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Abstract

The presence of an amorphous surface layer that coats a crystalline core has been
evidenced for many biominerals, including bone mineral. In parallel, transient amorphous
precursor phases have been proposed in various biomineralization processes, including bone
biomineralization. Here we propose a methodology to investigate the origin of these amorphous
environments taking the bone tissue as a key example. This study relies on the investigation of a
bone tissue sample and its comparison with synthetic calcium phosphate samples, including a
stoichiometric apatite, an amorphous calcium phosphate sample, and two different biomimetic
apatites.

To reveal if the amorphous environments in bone originate from an amorphous surface
layer or a transient amorphous precursor phase, a combined solid-state nuclear magnetic
resonance (NMR) experiment has been used. The latter consists of a double cross polarization
"H—*'"P—'H pulse sequence followed by a 'H magnetization exchange pulse sequence. The
presence of an amorphous surface layer has been investigated through the study of the
biomimetic apatites; while the presence of a transient amorphous precursor phase in the form of
amorphous calcium phosphate particles has been mimicked with the help of a physical mixture
of stoichiometric apatite and amorphous calcium phosphate. The NMR results show that the
amorphous and the crystalline environments detected in our bone tissue sample belong to the
same particle. The presence of an amorphous surface layer that coats the apatitic core of bone
apatite particles has been unambiguously confirmed, and it is certain that this amorphous surface
layer has strong implication on bone tissue biogenesis and regeneration.

Keywords: bone mineral; bone apatite; biomimetic apatite; amorphous calcium phosphate,
stoichiometric apatite; amorphous surface layer, solid-sate NMR; biomineralization



1. Introduction

The presence of an amorphous surface layer that coats a crystalline nanoparticle core has
been proposed both in calcium phosphate and calcium carbonate biominerals, including the
apatite nanoparticles constituting the bone mineral [1] and the aragonite particles constituting the
nacre of the molluscan shells [2], respectively. In parallel, both transient amorphous calcium
phosphate [3,4] and transient amorphous calcium carbonate [5—7] phases have been observed at
the early stages of biomineralization in bone, enamel, the spines of sea urchin and in nacre. Here
we propose a methodology to investigate the origin of these amorphous environments in the case
of a bone tissue sample originating from a two-year-old sheep and through its comparison with
synthetic calcium phosphate samples.

While there is no doubt that the mature bone mineral is made of crystalline calcium
phosphate in the form of apatite [8], the question regarding the presence or not of amorphous
calcium phosphate (ACP) in bone mineral has been deeply investigated over the past couple of
decades [9], and is still widely debated nowadays [10—12]. The bone apatite particles are in the
form of nanosized platelets with irregular shapes and dimensions [13,14], i.e., ~1-4 nm of
thickness, ~8-15 nmof width and ~20-35 nm of length. This bone apatite is described as a
calcium-deficient and hydroxyl-deficient carbonated hydroxyapatite [15-17], with a chemical
composition that varies greatly with respect to the so-called stoichiometric hydroxyapatite
(Ca;p(PO4)6(OH),) due to numerous ionic substitutions — and, in particular, carbonate ions
present from ~4 up to ~9 % w/w. Moreover, spectroscopic investigations, microscopy
observations, and X-ray analyzes, have provided strong evidence of the presence of non-apatitic
environments closely related to ACP in bone mineral. Studies involving newly formed,

intermediate, and mature bone mineral, as well as synthetic biomimetic apatites (i.e., synthetic



carbonated nanocrystalline hydroxyapatites) have been reported - and it was proposed that these
ACP environments might have two origins: (i) an ACP-like surface layer that coats the bone
apatite particles; and/or (ii) a transient ACP phase present at the early stages of bone
mineralization. Indeed, the existing model that describes the bone apatite and biomimetic apatite
particles predict a core/shell structure, with the ACP-like environments in the form of a very thin
mineral surface layer that coats the apatitic environments localized into the bulk of the particle.
The accuracy of this model is still debated because the exact origin of the ACP environments is
still not clear: transient phase vs surface layer, either one or the other, or both of the two forms
present at the same time in a bone sample.

Particular surface properties of bone mineral were first reported in the fifties from ionic
exchange experiments, which would involve “a surface hydration shell containing non-specific
boundary anions in rapid equilibrium with the surrounding medium” [18]. The first electron
microscopy studies on the early stages of bone mineral deposition suggested that “the crystals are
not only smaller, but that some of the observed inorganic components in newly formed bone may
not be in a crystalline form™ [19]. The presence of ACP as an intermediate in the precipitation of
apatite was confirmed in vitro in the mid-sixties with the help of X-ray diffraction [20]. Soon
after this, based on X-ray diffraction analysis by measuring the background intensity, ACP
environments were both detected and quantified in bone mineral [21-23]. The first spectroscopic
evidence of the presence of ACP environments in bone mineral was reported at that time using
mfrared spectroscopy by analyzing the v, vibration mode of orthophosphate ions [24]. However,
in the early eighties, with the help of both X-ray diffraction and X-ray radial distribution
measurements, M. Glimcher and his colleagues undertook an extensive study that led to the

