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The efficiency of calcium phosphate (CaP) bone substitutes can be improved by tuning their resorption
rate. The influence of both crystal orientation and ion doping on resorption is here investigated for
beta-tricalcium phosphate (B-TCP). Non-doped and Mg-doped (1 and 6 mol%) sintered B-TCP samples
were immersed in acidic solution (pH 4.4) to mimic the environmental conditions found underneath
active osteoclasts. The surfaces of B-TCP samples were observed after acid-etching and compared to sur-
faces after osteoclastic resorption assays. B-TCP grains exhibited similar patterns with characteristic
intra-crystalline pillars after acid-etching and after cell-mediated resorption. Electron BackScatter
Diffraction analyses, coupled with Scanning Electron Microscopy, Inductively Coupled Plasma-Mass
Spectrometry and X-Ray Diffraction, demonstrated the influence of both grain orientation and doping
on the process and kinetics of resorption. Grains with c-axis nearly perpendicular to the surface were
preferentially etched in non-doped B-TCP samples, whereas all grains with simple axis (a, b or c) nearly
normal to the surface were etched in 6 mol% Mg-doped samples. In addition, both the dissolution rate
and the percentage of etched surface were lower in Mg-doped specimens. Finally, the alignment direction
of the intra-crystalline pillars was correlated with the preferential direction for dissolution.

Keywords:

Electron backscatter diffraction (EBSD)
Dissolution behavior

Osteoclastic resorption

Crystal orientation

Calcium phosphate

Statement of significance

The present work focuses on the resorption behavior of calcium phosphate bioceramics. A simple and cost-
effective alternative to osteoclast culture was implemented to identify which material features drive
resorption. For the first time, it was demonstrated that crystal orientation, measured by Electron
Backscatter Diffraction, is the discriminating factor between grains, which resorbed first, and grains, which
resorbed slower. It also elucidated how resorption kinetics can be tuned by doping B-tricalcium phosphate
with ions of interest. Doping with magnesium impacted lattice parameters. Therefore, the crystal orienta-
tions, which preferentially resorbed, changed, explaining the solubility decrease. These important findings
pave the way for the design of optimized bone graft substitutes with tailored resorption kinetics.
© 2019 Acta Materialia Inc. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Calcium phosphate (CaP) materials are often used as bone sub-
stitutes thanks to their chemical composition similar to the one of
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the inorganic component of natural bones. These materials are
intended to promote new bone formation and to be resorbed dur-
ing time. It is generally admitted that their resorption kinetics
should match that of bone growth to avoid a too early mechanical
degradation and thus loosening of the interface between the sub-
stitute and the bone [1]. Although bio-resorption is a prerequisite
for the effectiveness of the substitute, the resorption mechanisms
are still far from being completely understood [2,3]. Thus, the
study of the resorption behavior of CaP and the identification of
the material parameters driving this process are essential in order
to design optimized materials for bone substitution.

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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One approach is to study in vitro how osteoclasts (cells known
to resorb bone tissue during the bone remodeling process) resorb
CaP materials. These giant multinucleated cells adhere to the mate-
rial surface creating a tight resorption area beneath them, where
inorganic components of bones are resorbed via local acidification
[2-5]. Indeed, protons released by osteoclasts locally lower the pH,
leading to physico-chemical dissolution of calcium phosphate crys-
tals. Thus, the characteristics of the material might affect both the
osteoclast adhesion and activity and the solution-mediated disso-
lution in the acidic environment. Regarding the first aspect, it has
been shown that material composition, solubility, grain size and
crystallinity, as well as surface features (topography, roughness,
pore size, wettability and surface energies) influence osteoclasts
adhesion and resorption activity [3,6-11]. However, it has also
been shown that not all the grains are equally dissolved within a
resorbed area [8,12].

Seo et al. [13] highlighted by means of atomic force microscopy
(AFM) that certain grains of dense hydroxyapatite were more
prone to be dissolved than others when immersed in acidic condi-
tions (pH = 3) used to mimic osteoclastic resorption. Possible rea-
sons for this preferential dissolution behavior were suggested,
such as variations in crystal orientation, surface energies and sur-
face charges of exposed grains, but none of these hypotheses was
assessed yet. Indeed, the relation between grain orientation and
dissolution behavior of polycrystalline bioceramics is barely
reported in the literature, probably because dissolution studies of
CaP materials are generally performed on mineral powders rather
than on bulk materials [14]. Smith et al. [15] reported that CaCO5
calcite crystals with a specific initial crystallographic orientation
(corresponding to the highest surface energies) are the most reac-
tive. Therefore, they dissolve faster than the others and develop
morphologies with lower energies. Consequently, the influence of
the surface orientation of calcite grains on their dissolution kinet-
ics appears to decrease with time, becoming negligible for long-
term observations. Wang et al. [16,17] showed that demineraliza-
tion of tooth enamel (>95 wt% CaP apatite) in acidic solution pro-
gresses anisotropically along the apatite crystals: the dissolution
rate is higher in the direction perpendicular to their c-axis than
in the parallel direction. However, the question of the influence
of the grain orientation on the resorption behavior of CaP bulk
materials used as bone graft substitutes remains open.

Among CaPs, beta-tricalcium phosphate (Ca3(PO4),, B-TCP) is
used as a bone graft substitute in the form of granules or blocks,
for non-load-bearing applications [18,19]. The B-polymorph of
TCP, stable at room temperature, is preferred to the o-one (stable
between 1180 °C and 1400 °C), because of its biocompatibility, its
higher mechanical strength and its lower dissolution rate [20].
Actually, B-TCP is poorly soluble in physiological conditions, and
it is therefore mainly resorbed by a cell-mediated process [19,21].

B-TCP lattice is rhombohedral (cell parameters: a=b=10.43 A,
c=37.39A, a=p=90° y=120°, [22,23]). However, this structure
is often altered by the addition of dopants. Indeed, several studies
focused on the addition of ions [20,24-28], which could hinder, or
at least shift to higher temperatures, the B- to o-transition,
enabling the sintering of denser materials. Moreover, doping can
also have an effect on the resorption process of a material due to
the release of ions, which can trigger specific cellular responses.
One of the most efficient dopants of B-TCP is magnesium. For
example, Mg can shift the temperature of B- to a-transition from
1180 °C to 1500 °C [20,29]. In addition, Mg ions enable tuning
the resorption behavior of B-TCP since their insertion in the lattice
decreases the solubility of the B-TCP phase [1,22,30,31]. Further-
more, Mg stimulates osteoblast proliferation, thus enhancing bone
formation [32-34].

