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Water-mediated structuring of bone apatite

Yan Wang'?, Stanislas Von Euw'?, Francisco M. Fernandes', Sophie Cassaignon', Mohamed Selmane?,
Guillaume Laurent', Gérard Pehau-Arnaudet?, Cristina Coelho?, Laure Bonhomme-Coury’,
Marie-Madeleine Giraud-Guille'!, Florence Babonneau', Thierry Azais'* and Nadine Nassif'*

It is well known that organic molecules from the vertebrate extracellular matrix of calcifying tissues are essential in structuring
the apatite mineral. Here, we show that water also plays a structuring role. By using solid-state nuclear magnetic resonance,
wide-angle X-ray scattering and cryogenic transmission electron microscopy to characterize the structure and organization of
crystalline and biomimetic apatite nanoparticles as well as intact bone samples, we demonstrate that water orients apatite
crystals through an amorphous calcium phosphate-like layer that coats the crystalline core of bone apatite. This disordered
layer is reminiscent of those found around the crystalline core of calcified biominerals in various natural composite materials

in vivo. This work provides an extended local model of bone biomineralization.

uestions persist on mechanisms that control bone

biomineralization processes'. In particular, the nature

and functions of the components involved in the for-
mation and organization of apatite crystals in bone remain
debatable. Still, it is well known that organic molecules from the
extracellular matrix—for example, collagen?®, proteoglycans® and
non-collagenous proteins*—are key components in the mediation
of the organization of apatite crystals.

In addition, it has recently been proposed that a distinct mineral
domain around the crystalline core of some calcified biominerals
exists in different composite materials in vivo (that is, dentin®,
nacre® and bone’) and in vitro (aragonite® and hydroxyapatite®) as
well as in meteoritic materials'®. The role of this distinct surface
mineral domain is, however, not well understood. Previous studies
suggest that it is involved in the local increase in concentration
and reactivity of ions in bone, such as Ca*", Mg?*, CO;*~ and
HPO,*~, which has strong implications for bone crystal formation
and resorption''. Such a dynamic character of bone remodelling
along with the diversity of calcified tissues in vertebrates (such as
bone, dentin and enamel) partly explains why the nature of this
distinct surface mineral domain in bone remains unclear in the
literature. Also, appropriate apatite models are lacking. Indeed,
although in vitro synthesis of HA presents enhanced versatility due
to different adjustable parameters (such as the nature of calcium
phosphate precursors, the presence of water, and temperature),
its crystal structure (usually highly crystallized) and chemical
composition (slightly substituted) are significantly different from
the mineral phase in bone. Such differences also result from the fact
that for most of the spectroscopic studies available in the literature,
bone samples were often altered and substantially dried.

Here, we show that, as with organic components, water—the
third main component in bone—also plays a structuring role by
orienting apatite crystals. Structuring water should not be confused
with putative structural water molecules incorporated in the lattice
structure of the bone crystals'?. The water-induced orientation of
apatite crystals yields an extension to the localized fibrillar model
of bone biomineralization'?, and complements the putative roles

proposed in the literature for crystal-surface-bound (as opposed
to bulk) water!*: as a contributor to the mechanical properties of
bone®® and as an interfacial agent between collagen and apatite'.
We also show that structuring water molecules strongly interact
with the mineral only when a disordered mineral layer coats the
crystalline core of the mineral particles. We provide evidence for
this disordered layer on the basis of advanced solid-state nuclear
magnetic resonance (ssNMR) experiments, which also support
a consensual hypothesis in the literature’. We also provide new
insights into the structural characteristics of bone mineral. The
disordered mineral layer is highly hydrophilic and composed of the
divalent ions Ca’*, HPO,?>~ and CO;*~, and water. We identify
it as an amorphous calcium phosphate (ACP)-related phase, as
previously stated for dentin® and synthetic'” apatites. Our results
strongly rely on the use of freshly extracted bone kept in its
native hydration state, but we complement our study with a
variety of bone-derived samples (dry, free of organic matrix) and
apatite models (from crystalline to biomimetic particles possessing
different morphologies), as well as with ACP particles. On the basis
of quantitative and qualitative results, we propose that the oriented
stacking of the platelets in water is mediated by the ACP-like layer,
whose affinity towards water traps a rigid water layer between
adjacent apatite particles.