conclusion that the presence of ACP in bone mineral has to be reconsidered [25-27]. Indeed,



they concluded that the ACP environments in newly formed bone mineral, previously reported
by A. Posner and his colleagues, were actually only “poorly crystalline hydroxyapatite”
environments [26]. Other spectroscopic evidences of the presence of ACP or “poorly crystalline
hydroxyapatite” environments in bone mineral were reported in 1994 using solid-state nuclear
magnetic resonance (NMR) spectroscopy with the help of the {'H}’'P cross polarization (CP)
experiment [28,29]. These ACP-like environments have been described as “a unique protonated
phosphate group in bone mineral not present in synthetic calcium phosphates” [29], as well as “a
second phosphorus site interacting with structural water molecules” [28]. In parallel, several
studies have reported the presence of related ACP-like environments in various biomimetic
apatites, using infrared spectroscopy [30-32], X-ray radial distribution analysis [33], X-ray
absorption spectroscopy [34], and solid-state NMR spectroscopy [35—-37]. Furthermore, ionic
exchange properties involving the presence of loosely bound ions at the particle’s surface has
also been reported for biomimetic apatites [38—40]. These two concepts involving surface
properties and ACP-like environments have therefore gradually merged together, and the models
of the bone and biomimetic apatite particles have emerged [1,41-45]: a nanosized platelet
constituted by a crystalline core in the form of hydroxyapatite coated by an ACP-like surface
layer. Furthermore, a similar core/shell model has also been proposed for the elongated dentin
apatite particles [46—48]. High-resolution transmission electron microscopy (HR-TEM)
observations have strengthened the accuracy of this model. Indeed, the presence of an
amorphous surface layer (~1-2 nm thick) was sometimes reported from synthetic apatite samples
[1,49,50]. However, such observations are debatable because a degradation of the particles might

happen following the electron beam irradiation.



In parallel, the presence of ACP environments in bone mineral in the form of a transient
amorphous precursor phase is worth considering. Indeed, ACP particles have been observed at
the early stages of the apatite crystallization process in vitro (with or without the presence of
organic additives) [20,51-59] and in vivo [3,4,60—62]. In particular, in the case of the growing
fin bony rays of the zebrafish, recent studies have shown that the new mineral is delivered and
deposited as packages of ACP nano-spheres, which transform into platelets of crystalline apatite
within the collagen matrix [63].

The aim of this study is to assess the two scenarios likely to happen in bone mineral: (/)
an ACP-like surface layer which coats an apatitic crystalline nanoparticle core; and/or (2) the
presence of ACP particles and apatite crystals apart. For this purpose, a combined solid-state
NMR experiment has been applied to a bone tissue sample originating from a two-year-old sheep
and to various well-characterized and carefully chosen synthetic calcium phosphate samples.
This includes: (i) two biomimetic apatites samples composed by the addition of apatitic and
ACP-like environments in the same particle; and (ii) a physical mixture of a stoichiometric
apatite sample (only composed of apatitic environments) and an amorphous calcium phosphate
sample (only composed of amorphous environments). The two biomimetic apatites have been
used to mimic the scenario (/), while the physical mixture of the stoichiometric apatite and the
amorphous calcium phosphate samples has been used to mimic the scenario (2). The solid-state
NMR experiment consists of (i) a double cross polarization (CP) 'H—'P—'H pulse sequence
[64], in order to edit the 'H resonances related to calcium phosphate environments, followed by
(ii) a "H magnetization exchange pulse sequence based on the 'H spin diffusion process
(EXchange SpectroscopY, EXSY) in order to probe the continuity between the apatitic and the

amorphous environments.



2. Materials and methods

2.1 Samples preparation

The stoichiometric hydroxyapatite, HA, was obtained following the synthesis described
by Takemoto et al. [65]. The double-distilled water used in the different steps of the synthesis
has been boiled for 2 hours, and then cooled under N, bubbling to remove the dissolved CO,.
Briefly, 100 mL of a 0.3 M (NH,4),HPO,4 aqueous solution (pH fixed at 10 with the help of a 28
% w/w ammonia aqueous solution) was added to 105 mL of a 0.5 M Ca(NOs),.4H,0 aqueous
solution at room temperature under an N, atmosphere and rigorous stirring at a feeding rate of 3
mL/min controlled by an automatic titrator (Titrando 808, Metrohm). Once the addition was
completed, the mixture was kept under stirring for 24 hours. The solid obtained was centrifuged
(6000 rpm, 10 min) and washed 3 times with double-distilled water before being dried at 105°C
for 3 days, and then heated at 400°C for 3 hours before characterization.