In the present study, non-doped and Mg-doped (1 and 6 mol%)
B-TCP samples are compared in terms of dissolution in in vitro con-

ditions simulating those of cellular resorption, i.e., at acidic pH.
Their behavior in acidic solutions is then compared to results
obtained by osteoclastic resorption assays. The aim of this study
is to answer the main question:

Is the resorption behavior of CaP materials merely linked to
chemistry or are there physical parameters (grain size and orienta-
tion) involved?

In the present work, particular attention is paid to the possible
correlation between grain orientation and preferential dissolution
in B-TCP and on the influence of Mg-doping on this correlation.

2. Materials and methods
2.1. Powders synthesis

Both non-doped (pure) and Mg-doped B-TCP samples were pro-
cessed. For the non-doped samples, it was necessary to synthesize
pure CDHA (Calcium Deficient Hydroxyapatite) powder by precip-
itation in an aqueous media [35,36]. Briefly, a diammonium phos-
phate (NH4),HPO4 solution (Roth, Art n° 5596.1, Batch n°
026238654) was added at a constant rate of 4 mL/min into a cal-
cium nitrate Ca(NOs), solution (Merck, Art n° 13477-34-4, Batch
n° B1371623640-720). During the addition, the pH was maintained
at a fixed value of 8.0 with a concentrated ammonia NH4OH solu-
tion (Sigma-Aldrich, Art n° 338818, Batch n° SZBF3200V). The
nominal amounts of the reagents were used in precise quantities
in order to obtain a Ca/P molar ratio of 1.50. Once the titration
was complete, the synthesis was left for ripening during 48 h at
30 °C. Subsequently, the synthesis was filtered and cleaned twice
with 250 mL of ultrapure H,0. Afterwards, the wet cake was dried
in a convection oven at 70 °C and finally grinded manually until it
passed through a 500u m sieve. This CDHA powder was then con-
verted into -TCP by a subsequent thermal treatment at 850 °C for
1h

For Mg-doped samples, B-TCP powders were synthesized by
solid-state reaction starting from dicalcium phosphate anhydrous
(CaHPO4, Calcium Phosphate GFS Chemicals, Art: 1548,
purity >99.95%) and commercial hydroxyapatite powder
(Cas(P0O4)30H, Budenheim Tricalcium Phosphate, Art: C5381). In
the case of low Mg-doped powders, the only source of Mg was
the Mg contained as an impurity in the reagent powders. In the
case of high Mg-doped TCP, magnesium phosphate octahydrate
(Mg3(PO4),-8H,0, Fluka, Art: 63132, purity > 97%) was used as
an additional Mg source. The amounts of introduced reagents were
computed so that the nominal (Ca + Mg)/P atomic ratio was kept
equal to 1.5 (i.e., the usual Ca/P ratio in B-TCP). For the high Mg-
doped powder, the amount of Mg3(PO,4),-8H,0 was calculated so
as to substitute 5.6% of total calcium by magnesium ions (i.e., to
reach a Mg/(Ca+Mg) atomic ratio of 0.056). Further details of
the synthesis protocol are provided in [27].

2.2. Characterization of powders

To determine their content in impurities, as-prepared powders
were dissolved in HNOs; (69% (w/w), ROTIPURAN® Supra, Art:
HN50.1, Roth) and subsequently diluted (1:100) in a matrix solu-
tion made of ultrapure H,O with 3% HNOs, 2% HCl (35% (w/w),
ROTIPURAN® Supra, Art: HN53.1, Roth) and 0.01% HF (47-51%
(w/w), UPA™, Art: SS52, Romil). Inductively Coupled Plasma-Mass
Spectrometry (ICP-MS; Agilent 7700x, Agilent Technologies) was
used to quantify the content of Na, Sr, Mg and Fe in each powder.
Specifically, 22Na, 88sr and 2*Mg and °°Fe were calibrated with a
certified multi-element standard (71A, 10 ppm, Inorganic Ven-
tures) and successively diluted to 100, 10, 1 and 0.1 ppb. Measure-
ment of an internal standard (1 ppb In, 1 ppb Sc and 0.1 ppb Bi,
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Inorganic Ventures) allowed to compensate for calibration drifts
over time. Measurements uncertainties (Uy-») were determined
for each element taking into account errors involving pipettes,
sample weighing and instrument fluctuations over time.

2.3. Fabrication and sintering of dense samples

To obtain bulk specimens, two different approaches were used
for non-doped and Mg-doped B-TCP samples. Pure and dense B-
TCP cylinders were produced with the slip casting approach [36].
First, the specific surface area of the particles was reduced below
10 m?/g by a thermal treatment at 850 °C for 1 h. The agglomer-
ates formed during the previous thermal treatment were destroyed
by ball-milling for 2 h (medium: ultrapure H,0). The powder was
then dried at 70 °C overnight to remove residual H,O. Finally, in
ultrapure H;0, a slurry (65 wt% of powder) was made using Darvan
C-N (R.T. Vanderbilt Co, Norwalk, CT USA) as a dispersant, in
amount 1.0 wt% of the powder content. To ensure a good homoge-
nization of the slurry, 30 min grinding in a ball mill was done. After
this mixing step, 200 uL of the slurry were pipetted into a mould
(96 polystyrene well-plate cut at both side) already placed on a
gypsum block. After 12 h of drying (22 °C, 40% RH), green bodies
were demoulded and sintered at 1100 °C for 3 h on a zirconia
(ZrO,) plate. After sintering, the mean diameter of the non-doped
B-TCP cylinders was 5.48 +0.03 mm (n=4 cylinders). For Mg-
doped B-TCP, the powders (previously milled with 10 wt% of fuma-
ric acid and ethanol as described in [27]) were placed in a cylindri-
cal die (d=10mm) and pressed at room temperature, first
uniaxially at 130 MPa for 45 s, and then isostatically at 400 MPa
for 40 s. The so-obtained disks were sintered at 1100 °C for 20 h
(with a dwell at 800 °C for 1 h to eliminate all traces of fumaric
acid). After sintering, the mean diameters of low Mg-doped and
high Mg-doped B-TCP cylinders were 8.26 + 0.05 mm (n = 20 cylin-
ders) and 8.41 + 0.03 mm (n = 20 cylinders), respectively.

