effects reported for long-term systemic gallium treatments and
more interestingly increase the gallium bioavailability.

The investigation of the in vivo behavior of these gallium-
doped phases is currently underway using an osteoporotic animal
model,"" in addition to the development of suitable protocols for
the incorporation of gallium ions in the formulation of injectable
calcium phosphate cements, implantable by minimally invasive
surgical routes.
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