The amorphous calcium phosphate sample, ACP, was obtained according to the
Heughebaert method [66]. 46.3. g of Ca(NO3),.4H,0O were dissolved in 0.55 L aqueous solution
of ammonia of approximately 1.1 M, and 27.2 g of (NH4),HPO, were dissolved in 1.3 L aqueous
solution of ammonia of approximately 0.5 M. The precipitate was formed following the rapid
addition of the calcium solution into the orthophosphate solution. The precipitate was filtered
through a Biichner funnel, washed with an aqueous solution of ammonia of approximately 0.08
M, frozen in liquid N», lyophilized for a period of 72 hours, and finally stored at -20°C.

The physical mixture of the stoichiometric apatite sample and the amorphous calcium
phosphate sample, HA/ACP mixture, was made by mixing the same mass of HA and ACP,

giving a 50:50 w/w mix ratio. The powders were placed in a mortar and mixed for 10 min. Then



the mixture were introduced in a vortex mixer and mixed for 10 min in order to obtain a mixture
as homogeneous as possible.

The first biomimetic apatite, CHA (i.e., a carbonated hydroxyapatite), was obtained at
ambient temperature by an ammonia gas diffusion method described by Nassif et al. [67]
(referred as HA-2 in the referenced article). An aqueous reaction solution containing 110 mM
CaClL.2H,0, 33 mM NaH,PO, H,0 and 33 mM NaHCO; was prepared. The pH of this reaction
solution was adjusted to 2.2 with a 1 M HCI aqueous solution added dropwise. Two flasks (35
mL, 50mm height) containing this reaction solution (20 mL each) and covered by perforated
Parafilm (to slow down the ammonia gas diffusion) were placed into a closed chamber (i.e., a 1
L beaker) - and an ammonia aqueous solution (28 % w/w, 8 mL) was also placed in the chamber.
The pH of the reaction solution gradually increases following the solubilization of the ammonia
gas leading to the precipitation of the mineral. After 6 days, the precipitate was centrifuged
(6000 rpm, 10 min) and washed 3 times with double-distilled water, and then dried at 37°C for 7
days before characterization.

The second biomimetic apatite, CHA-SBF, (i.e., a hydroxyl-deficient carbonated, and
potentially substituted with various ionic species, hydroxyapatite), was precipitated from a 1.5
simulated body fluid solution (i.e., 1.5 SBF). The latter is a solution having 1.5 times higher ion
concentrations than that of a simulated body fluid (SBF). This 1.5 SBF solution was prepared
according to the procedure described by Rhee & Tanaka [68], by dissolving the following salts at
37°C, in the order listed: NaCl (11.99 g), NaHCOs (0.529 g), KCI (0.335 g), K,HPO,.3H,0
(0.342 g), MgCl,.6H,0 (0.457 g), CaCl, (0.416 g), Na,SO4 (0.107 g) in 1 L of double-distilled
water buffered at pH 7.4 with 1.2 g of tris(hydroxymethyl)aminomethane and a few drops of a 1

M HCI aqueous solution. This 1.5 SBF solution was first frozen at -20°C for 1 night, and then



left at 5°C for 2 days. This procedure yielded a precipitate that was centrifuged (6000 rpm, 10
min) and washed 3 times with double-distilled water, and then dried at 37°C for 7 days before
characterization.

The bone tissue sample originated from a two-year-old healthy French sheep. This
sample has been extracted from the distal femoral metaphysis, and dried for 24 hours under
sterile conditions (i.e., under laminar flow hood at ambient temperature). The study was
reviewed and approved by the IMM Recherche's Institutional Animal Care and Use committee
(IACUQC) prior to starting. The animal research center (IMMRecherche) received an approval
(n°75-14-01) on September 08th, 2008 for a period of 5 years by the “Sous-Direction de la

protection Sanitaire” of the French Authorities.
2.2 Samples characterization

2.2.1 General characterization

Powder X-ray diffraction (XRD) patterns of all samples were recorded using a Bruker D8
X-ray diffractometer operating in the reflection mode at CuKo radiation, with 40 kV beam
voltage and 40 mA beam current. The data were collected in the 10-60° range (260) with steps of
0.019° and a counting time of 2 s.

Fourier-transform infrared spectroscopy FT-IR experiments were performed on a Nicolet
Magna FT-IR spectrometer in the range of 650-4000 cm™ at a resolution of 4 cm™.

Thermogravimetric analysis (TGA) experiments were performed on a thermo-
microbalance instrument (NETZSCH STA 409PC). The measurements were performed from
room temperature to 1000°C in air atmosphere with a heating rate of 5°C/min.

For transmission electron microscopy (TEM) observations, the different powders were

dispersed in anhydrous ethanol. A few drops of the resulting dispersions were deposited on a



carbon-coated copper grid. After solvent evaporation, TEM investigations were performed with a
FEI TECMALI G2 Spirit Twin electron microscope operating at 120 kV.