Apparent densities of sintered disks were computed consider-
ing that all types of samples were composed of 100% B-TCP (den-
sity of 3.07 g/cm?). Then, samples were polished by conventional
diamond polishing down to 1 um completed by vibratory polishing
with colloidal silica (0.1 um).

2.4. Etching in acidic solution

To simulate the environment at the surface of an implanted
material during cellular resorption, each sample was immersed
in 200 mL of an aqueous solution of pH 4.4 composed of HCI (Fisher
Chemical) and NaHCO5 (1.4 mol.L™!, Sigma Aldrich, purity: 99.5-
100.5%). Different immersion durations were tested: 5 min,
15 min, 30 min, 1h, and until 5h for samples with the highest
Mg content. Once removed from the acidic solutions, samples were
rinsed thoroughly with deionized water and then dried at 100 °C.
After characterization at a specific etching time, some samples
were re-immersed in their own solution to allow more time for
acid-etching and to monitor their evolution.

2.5. Osteoclasts differentiation and cell-mediated resorption assays

Osteoclast resorption assays were conducted to compare the
dissolution of B-TCP samples in acidic conditions to cellular resorp-
tion. Bone marrow cells (BMC) were collected from femora and tib-
iae of 6 weeks old C57BI/6] mice [37-39] by flushing them out with
Hanks Balanced Salt Solution (HBSS, Sigma) supplemented with 1%
penicillin/streptomycin (P/S, GIBCO) [38,40]. Cells were sedi-
mented and re-suspended in cell culture medium composed of
o-minimum essential media (o-MEM, GIBCO) with 10% fetal
bovine serum (FBS, Sigma), 1% P/S and 30 ng/mL macrophage
colony-stimulating factor (M-CSF, Chiron) [37,38]. A total amount

of around 42 x 10° BMC was seeded into a 75 cm? culture flask
and incubated (37 °C in a humidified atmosphere with 5% CO,)
[37,38]. After 24 h, the non-adherent M-CSF dependent osteoclast
progenitor cells (OPC) were collected, centrifuged (7 min,
1200 rpm, 4 °C) and dispersed in cell culture medium, containing
receptor activator of nuclear factor k-B ligand (recombinant
human RANKL, PeproTech) at a density of 4 x 10° cells/mL [37].
OPC were cultured in two Petri dishes (20 cm?/dish) and differen-
tiated into osteoclasts within 5 days [37,38,41,42]. For the assess-
ment of resorption, non-doped and Mg-doped B-TCP sintered
cylinders (polished and unpolished, respectively) were sterilized
by dry heat (180 °C for 6 h). These B-TCP cylinders were placed
into a 96-well plate, coated with 150 puL of cell culture medium
containing 30% of FBS per well and incubated for 48 h (37 °C,
humidified atmosphere, 5% CO,) [37,41]. This coating medium,
removed after incubation, enabled to saturate the protein binding
sites of the material and allowed for better cell adhesion and sur-
vival. At day 5, mature osteoclasts were dissociated from the Petri
dishes by incubating them at 37 °C for 10 min in Dulbecco’s
Phosphate-Buffered Saline (PBS, pH 7.4; Sigma-Aldrich) with
0.02% ethylenediaminetetraacetic acid (EDTA, Merck) [38]. Osteo-
clasts were re-suspended in 416 pL of cell culture medium per
dish. 25 pL of the cell suspension were distributed on each B-TCP
cylinder [37,39], (supplementary data, Fig. S1). To each well,
125 pL of medium supplemented with M-CSF (30 ng/ml), HCI
(15 mM) and RANKL (5 or 20 ng/mL) were added. Cells were left
for 24 h in contact with the samples for resorption.

2.6. Characterization of samples

Samples were characterized before and after acid-etching and
cell-mediated resorption. X-Ray Diffraction (XRD) analyses were
performed using a D8-Advance diffractometer (Bruker, Germany)
with a Lynx-Eye Position Sensitive Detector, using Cu Ko radiation,
from 10° to 90° (20) with a 0.03° (20) step size and 2.4 s/step
counting time. The obtained diffractograms were analyzed using
the EVA software (Bruker) and phases were identified by compar-
ing the peaks present to PDF files (mainly, files #09-0432 for
hydroxyapatite, 09-0348 for o-TCP and 09-0169 for B-TCP). The
data were further exploited by Rietveld refinements using the
Topas 4 software (Bruker), with a fundamental parameters
approach and refining only the scale factor, lattice parameters,
crystallite size (parameter Cry Size L) and strain (parameter Strain
G).

A fundamental part of the characterization was performed by
Scanning Electron Microscopy (SEM) and Electron BackScatter
Diffraction (EBSD). SEM images and EBSD maps were obtained
with a Zeiss Supra 55VP SEM (Carl Zeiss Microscopy GmbH, Ober-
kochen, Germany) equipped with a Gemini I SEM column. B-TCP
being an insulating material, a low vacuum configuration (10 Pa
of gaseous nitrogen) was adopted, in order to avoid any deleterious
charge effect without needing to carbon-coat the samples. For
EBSD maps, the accelerating voltage was set to 10 kV, samples
were tilted to the standard 70° angle and the objective lens aper-
ture was of 120 um. The so-called High Current Mode was acti-
vated and an optimum working distance of 12 mm with respect
to the pattern center was used. EBSD maps were acquired with a
Nordlys S camera and data were post-processed with HKL Chan-
nel5 software (Oxford Instruments, Abingdon, UK), to suppress
the non-indexed points without affecting the orientation of their
neighbors. EBSD mapping was performed on etched samples, on
an area 74 pm x 56 um (ca. 600 grains). Samples were sensitive
to a long electron irradiation (the exposure time per point was
around 45 ms for EBSD acquisitions): areas already mapped before
acid-etching dissolved to a different extent compared to non-
mapped zones. As a consequence, since the etched grains diffracted
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enough signal to be indexed (indexing rate of the overall map typ-
ically equal to 75%), EBSD maps analyzed in this work were
acquired directly after etching. The rhombohedral p-structure used
for indexing is given in [23]. SEM images were obtained at low
accelerating voltage (1 kV) with secondary electrons and at 10 kV
with backscattered electrons for a better assessment of the etched
grains. They were then analyzed by means of the public domain
Java-based Image]/Fiji shareware [43], in order to quantify the per-
centage of etched grains. Since any automatic procedure (i.e., auto-
matic filters and threshold) was unsuitable for discriminating the
etched grains from non-etched ones, a manual procedure was pre-
ferred. In details, etched grains were manually identified in the
images; afterwards, the images were binarized so that the etched
grains appeared in black and all the others in white. Finally, the
software automatically calculated the percentage of black surface
(i.e., of etched grains). This procedure was performed by three dif-
ferent operators on micrographs showing around 600 grains for
each immersion duration; the percentage of etched surface
reported in the following is given as a mean value + standard devi-
ation. The grain sizes were quantified using EBSD maps and SEM
images according to the linear intercept method. Measurements
were performed using the overlays of EBSD maps and SEM images,
enabling clear discrimination of the etched vs. non-etched grains.

2.7. Statistical analysis

Experimental data on ICP-MS titrations (Table 1) are expressed
as mean * U,_,. Percentages of etched surfaces were computed by
three different operators. They are plotted (Fig. 1b) as mean
value + standard deviation. Mean grain sizes are given in Table 3
as follows: mean value + 95% confidence interval. The significance
of differences in the mean and median values were analyzed by T-
test and Mann-Whitney Test (significance level o =0.05),
respectively.

3. Results

Magnesium, sodium, strontium and iron contents of non-doped
and Mg-doped powders are reported in Table 1. Pure B-TCP powder
was obtained from ultra-pure raw materials, synthesized in the
lab. It contained trace amounts of strontium, but contents in mag-
nesium, sodium and iron remained below the limits of detection or
quantification of these elements. Although no Mg was intention-
ally added in the second B-TCP powder (named low Mg-doped in
Table 1), ICP-MS titrations showed that it contained a considerable
amount of Mg (2300 ppm). Thus, samples prepared from this pow-
der will be referred to as “low Mg-doped” samples. The third B-TCP
powder (high Mg-doped, for which magnesium phosphate octahy-
drate was intentionally added during the synthesis) contained
around 13000 ppm Mg (Table 1), i.e. about 5.7 times more magne-
sium than the low Mg-doped powder. Both Mg-doped powders
also included similar amounts of Na, Sr and Fe (Table 1).

After sintering, the apparent porosities of the small cylinders
obtained were: 1.2+0.1% for pure B-TCP, 7.8 +0.8% for low

Mg-doped B-TCP and 8.1 £ 0.9% for high Mg-doped samples. Riet-
veld refinements showed that both non-doped and high Mg-
doped samples were made of 100% B-TCP (Table 2), while the
low Mg-doped samples contained around 4.7 wt% of hydroxyap-
atite (HA). Lattice parameters of the B-TCP phase, also calculated
by Rietveld refinements, decreased with increasing Mg content
(Table 2).

The grains of pure B-TCP were slightly larger than the grains of
both types of Mg-doped samples (Table 3). Comparing low and
high Mg-doped samples, the same size distributions and similar
average and median values (P <0.05) were computed (Table 3),
as also displayed in the SEM images of both Mg-doped samples,
once polished (Fig. 1a).

The effect of immersion duration of these samples in the acidic
solution is illustrated in Fig. 1. In terms of dissolution, grain bound-
aries were sensitive to the acidic environment and dissolved
quickly (already at 5 min). However, the dissolution of the grains
themselves was assessable in low Mg-doped samples after 5 min
but hardly detectable in high Mg-doped B-TCP before 30 min of
immersion (Fig. 1a, b). Fig. 1a shows the same zone of each type
of sample before and after immersion in acidic solution, for
30 min and 1 h. No matter the composition, once the grains had
started to dissolve, they were etched deeper with increased
immersion time, resulting in a rougher surface (Fig. 1a). For low
Mg-doped B-TCP, the percentage of etched surface increased
rapidly and up to 15 min of immersion. Then, it remained nearly
constant, around 38% (Fig. 1b) and the grains unaltered after
30 min appeared still intact after 1 h etching (Fig. 1a). On the con-
trary, the etched surface area of high Mg-doped samples kept on
increasing up to 39% after 5 h, reaching a percentage of etched sur-
face equivalent to the one obtained in low Mg-doped B-TCP after
only 15 min (Fig. 1b).

Comparing the three different compositions of B-TCP after 1 h
etching, the percentage of etched surface significantly decreased
when the content in Mg increased (Fig. 2a). It reached around
54% for non-doped B-TCP, 40% for low Mg-doped and 20% for high
Mg-doped samples. In all cases, an extensive dissolution of the
grain boundaries and a partial resorption of TCP grains were
observed (Fig. 2a). In non-doped and low Mg-doped samples,
whereas some of the grains seemed to be undamaged, the etched
ones showed distinct features of multiple unidirectional spike-
like intra-crystalline structures (Fig. 2a). After the same etching
duration in the acidic solution (1 h), a similar tendency was
observed for high Mg-doped samples but to a lower extent (lower
roughness and no characteristic spike-like sub-crystals, Fig. 2a).