2.2.2 Solid-state NMR

The 'H and *'P solid-state nuclear magnetic resonance (NMR) experiments were
conducted on an Avance-III 300 Bruker spectrometer. Samples were packed into 4 mm (O.D.)
zirconia rotors, and experiment were conducted using magic angle spinning (MAS). The
frequency (Vmas) was set at 14 kHz using a Bruker 4BL CP/MAS '"H/BB probe. 'H recycle
delays were set to 2 s for bone, ACP and biomimetic apatites, and 30's for stoichiometric apatite
to ensure the full relaxation of the samples. *'P recycle delays were set to 200 s for all samples to
ensure the full relaxation. Two-dimensional {IH}3 'P HetCor NMR spectra were recorded with
40 to 80 scans each 100 to 200 t; increments depending on the samples. The contact time (tcp)
was set to 1, 2 or 3 ms. The '"H>3'"P>'H Double CP MAS NMR spectra were recorded with a
first tcpl = 1 ms and a second tcp2 = 850 s in order to maximize the 5-15 ppm resonances of the
'H spectra compared to the hydroxyls resonance at 0 ppm. After the first CP transfer (during
tcpl), the *'P magnetization is flipped back along the z-axis direction through a 90° pulse. The 'H
residual signal is then eliminated by two low power purge pulses that are phase shifted by 90°
from each other at vgr = vmas/2 (HORROR condition) [69]. The length of each purge pulse is
10 ms, which suppress all unwanted 'H signals. Furthermore, within the model of thermal
reservoirs [70], this 'H saturation allows the transformation of the proton spin bath into a hot
reservoir into which the >'P magnetization can be back-transferred. After this saturation step, the
*'P magnetization is then flipped back into the transverse plane through a 90° pulse and the
second CP transfer (during tcp2) is applied prior to the 'H acquisition. The Double CP EXSY

MAS NMR experiments (Figure S1) were recorded through a first block of 'H-""P-'"H Double CP



MAS experiment (tcpl = 1 ms; tcp2 = 850 ps) followed by a standard EXSY experiment (mixing
time = 10 ps and 10 ms). To ensure an efficient 'H spin diffusion process, the experiments were
conducted on dry samples. 'H chemical shifts were referenced to TMS at 0.0 ppm, while *'P
chemical shifts were referenced to H;PO4 (85 % w/w aqueous solution) at 0.0 ppm.

3. Results and Discussion

3.1 Common characterization techniques

Apatite environments are the only crystalline environments detected in the stoichiometric
apatite (called HA) and in the two biomimetic apatites (called CHA and CHA-SBF) according
to X-ray diffraction (XRD) observations (Fig. S2). The Bragg reflections of CHA and CHA-
SBF are broadened compared to HA (Fig. S2). This broadening is diagnostic of a structural
disorder brought by the various ionic substitution (mainly carbonates, see FT-IR spectra). The
XRD pattern of the amorphous calcium phosphate sample (called ACP) does not display any
Bragg reflection, confirming its amorphous nature. The FT-IR spectra of HA, CHA, CHA-SBF
and ACP are combined in Figure S3. The asymmetric stretching band (v3 mode, from 1360 cm™
to 1580 cm™) and the out-of-plane bending band (v, mode, at ~870 cm™) of the carbonate ions
are clearly visible for CHA and CHA-SBF. This confirms the incorporation of carbonate ions
within the CHA and CHA-SBF particles, and highlights their biomimetic nature. Do note that
the OH stretching band at 3570 cm™ (from the hydroxyl ions located within the crystalline
apatitic environments, see the red asterisks) is clearly visible for HA, less clearly visible for
CHA, and unobservable both for CHA-SBF and ACP. The FT-IR spectrum of ACP displays a
broad lineshape, and highlights the presence of water molecules (see the broad band spreading
from 2500 cm™ to 3700 cm™) and the incorporation of carbonate ions (see the v, and v3 modes at

~870 cm™ and 1360-1580 cm™, respectively). Since the ACP sample was prepared in water, the
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presence of water molecules trapped within and in between the particles was expected [71,72].
This hydration is required to use this synthetic ACP sample as a model of the ACP-like
environments found in bone mineral and biomimetic apatites. Indeed, the latter are sometimes
called the “hydrated domain” [45] and they possess strong hydrophilic properties [1]. The
incorporation of carbonate ions in the ACP sample is also important. Indeed, the presence of
carbonate ions within the ACP-like environments of bone mineral and biomimetic apatites has
been reported by ionic exchange and/or FT-IR experiments [38,40,45,73], and by '°C-based
solid-state NMR experiments [1]. The weight percentages of carbonate ions in the carbonated
samples were estimated from the weight loss of CO,g) occurring between 600 and 1000°C in
thermogravimetric analysis (TGA) [74]: ~4.9 % for CHA; ~5.2 % for CHA-SBF and ~3.8 % for
ACP (Figure S4); while a range from ~4 to ~9 % was determined in bone mineral [75].
Regarding the weight percentages of water molecules, they were estimated from the weight loss
occurring in the range of 25-400°C: ~3.4 % for HA; ~7.3 % for CHA; ~13.0 % for CHA-SBF
and ~17.0 % for ACP (Figure S4). According to TEM observations, HA is composed of
nanosized rod-like crystals with an average size of ~25 and ~60 nm for the thickness and length,
respectively (Fig. S5a). As bone mineral particles, CHA and CHA-SBF particles are in the form
of nanosized platelets with irregular shapes and dimensions (Figs. S5 - b&c). The platelets in
CHA are relatively bigger compared to the platelets found in bone mineral (i.e., ~2-9 nm of
thickness, ~20-50 nm of width and ~30-200 nm of length); whereas the platelets in CHA-SBF
and the platelets found in bone mineral have similar sizes (i.e., ~1-4 nm of thickness, ~10-30 nm
of width and ~30-50 nm of length). ACP is composed of sphere-like particles with a typical
diameter from 20 to 50 nm (Fig. S5d). It is worth mentioning that no evidence of ACP particles