SEM images of B-TCP samples in contact with osteoclasts for
24 h also display heterogeneously resorbed surfaces. Topological
observations are very similar to those already depicted for acid-
etched samples (Fig. 2): extensive dissolution of the grain bound-
aries is experienced for all samples and cell mediated resorption
considerably decreases with increasing Mg-doping. High Mg-
doped B-TCP samples do not seem to exhibit any noticeable differ-
ence among grains. On the contrary, for non-doped samples, some
areas were left completely un-resorbed (supplementary data,
Fig. S2-b: such areas are highlighted by dots), while osteoclasts

Table 1
Content in magnesium and other trace elements of the three B-TCP powders (non-doped and Mg-doped), as-titrated by ICP-MS measurements (n = 2).
B-TCP powders Mg 23Na 88gr 56Fe
Concentration [mg/kg] concentration [mg/kg] concentration [mg/kg] concentration [mg/kg]
Pure p-TCP <6 <LOD"" (LOD =57) 194 <14
Low Mg-doped 2344 £ 223 309113 164 +15 124+10
High Mg-doped 13419+ 1275 302 + 109 15915 107 £9

" Uge» from validation.
™ Limit of Quantification.
" LOD = Limit of Detection.
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Fig. 1. a). SEM images of low Mg-doped and high Mg-doped B-TCP samples as—prepared (“0 min”) and immersed for different durations in acidic solution; b) percentage of
etched surface versus immersion time in acidic solution. In high-Mg-doped samples, etched and non-etched grains can hardly be discriminated before 30 min.

trails and extensively resorbed areas could be morphologically
identified (supplementary data, Fig. S2-b: such areas are pointed
out by arrows). Such a resorbed area, in which all grains were
etched, is illustrated in Fig. 2b. The characteristic resorption pat-
tern with multiple intra-crystalline pillars is exposed, showing
that, within each grain, pillars are all aligned along the same direc-
tion (Fig. 2b).

To clarify why, regardless of the Mg-content, the immersion in
the acidic solution etched some grains and left others intact
(Fig. 2a), the features of etched and non-etched grains were com-
pared. In particular, grain size distribution and mean grain size
(Table 3) were analyzed. Although not significant (P < 0.05), a small
difference was constantly noted in the grain sizes between non-
etched and etched grains: in pure B-TCP, etched grains were

slightly smaller than non-etched grains, whereas the contrary
was noted for Mg-doped samples (Table 3). Similarly, Rietveld
refinements showed few changes between initial and acid-etched
samples. Looking at the overall composition, a slight decrease of
the quantity of HA detected in low Mg-doped samples was mea-
sured (Table 2). Besides, whereas the lattice parameter along the
c-axis decreased slightly (but significantly) after the immersion
in acidic solution, it seemed that the other lattice parameter
tended to increase (Table 2).

Finally, Rietveld refinements did not evidence any texture at the
surface of B-TCP samples: no preferred crystal orientation was
identified, neither before nor after acid-etching. Thus, over a repre-
sentative surface, grains were randomly oriented, as later con-
firmed by EBSD acquisitions.
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Table 2

Composition and lattice parameters of bulk samples before and after immersion in acidic solution (1 h etching for the non-doped sample and the low Mg-doped one and 5 h

etching for the high Mg-doped one), computed from Rietveld refinements.

Sintered B-TCP samples

Phase composition (wt.%)

Lattice parameters of the B-TCP phase (this

work)
a=b(A) c(A)
Pure B-TCP (non-doped) B-TCP: 100 10.427 £ 0.001 37.451 £ 0.002
Low Mg-doped (~1 mol%) B-TCP: 95.3 + 0.4 10.423 +0.001 37.387 +0.001
Before acid-etching HA: 4.7 +0.4
High Mg-doped (~6 mol%) B-TCP: 100 10.376 £ 0.001 37.250 £ 0.001
Pure $-TCP (1 h) B-TCP: 100 10.432 +0.001 37.447 +0.002
After acid-etching Low Mg-doped (1 h) ][:—‘;\l' .C§:79+6§;31 0.3 10.425 +0.001 37.374 £0.001
High Mg-doped (5 h) 8-TCP: 100 10.379 +0.001 37.246 +0.005

Table 3

Mean grain sizes of samples before and after immersion in acidic solution. Measurements were performed on EBSD maps, before etching and after 1 h and 5 h etching. In the latter
cases, grain sizes of both etched and non-etched grains are reported (+95% confidence interval).

Sintered B-TCP samples Before etching (um)

After 1 h etching

After 5 h etching

Non-etched grains (um)

Etched grains (um) Non-etched grains (um) Etched grains (um)

Pure p-TCP 2.75+0.11 2.99+0.25 2.88£0.36 / /

Low Mg-doped 2.54+0.15 2.40+0.22 2.67 +0.35 / /

High Mg-doped 2.60+0.10 2.41+0.32 2.75+0.36 2.54+0.34 2.73+£0.30
Non-doped

a). Acid etching
(1 hour)

b). Osteoclastic
resorption

1 um

Low Mg-doped B-TCP

High Mg-doped B-TCP

Fig. 2. SEM images of the surfaces of non-doped and Mg-doped B-TCP samples: a). after 1 h immersion in the acidic solution (above) and b). after 24 h of contact with
osteoclast cells (RANKL concentration = 20 ng/mL, below). Scale bar = 1 um for all micrographs.

EBSD maps performed at the surface of pure B-TCP acid-etched
for 1 h do not reveal any specific orientation of the grains that were
preferentially etched (Fig. 3a). However, the still intact grains were
all oriented with c-axis parallel to the surface (Fig. 3b).

For low Mg-doped samples, after 1 h in acidic solution, p-TCP
grains with c-axis [0 0 0 1] nearly normal to the surface were pref-
erentially etched (Fig. 4a): two examples of such crystal orienta-
tions are sketched on top of Fig. 4a. Surprisingly, some of these
grains were only partially etched. However, the other grains, again
oriented with c-axis parallel to the surface, remained completely
intact (Fig. 4b).

High Mg-doped samples were less etched than non-doped
and low Mg-doped ones after 1 h immersion (see supplementary
data, Fig. S3), consistently with what was previously observed by
SEM (Figs. 1 and 2). Thus, to discriminate more clearly between
etched and intact grains, without risking any overestimation,
high Mg-doped samples were immersed for 4 additional hours
in the acidic solution (Fig. 5). After 5h immersion, almost all
grains with simple axis (a, b or c¢) “nearly” normal to the surface

were etched, as clearly testified by the inverse pole figure shown
in Fig. 5a.