was reported by TEM in CHA and CHA-SBF.
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3.2 One-dimensional solid-state NMR

Some of the above observations collected using common characterization techniques
have been confirmed with the help of one-pulse 'H and *'P solid-state NMR experiments. The 'H
MAS NMR spectra of HA, CHA, CHA-SBF and ACP are combined in Fig. S6. The '"H MAS
NMR spectrum of HA displays two resonances: one which is very intense and narrow, centered
at 3('"H) = 0 ppm; and another one which is less intense and broader, centered at 3('H) = 5.5
ppm. The former is attributed to OH ions in crystalline apatitic environments, while the latter
corresponds to water molecules weakly adsorbed onto the surface of the particles [76]. The same
observations can be reported for CHA, except that the water and hydroxyl resonances display
now similar intensities. Regarding CHA-SBF, the OH" ions deficiency observed by FT-IR
spectroscopy is here confirmed. Indeed, the hydroxyl resonance expected at 5('H) = 0 ppm is
extremely weak, and appears here only as a ‘shoulder on the right side of the intense water
molecules resonance. The 'H MAS NMR spectrum of ACP is dominated by an intense signal
centered at 5('"H) = 5.3 ppm from adsorbed water molecules. The *'P MAS NMR spectra of HA,
CHA, CHA-SBF and ACP are displayed in Fig. S7. All the apatite samples display one single
resonance centered atound 3 ppm (i.e., 3C'P) = 2.8 ppm, 2.9 ppm and 3.2 ppm for HA, CHA
and CHA-SBF; respectively), which is typical of PO, ions within crystalline apatitic
environments [77—79]. The increase of the *'P chemical shift (Table S1) is known to be
correlated with a higher rate of carbonate ions substitution [77,80,81], which is in good
agreement with our FT-IR and TGA observations. The >'P MAS NMR spectrum of ACP
displays one broad single resonance at 8(°'P) = 3.2 ppm, which is then similar to the chemical
shift of PO, in apatitic environments. Although all the *'P resonances display almost a similar

chemical shift, they all possess very different line widths (LW) (Table S1). Indeed, the lp
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resonance of the stoichiometric hydroxyapatite HA is narrow (i.e., LW = 80 + 20 Hz), while the
3P resonances of the carbonated hydroxyapatite CHA and the hydroxyl-deficient carbonated
(and potentially substituted with various ionic species) hydroxyapatite CHA-SBF are broader
(i.e., LW =200 £ 20 Hz and 370 £ 20 Hz, respectively). Solid-state NMR spectroscopy probes
the local chemical environments surrounding the nucleus of interest. This increasing of the LW
therefore tends to show a more important distribution of chemical environments in CHA and
CHA-SBF compared to HA. Furthermore, we recently reported that the >'P NMR signatures
(lineshape and LW) of CHA-SBF and a fresh bone tissue sample are quite similar [1]. This not
only indicates that CHA-SBF mimics the local phosphate environments found in bone mineral,
but also shows that CHA-SBF is a suitable model for investigating the bone apatite structure.
Finally, the intrinsic structural disorder of ACP is confirmed from its very broad 3Ip NMR
signature (i.e., LW =700 £ 20 Hz).

3.3 Two-dimensional solid-state NMR

Two-dimensional (2D) {IH}31P Heteronuclear Correlation (HetCor) MAS NMR spectra
of HA, CHA, CHA-SBF and ACP appear in Fig. 1. Besides probing the 'H and *'P chemical
environments, the great advantage of this technique relies on its ability to reveal the existence of
spatial proximities between these two nuclei. The latter appear in the form of correlation peaks in
the spectra. The apatitic environments in HA, CHA and CHA-SBF appear at ~3.0 ppm in the
3P dimension, and at 0 ppm in the '"H dimension (characteristic of OH™ ions in apatitic
environments, see Fig. S6). Concerning the biomimetic apatites CHA and CHA-SBF, the ACP-
like environments are revealed by the presence of a second phosphorus site that results from the
observation of an extra correlation peak which is not observable in the stoichiometric

hydroxyapatite HA. This extra correlation peak appears at C*'P) = 3.1 ppm & 5(C°'P) = 3.2 ppm
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in the *'P dimension for CHA and CHA-SBF, respectively; and spreads along the 'H dimension
from 8('H) ~5.5 ppm (rigid water molecules) to 8('"H) ~15 ppm attributed to hydrogen-phosphate
ions [15,29,36,37,44,82-87]. The 3P slices extracted from this extra correlation peak lead to a
broad single resonance (3C*'P) = 3.1 ppm & LB = 430 + 20 Hz, and 5(°'P) = 3.2 ppm & LB =
660 + 20 Hz, for CHA and CHA-SBF, respectively) (Table 1), which presents similar features
with the *'P resonance of ACP (3(*'P) = 3.2 ppm & LB = 700 + 20 Hz) (Fig. 2). Furthermore,
similar features between the 'H environments detected in ACP and in the' ACP-like
environments of CHA and CHA-SBF are also revealed with the help of the 2D {IH}31P HetCor
NMR experiments: they all have similar 'H signatures in the form of a broad signal in the range
of 8('H) ~5.5-15 ppm. Similar observations have been reported before on this second
phosphorus site detected both in bone mineral and in biomimetic apatites. It was concluded that
its structure was closely related to ACP and‘its chemical composition includes the presence of
hydrogen-rich environments (i.e., rigid water molecules and hydrogen-phosphate ions)
[1,28,29,43,44,67,81,87].

The 2D {'H}’'P HetCor MAS NMR spectrum of a mature bone tissue sample is
displayed in Fig. 3, together with the spectrum of the physical mixture of HA and ACP powders
(HA/ACP mixture). It highlights that the biomimetic apatites (CHA and CHA-SBF) and the
HA/ACP mixture possess similar 'H and >'P NMR signatures with the bone tissue sample, and
all display the presence of apatitic and amorphous environments. As previously proposed by A.
Posner and his colleagues [21,23,33,88], it is clear that the '"H and *'P chemical environments in
synthetic ACP are very similar with the ACP-like environments detected both in bone mineral
and in biomimetic apatites. Hence, these synthetic samples are good models to investigate if the

apatitic and the amorphous environments belong to the same particle in bone mineral. The 2D

14



{'H}'P HetCor NMR experiments show that the 'H signatures respectively from the crystalline
and the amorphous environments are spectrally separated according to their chemical shift: a
narrow resonance at 3('H) ~0 ppm (OH ions) vs a broad signal in the range of 8('H) ~5.5-15
ppm (water molecules and HPO,4” ions). This feature makes possible to investigate the long-
range spatial proximities between the three different protonated species with the help of the 'H
magnetization EXchange SpectroscopY (EXSY) NMR experiment. This experiment is based on
the 'H spin diffusion process, which is driven by the homonuclear 'H-'H dipolar interactions
through zero quantum (flip-flop) and double quanta (flip-flip) transitions [89]. The exchange of
magnetization occurs during a given period of time called a mixing time (tmix), which is an
adjustable parameter that allows the experimenter to probe long distances through space (up to
several nanometers when the 'H single quantum-double quantum experiments are limited to
about 8 A). The '"H EXSY NMR experiment is commonly acquired in two-dimensions as a 'H-
"H homonuclear correlation spectrum; where the off-diagonal cross-peaks (i.e., exchange cross-
peaks) reveal the existence of spatial continuities between the protonated species and, as
corollary confirm their presence within the same particle. This experiment has been widely used
to assess the phase separation of crystalline and amorphous domains in polymers [90]. However,
the one-pulse '"H MAS NMR spectrum recorded from an intact bone tissue sample is dominated
by the free water molecules, the organic matrix and the lipids from the cells [76,91]. This
prevents the 'HEXSY NMR experiment to directly probe the spatial continuity between the
protonated species in bone mineral from an intact bone tissue sample.

To circumvent this issue, a combined approach can be used by adding a filtering step,
namely a Double CP "H—’'P—'H NMR experiment prior to the EXSY NMR experiment (Fig.