Finally, EBSD mapping was also performed at the surface of
pure B-TCP after 24 h of cell-mediated resorption (Fig. 6). In the
extensively resorbed regions, all grains were attacked, whatever
their crystallographic orientation (Fig. 6). Fig. 7 illustrates the cor-
relation of the crystallographic directions of the exposed grains
with the direction of intra-crystalline pillars formed during immer-
sion in the acidic solution (Fig. 7a) or during cell-mediated resorp-
tion (Fig. 7b). In both cases, when the c-axis of a grain (Miller index
[0 00 1]) was nearly normal to the surface, close to the Z direction,
the intra-grain pillars were also aligned perpendicularly to the sur-
face. Consistently, in other grains, both the pillars and the c-axis
tended to be parallel to the sample surface (Fig. 7).

4. Discussion

Although specific care was taken in the synthesis of low and
high Mg-doped powders, ICP-MS measurements revealed that they
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a). b).
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Fig. 3. Pure B-TCP acid-etched for 1 h: overlay of SEM images and crystal orientation maps derived from EBSD and displayed in Inverse Pole Figure (IPF) coloring (the
reference direction is Z, i.e. the normal direction to the map): (a) etched grains and corresponding IPF (b) non-etched grains and corresponding IPF.

10-10 10-10

Fig. 4. Low Mg-doped B-TCP acid-etched for 1 h: overlay of SEM images and crystal orientation maps derived from EBSD and displayed in Inverse Pole Figure (IPF) coloring
(the reference direction is Z, i.e. the normal direction to the map): (a) etched grains and corresponding IPF (b) non-etched grains and corresponding IPF. For both (a) and (b),
examples of related 3D crystal orientation for two grains are shown on top of the figure. For Miller-Bravais indices of the 3D crystal representations, refer to Fig. 7.
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b).

Fig. 5. High Mg-doped B-TCP acid-etched for 5 h in total: overlay of SEM images and crystal orientation maps derived from EBSD and displayed in Inverse Pole Figure (IPF)
coloring (the reference direction is Z, i.e. the normal direction to the map): (a) etched grains and corresponding IPF (b) non-etched grains and corresponding IPF. For (a) and
(b), examples of related 3D crystal orientation are shown on top of the figure. For Miller-Bravais indices of the 3D crystal representations, refer to Fig. 7.

both contained more Mg than anticipated from the synthesis pro-
tocol. Indeed, magnesium is a typical impurity of calcium phos-
phate minerals. Therefore, Mg is commonly found in reagents
and in CaP materials prepared by solid-state synthesis. The low
Mg-doped powder, although synthesized without adding any Mg
to the high purity grade raw powders, was not completely Mg-
free: it contained above 2000 ppm of Mg (Table 1). Assuming that
all Mg atoms substituted Ca ones in the B-TCP lattice, this would
correspond to a Mg to (Ca + Mg) ratio of 1 mol%. Likewise, although
the synthesis protocol of the high Mg-doped powder aimed at sub-
stituting 5.6% of total calcium by magnesium ions, the powder con-
tained around 13000 ppm (Table 1), corresponding to a 5.9 mol%
ratio.

To obtain highly pure B-TCP samples, it was necessary to precip-
itate a Mg-free CDHA powder in the lab. Modifying the synthesis
protocol permitted to reach a content in magnesium below the
limit of quantification (Table 1). Finally, three B-TCP powders were
synthesized. They contained around 0, 1 and 6 mol% Mg respec-
tively, enabling to study the influence of magnesium on the resorp-
tion behavior of B-TCP samples.

After sintering, dense B-TCP disks (apparent density >90%) were
obtained from the three powders and further characterized. The
significant decrease in the lattice parameters with an increase in
Mg content confirmed the doping of B-TCP with magnesium ions
(Table 2). The substitution of Ca%* by Mg?* ions (having smaller
radii than Ca?") in the B-TCP lattice is indeed known to induce a
decrease in the unit cell parameters of B-TCP [22,31,44-47].

With the conditions used for EBSD mapping, no correlation
seemed to exist between orientation of the exposed crystal planes

and grain sizes, as might be expected given the rhombohedral nat-
ure of the B-TCP crystal. This was also consistent with the fact that
Mg-doping decreased the lattice parameters but did not signifi-
cantly alter the grain size of B-TCP samples (Table 3).

To simulate the resorption environment of CaP materials under-
neath osteoclast cells, dense samples were immersed in NaHCOs-
HCI solutions of pH 4.4. Indeed, osteoclasts degrade the inorganic
components of bones by locally lowering the pH (as low as 3.9-
4.5 [2,5,48]), leading to the dissolution of calcium phosphate crys-
tals. The electrochemical equilibrium of the cells is maintained by
ions exchange, among which H*, Na*, HCO3 and CI~ ions [12,49,50],
such as those composing the acidic solution used in this work. Par-
tial dissolution of the polycrystalline bulk samples occurred, as
already reported as a result of the culture of osteoclasts on CaP
samples (in vitro [9,51] and in vivo [52]). Some grains appeared
to remain intact, whereas the grain boundaries seemed to be
highly dissolved. Etched grains presented very distinctive features
of multiple spike-like intra-crystalline structures (Fig. 2a). Fig. 2b
shows that such pillar-structures and an extensive dissolution of
grain boundaries were also imaged at the surface of B-TCP samples
after resorption by osteoclast cells. Likewise, these very distinctive
spike-like features were described at the surface of B-TCP after cell-
mediated resorption in several other works [2,3,8,12,51] and at the
surface of hydroxyapatite samples [53]. In all cases, the observed
pillar-structures seemed to exhibit constant diameters and to be
regularly spaced (Fig. 2). Interestingly, the immersion of B-TCP
samples in the acidic solution allowed to obtain comparable results
to cell-mediated resorption, in terms of patterns topology and of
crystallographic directions of the resulting intra-crystalline pillars
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01-10

Fig. 6. Pure B-TCP after 24 h of contact with osteoclast cells (RANKL concentra-
tion = 5 ng/mL): overlay of a SEM image and crystal orientation maps derived from
EBSD and displayed in Inverse Pole Figure (IPF) coloring (the reference direction is
Z, i.e. the normal direction to the map).