S1). Such an approach has been successfully performed before to study the mineral/organic
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interface in surfactant-silica (i.e., Double CP 1H—>29$i—>1H) [64] and liposome-silica (i.e.,
Double CP '"H—’'P—'H and "H—*’Si—'H) [92] hybrid materials. This Double CP
'"H-*'P—'"H NMR experiment consists of two consecutive CP magnetization transfers: (i) a first
magnetization transfer from 'H to *'P (characterized by a contact time tepl), followed by (ii) a
second magnetization transfer from 3P back to 'H (characterized by a contact time tcp2). The
advantage of this Double CP '"H—’'P—'H NMR experiment compared to an inverse-CP
3'P—"H NMR experiment (which has already been used to study a nanocrystalline apatite sample
[93]) relies on the fact that the Double CP experiment is driven by the TI(IH) instead of the
T1(31P) which is much more longer. The two contact times, i.e., the time during which the
magnetization transfer takes place between the 'H and *'P spins, have been optimized to enhance
the signal from the ACP-like environments: tc,1 = 1000 us, and tcp2 = 850 us. The 'H MAS
NMR spectra of HA/ACP mixture, CHA and CHA-SBF recorded with the help of this Double
CP '"H—"'P—'H experiment are highly resolved compared to the one-pulse 'H MAS NMR
spectra - and all the three protonated species (OH", H,O and HPO,4”) are easily observable at
8('H) = 0 ppm, 8('H) ~5.5 ppmand in the range of 8('H) = 10-15 ppm, respectively (Fig. S8).
The 2D 'H-"H EXSY NMR spectra (tmix = 10 ps and 10 ms) of the biomimetic apatites CHA and
CHA-SBF recorded after the Double CP 'H—’'P—'H filtering step ('"H Double CP EXSY MAS
NMR experiment, Fig. S1) appear in Fig. 4. For a short mixing time (tmix = 10 ps), no
magnetization exchange is evidenced between any of the three spin systems (i.e., OH, rigid H,O
and HPO,"), thus giving a reference spectrum. However, for tmix = 10 ms, magnetization
exchanges are observable between all the three 'H spin systems in the form of strong exchange
cross-peaks (see the red dashed lines) in both CHA and CHA-SBF. These magnetization

exchanges provide evidence of the continuity of the apatitic and ACP-like environments within
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the same particle in these biomimetic apatites - one of the two scenarios likely to happen in bone
mineral. The second potential scenario, which consists of the presence of apatite crystals and
amorphous particles apart has been investigated with the help of the physical mixture of HA and
ACP powders (HA/ACP mixture). A recent solid-state NMR investigation has estimated that
approximately 45% of the *'P nuclei in bone mineral were localized within the ACP<like
environments [81]. This is the reason why the physical mixture of HA and ACP was made by
mixing the same mass of HA and ACP powders, giving a 50:50 w/w mix ratio. TEM images of
this physical mixture are depicted in Fig. S10. Microsized aggregates of HA and ACP particles
are observed even if, locally, some HA and ACP particles are close to each other. In the bone
tissue, the transient amorphous particles (if they exist) are suspected to be mainly present in the
so-called “mineralizing front” created by the successive action of the osteoclasts and then the
osteoblasts, responsible of the renewing process of the bone tissue. This “mineralizing front” is
far away (several microns) from the apatite bone crystals located in the mature part of the tissue
[94]. Thus, on that point-of-view, microsized domains of HA and ACP particles are actually
close to the in vivo conditions. The 2D 'H Double CP EXSY MAS NMR spectra (tmix = 10 ps
and 10 ms) of this physical mixture appear in Fig. 5. In these conditions, regardless of the mixing
time used, no exchange cross-peak is observed between the OH™ (from HA) and the H,O/HPO,*
(from ACC) in the "H-"H spin connectivity spectra. As expected, this shows the absence of
continuity between the crystalline and the amorphous environments. Furthermore, the
magnetization exchange between the rigid H,O and the HPO,” that are both present in ACC was
expected, and is observable (see the red dashed lines).

The same approach has been performed for an intact sample of mature bone tissue

originating from a two-year-old sheep. This bone tissue sample displays a similar 1D
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"H—*'P—'H Double CP NMR spectrum (Fig. S9) as those of the model samples (i.e., CHA and
CHA-SBF). The 2D 'H Double CP EXSY MAS NMR experiment has also been applied (Fig. 6).
After a mixing time of 10 ms, magnetization exchanges are observable between the three 'H spin
systems in bone mineral in the form of strong exchange cross-peaks (see the red dashed lines), as
was the case for the biomimetic apatites CHA and CHA-SBF. The 'H-'H spin connectivity
NMR spectra reported from the two-different free-organic biomimetic apatites confirm that the
protonated species detected in the bone tissue sample are exclusively related to the mineral - that
excludes any artefacts that could be due to the detection of phosphorus-containing organic
molecules as phospholipids or phosphorylated proteins.

Our results unambiguously show that a single bone mineral platelet is constituted by the
addition of crystalline apatitic environments and ACP-like environments. Further, a recent study
not only shows that these ACP-like environments are very hydrophilic, but also demonstrates
that its proton species (H,O and HPO4>) are readily accessible and exchangeable by D,0 [1].
These observations support the hypothesis that these ACP-like environments stand at the surface
of bone mineral particles in the form of a mineral surface layer. In addition, the highly
hydrophilic properties of this amorphous surface layer leads to the formation of a rigid hydration
shell of bound water surrounding the bone mineral particles in vivo [1]. It was shown that this
hydration shell, with no need of bioorganic molecules (i.e., collagen, non-collagenous proteins,
or proteoglycans), plays a significant role by locally structuring the bone apatite platelets [1].
Further, it was proposed that this local behavior might impact the macroscopic mechanical
properties of bone tissue [41,95].

At last, the present study confirms the presence of an ACP-like surface layer that coats

the bone apatite particles in bone mineral of a two-year-old sheep bone tissue sample - but it

18



does not exclude the presence, in addition, of a transient amorphous calcium phosphate phase
present at the early stages of bone mineral deposition. Further, we analyzed the 'H-"H spin
diffusion intensities in the 2D "H Double CP EXSY MAS NMR spectra of CHA-SBF and the
bone tissue sample (Fig. S11). After 10 ms for the bone sample, we found that 45 % of the total
'"H magnetization from the ACP-like environments have been exchanged with the OH from the
apatitic environments. For the biomimetic apatite CHA-SBF, the proportion is a little bit less as
we found 36 %. Interestingly, CHA-SBF does not possess any ACP independent phase but only
an ACP-like layer at the surface of the apatite crystals. Thus, although it seems not possible to
show that all 'H spins from the ACP environments are in contact with the apatitic environments
in bone mineral, this result is a good indication that an independent transient ACP precursor
phase in bone (if it exists) is a minor component of our bone tissue sample.

4. Conclusions

Our results demonstrate that the crystalline apatitic and the ACP-like environments that
were detected both in two biomimetic apatites and in bone mineral belong to the same particle.
This conclusion supports and reconfirms the accuracy of the existing model that describes the
bone apatite and the biomimetic apatite particles: a nanosized platelet constituted by a crystalline
core in the form of hydroxyapatite coated by an ACP-like surface layer.

The ACP-like surface layer thus interacts with all the extracellular components (i.e.,
water, non-collagenous proteins, proteoglycans, collagen and the mineral itself) and cells. The
latter 1s therefore involved in all the biochemical, biophysical and physico-chemical reactions
associated with bone mineral; and accordingly, it is clear that the ACP-like surface layer has

strong implication on bone tissue biogenesis and regeneration. Future work should make an
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effort to describe the biomolecules/mineral interface, and our study emphasizes the need to

consider a biomolecules/ACP interface instead of a biomolecules/crystalline apatite interface.
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Figures captions

Figure 1. Two-dimensional {'H}*'P HetCor MAS NMR spectra of the synthetic calcium
phosphate samples: stoichiometric apatite (HA); biomimetic apatites (CHA and CHA-SBF); and
amorphous calcium phosphate (ACP). Contact time, tcp = 1 ms for HA, CHA and CHA-SBF

and tcp = 2 ms for ACP.

Figure 2. °'P NMR signatures relative to the ACP-like environments (full line) and the
crystalline apatitic environments (dashed line) found in CHA and CHA-SBF (contact time, tcp =
1 ms), extracted from the 2D {IH}31P HetCor NMR spectra of Fig. 1; as well as the 3P CP MAS

NMR spectrum of ACP (contact time, tcp = 2 ms).

Figure 3. Two-dimensional {'H}*>'P HetCor MAS NMR spectra of a mature bone tissue sample
originating from a two-year-old sheep (contact time, tcp = 1 ms), and of the physical mixture of

HA and ACP powders (HA/ACP mixture) (contact time, tcp = 3 ms).

Figure 4. Two-dimensional 'H Double CP EXSY MAS NMR spectra of the biomimetic apatites

CHA and CHA-SBEF for two different mixing times (i.e., tmix = 10 us & tyix = 10 ms).
Figure 5. Two-dimensional 'H Double CP EXSY MAS NMR spectra of the physical mixture of

HA and ACP powders (HA/ACP mixture) for two different mixing times (tmix = 10 us & tmix =

10 ms).
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Figure 6. Two-dimensional '"H Double EXSY MAS NMR spectra of a mature bone tissue
sample originating from a two-year-old sheep for two different mixing times (tmix = 10 us & tmix

=10 ms).

28



ACCEPTED MANUSCRIPT

29



ACCEPTED MANUSCRIPT

30



ACCEPTED MANUSCRIPT

31



5 'H (ppm)

CHA A CHA
Mixing time = 10 us Mixing time = 10 ms -
ok L
5 Es|
2
=
10 ol
15
v
e Il Il 1 Il
20 15 10 5 0 -5 0 5 o0 5
8'H (ppm) 3'H (ppm)
5, = 5,
CHA-SBF / CHA-SBF
Mixing time = 10 ps 4 Mixing time = 10 ms,
o or
= T sl
i E
I~ T
-:10— 10—
151 151
S0l L | | L 201 | 1
20 15 100 5 0 5 20 15 10 5 0

3'H (ppm)

32



ACCEPTED MANUSCRIPT

33



ACCEPTED MANUSCRIPT

34



Statement of Significance :

Questions still persist on the structural organization of bone and biomimetic apatites. The
existing model proposes a core/shell structure, with an amorphous surface layer coating a
crystalline bulk. The accuracy of this model is still debated because amorphous calcium
phosphate (ACP) environments could also arise from a transient phase precursor of apatite.

Here, we provide a NMR spectroscopy methodology to reveal the origin of these ACP
environments in bone mineral or in biomimetic apatite. The 'H magnetization exchange between
protons arising from amorphous and crystalline domains shows unambiguously that an ACP
layer coats the apatitic crystalline core of bone et biomimetic apatite platelets.
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