(Fig. 7). In acidic dissolution (Fig. 7a) as well as in osteoclastic
resorption (Fig. 7b), all pillars formed in a specific grain were
aligned parallel to each other and in a direction correlated with
the c-axis of the crystal. Additionally, Mg-doping had also similar
consequences (grains etched less deeply and slower) in acidic dis-
solution and in osteoclastic resorption (Fig. 2).

Similar dissolution experiments, at acidic pH, have been con-
ducted in different studies [1,12-14]. For instance, Matsunaga
et al. observed the formation of comparable spike-like intra-
crystalline structures when osteoclast cells were cultured on B-
TCP samples, but they could not reproduce their formation during
dissolution experiments in HCl solution at pH 2 [12]. SEM images
performed at the surface of a pure B-TCP sample after 1 h immer-
sion in a HCl solution of pH 2.5 (supplementary data, Fig. S4-b) led
to the exact same observations as those reported by Matsunaga
et al. [12]: grain boundaries were completely dissolved, but no
spike-like structures were noticed. When the pH of the HCl solu-
tion was increased to 4.4, but still without any NaHCOs3 (supple-
mentary data, Fig. S2-c), the sample retrieved from the solution
did not show any sign of dissolution at all: the surface seemed sim-
ilar to the polished surface of the initial samples, before acid etch-
ing. Finally, it was only when NaHCO3; was added inside the HCl
solution (as detailed in Materials and Methods section), that the
intra-crystalline pillars were observed (supplementary data,
Fig. S2-a). Thus, etching B-TCP samples in the NaHCO; - HCl
solution may appear as a simple protocol to further study the
mechanisms responsible for the formation of such regular intra-
crystalline pillars. It is worth noting that, probably due to the slight
acidification of the cell-culture medium with 15 mM HCI, a weak
and homogeneous dissolution of the whole surface was experi-
enced in cell-free control assays (supplementary data, Fig. S2-a).

The characteristic pillars existed only after contact with cells, in
extensively resorbed areas within the trails left by the cells (sup-
plementary data, Fig. S2-b). However, care should be exercised
when comparing results obtained in the frame of acellular tests
with osteoclastic-resorption assays. In particular, adhesion, motion
and proliferation of cells are disregarded in acellular tests: the
acidic solution can only help to investigate physico-chemical disso-
lution processes occurring inside the tight resorption areas below
adherent osteoclasts. Moreover, the exact micro-environment
found underneath active osteoclasts, such as gradients in pH [5],
is difficult to reproduce when immersing a material in a solution.
When it comes to further extrapolate the resorption behavior of
materials tested in in-vitro conditions to in-vivo assays, caution
should be exercised even more. Indeed, the environment is far
more complex in-vivo, with the presence of other cells, such as
macrophages, of biological molecules, of proteins and of other ionic
species. Their possible surface adsorption and interactions with
bone graft substitutes are some of the critical parameters, which
are disregarded in in-vitro assays.

However, results obtained in this study still permit to shed
some light on the resorption mechanisms of pure and Mg-doped
B-TCP materials. During immersion in the acidic solution, the
dissolution of low Mg-doped B-TCP samples progressed both
heterogeneously and anisotropically: some grains were etched
nearly instantly (nearly one third of the surface after only 5 min,
Fig. 1b), but only on a very thin surface layer. Then, the grains,
which had already started to dissolve, were increasingly etched
with immersion time, whereas others appeared to remain intact
(Fig. 1a). Similar observations were made with non-doped and high
Mg-doped samples, in which some grains were also preferentially
etched (Figs. 1a, 2a). Interestingly, Seo et al. reported the same
observations when they dipped dense hydroxyapatite samples in
acidic solution (pH = 3) [13]. They showed by AFM that some speci-
fic grains undergo a significantly higher increase in roughness than
others. Thus, the dissolution mechanisms depicted here for non-
doped and Mg-doped B-TCP samples may well be generalizable
to other resorbable CaP materials.

For all conditions investigated in this study, the Mg-doping slo-
wed down both the acid-etching and the cell-mediated resorption
of B-TCP samples (Figs. 1 and 2). This was again consistent with
previous studies, which have widely reported that, whatever the
experimental conditions, the substitution of calcium ions by mag-
nesium ions decreases the solubility of the B-TCP phase
[1,22,30,31]. Interestingly, the results reported here highlight that
this solubility decrease arose from two different synergistic
phenomena: i) a lower percentage of etched grains at a given time
point (resulting in a lower etched area (Fig. 1b)) and ii) a lower dis-
solution rate of the grains, which were prone to dissolution
(Fig. 1a): the grains, which were etched after 1 h, were etched dee-
per in non-doped than in low Mg-doped than in high Mg-doped
samples (Figs. 1a, 2a). Because of this slow dissolution, it was hard
to discriminate between etched and non-etched grains in high
Mg-doped samples for short immersion durations. Thus, the per-
centage of etched surface could not be evaluated before 30 min
(Fig. 1b).

Regarding the characterization of etched samples, the EBSD
technique appeared to be complementary to XRD, since it enabled
a local crystallographic analysis in SEM. Indeed, EBSD provides
crystallographic orientation maps for a statistically significant
number of grains. Mapping B-TCP samples revealed how crystal
orientation of the grains had a strong influence on their dissolution
behavior. In addition, the change of the crystal cell of B-TCP due to
doping (Table 2) affected the crystal orientations susceptible to
dissolution. In non-doped samples, all grains with the c-axis
normal to the surface were acid-etched after 1 h, whereas some
of the grains oriented in all other directions (i.e., c-axis nearly
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Fig. 7. SEM images of pure -TCP samples (a) acid-etched for 1 h: observation of both non-etched and etched grains with characteristic intra-crystalline pillars (b) after 24 h
of contact with osteoclast cells (RANKL concentration = 5 ng/mL): illustration of an area, where all grains are resorbed. (Insert, top left) Labelling of Miller-Bravais indices of
the 3D crystal representations. (Inserts, side) Micrographs at high magnification highlighting the correlation between the orientation of the intra-crystalline pillars and the 3D

crystal orientation of the grains.

parallel to the surface) were still intact (Fig. 3b): grains oriented
with the c-axis in the Z direction tended to be more prone to dis-
solution than the others. It should be noted that this finding is con-
sistent with the work by Tao et al. [54], who reported a preferred
dissolution direction along the c-axis for nano-sized B-TCP
monocrystals. However, they studied singular monocrystals of a
few hundreds of nanometers, synthesized in very specific condi-
tions (precipitation in an organic solvent), and composed of a
hydrogen-rich calcium-deficient B-TCP phase rather than of pure
B-TCP [55].

In low Mg-doped samples, only the grains with c-axis [000 1]
nearly normal to the surface were preferentially etched (Fig. 4),
while in high Mg-doped samples, any grain with a simple axis (a,
b or ¢) normal to the surface was more prone to dissolution than
the others (Figs. S3 and Fig. 5).

In non-doped and high Mg-doped samples, a slight difference
was measured between the lattice parameters before etching and
after etching (Table 2). On the contrary, the c-parameter of low

Mg-doped samples significantly decreased during immersion in
the acidic solution (Table 2). This result may arise from the low
Mg content (Table 1): as grains containing Mg dissolve slower than
grains without any Mg (Fig. 1), after 1 h etching, the non-etched
grains may contain more Mg on average than the etched grains.
Therefore, the mean c-parameter decreased at the surface of the
low Mg-doped samples. This effect might even be reinforced by
the fact that the first low Mg-doped grains to be etched were ori-
ented with their c-axis normal to the sample’s surface (Fig. 4), pos-
sibly explaining why the decrease of the cell parameter was
measured for the c-parameter only (Table 2).

While in non-doped samples, etched grains happened to be
slightly smaller than non-etched ones (Table 3), the contrary was
observed for both low Mg-doped and high Mg-doped and for all
immersion durations (Table 3). Given that no correlation was
clearly evidenced between crystal orientation and grain size, it
may indicate an effect of the size of a grain on its predisposition
to dissolution. This would contradict results reported by Seo
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et al., who did not find any significant difference for dissolved and
non-dissolved grain sizes in the case of hydroxyapatite [13].
Nevertheless, it could explain why some of the grains oriented
along the preferred orientations for dissolution were not etched.
For instance, in high Mg-doped B-TCP, many grains with a, b or
c-axis normal to the surface were not etched yet after 1 h
(Fig. S3) and some were still intact after 5 h (Fig. 5b). Noteworthy,
no other distinction could be found between etched and non-
etched grains.

To sum up, the insertion of Mg into the B-TCP lattice stabilized
the B-TCP phase against dissolution. At early stage of dissolution,
only the grains oriented in the preferred dissolution direction were
etched (along the c-axis for the non-doped B-TCP phase). Increas-
ing the duration of immersion had two consequences: etched
grains were etched deeper and deeper (Fig. 1a), while more grains
started to dissolve (Fig. 1b). At later stage, grains of all orientations
were finally etched (Fig. 3a). Thus, after 1 h etching, etched grains
did not show any specific orientation in non-doped samples
(Fig. 3a), whereas, due to a slower dissolution, only the grains with
their c-axis nearly normal to the surface were etched in low
Mg-doped samples (Fig. 4a). As in extensively resorbed areas after
osteoclastic resorption (supplementary data, Fig. S2-b), all grains
were etched, regardless of their crystal orientation (Fig. 6), it may
be inferred that 24 h contact between osteoclasts and sample sur-
faces left enough time for the non-migrating osteoclasts to resorb
all grains beneath them. This would then correspond to a longer
etching duration in the simulated acellular acidic solution. In addi-
tion, the alignment of the intra-crystalline pillars formed at the
surface of both etched and resorbed grains (Fig. 2) was correlated
with the preferential direction for dissolution, i.e., the c-direction
of the crystals (Fig. 7). When the Mg-doping was increased, the
lattice parameters decreased (Table 2). This seemed to have a
reinforcing effect on the [0 00 1] direction, at least in the high
Mg-doped samples. Thus, the resorption of high Mg-doped sam-
ples was slower (Figs. 1 and 2), and all simple axes (a, b or c)
became equivalent in terms of susceptibility to be dissolved
(Fig. S3 and Fig. 5).

Last, these findings open new approaches to design materials
with customized resorbability. One strategy could be to tune the
crystal structure of CaP phases, either by incorporating single
dopants or synergistic co-dopants [26,56-58] or by innovative syn-
thesis routes [54,55]. Another strategy could be to texture samples
in specific crystal orientations and thus combine optimal mechan-
ical properties with appropriate resorption kinetics [59,60].

5. Conclusion

Dissolution of B-tricalcium phosphate samples was monitored
in acidic solutions and compared to osteoclastic-mediated resorp-
tion. Acidic etching conditions used in this work proved to be a rel-
evant and simple chemical alternative to cell-mediated resorption
for the study of the mechanisms involved in the resorption of B-
TCP bone graft substitutes. Doping B-TCP with Mg ions decreased
its solubility: both the acid-etching and the cell resorption process
were slowed down.

Electron backscatter diffraction was successfully used to map
the crystallographic orientation of several thousand grains of
polycrystalline B-TCP bulk samples and to study the correlation
between grain orientation and resorption. For the three investi-
gated compositions (non-doped, low Mg-doped and high Mg-
doped samples), the early-stage dissolution was guided by grain
orientation: some grains were preferentially etched, whereas
others remained intact for hours, resulting in a rougher surface.
Both acid-etched grains and grains resorbed by cells activity devel-
oped characteristic spike-like sub-structures, aligned parallel to

each other within a same grain. Their alignment direction was cor-
related with the preferential direction for dissolution, i.e., the crys-
tal direction [0 0 0 1] for pure B-TCP. Based on these results, it may
be inferred that any change in the crystal parameters of a B-TCP
material has a significant impact on its resorption process. Thus,
doping B-TCP phases by ions of biological interest, such as Mg,
Sr, Cu or Fe must influence not only the cellular response, but also
the mechanism and kinetics of resorption of the material itself.
These important findings pave the way for the design of bone graft
substitutes with tailored resorption kinetics.
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