Water adsorption properties of bone apatite

To better understand the implication of water molecules in bone-
biomineralization events, freshly extracted bone was compared with
dry bone samples. To prevent specimen alteration by chemical
pre-treatment and avoid artefacts caused by dehydration'® (for
example, collapse of the collagen network), freshly extracted bone
was used without any treatment, and the spectroscopic studies
were conducted within two hours after extraction from healthy
animals. The dry bone sample was obtained by drying the freshly
extracted bone under a laminar flow at room temperature. The
impact of the dehydration on bone mineral was investigated
through ssNMR. The two-dimensional (2D) 'H-'P heteronuclear
correlation (HetCor) experiment allows a selective enhancement
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of protonated species in close proximity with phosphate ions
from the mineral matrix of bone. This sequence is widely used
in the literature to study the local environment of *'P and 'H
in synthetic and bone apatites'®, as well as in vitro models®.
Thus, we conducted similar experiments on both the dry (Fig. 1a,
green) and fresh intact bone samples (Fig. 1a, red). We identify
two phosphate environments for both samples. For the dry bone
sample, two distinct *'P signals on the 2D spectra exhibit similar
chemical shifts (§(*'P) = 3.2 ppm) but different linewidths: the
sharp resonance (LW = 2.2 ppm) correlates with hydroxyl anions
at §("H) = 0 ppm; the broad *'P signal correlates with a weak 'H

broad *'P resonance is sensitive to a hydration/dehydration process,
this strengthens the hypothesis that these phosphate ions are located
near the surface of bone mineral. It seems that because of partial'®*!
or complete dehydration®? of the biological apatites studied in the
literature through this technique, the selective correlation between
the phosphate ions from the broad resonance and the adsorbed
water in bone was never pointed out. This can also be explained
by the fact that previous studies focused on the evolution of the
water signal as a function of the sample dehydration and not on
the phosphate counterpart?'. Such differences in the spectroscopic
signature of fresh versus dry samples strengthen the need to focus
more attention on the hydration state of biological materials for
both the organic!® and the mineral matrices.

There is consensus in the literature over the presence of a
disordered phosphate phase at the surface (that is, around the core)
of biological apatite particles and some synthetic ones. However,
because the coexistence of a separate disordered phase along
with the apatite particles cannot be excluded, the evidence of the
continuity of the two domains needs to be demonstrated. This
demonstration is especially pertinent because ACP particles are
proposed as precursors for bone mineral in vivo®. We performed a
2D 3'P-filtered 'H-"H exchange spectroscopy (EXSY) experiment
(Fig. 1b) to probe a putative magnetization exchange between
protons from the disordered and the crystalline domains. Bone
mineral protons were selected through a *'P dipolar-based filter
to remove the influence of protons from the organic matrix*.
The exchange peaks between OH™, HPO,*~ and residual water
show unambiguously that the two domains belong to the same
nanocrystal in bone. In addition, it proves that only the surface
domain of bone mineral is involved in the dehydration process.

Analysing variable-contact-time 2D experiments in terms of
cross-polarization dynamics (Supplementary Fig. 1a) revealed a
faster cross-polarization process for phosphate from the surface
layer relative to that from the apatitic ones, demonstrating that
water molecules are strongly adsorbed owing to the rigid nature
of the spin system, and showing a richer proton environment
in the surface layer.

Interestingly, *'P quantitative magic-angle spinning (MAS)
spectra recorded before and after dehydration show that the
overall phosphate content and environment in bone mineral is
not modified on dehydration (Supplementary Fig. 1b). This is in
contrast with previous results obtained with synthetic apatite where
this layer was irreversibly altered on drying®.

The proportion of the two domains in bone mineral was
evaluated thanks to the fitting of the resulting spectra by the line

resonance spanning from 5 to 15 ppm. This latter 'H resonance
is commonly assigned to HPO,*~ ions and residual water'®. The
sharper *'P signal is assigned to the PO,>~ ions of the apatitic core
whereas it is commonly assumed that the broad *'P corresponds
to a disordered phosphate phase at the surface. Noticeably, the 2D
spectrum of the dry bone sample is in agreement with previous data
obtained for synthetic’ and biological apatites™'®?"**. Interestingly,
the spectroscopic signature is different for the fresh bone sample.
Indeed, the *'P broad signal exhibits a strong correlation with
adsorbed-water resonance (§('H)=4.85ppm). Moreover, the
sharper resonance is not modified on dehydration. As only the

shapes of the two components detected by 2D HetCor experiments’.
The proportions of surface layer and apatitic core are 45 and
5545%, respectively (Fig. 1c and Supplementary Fig. 1b).

To understand the implication of the surface domain in
water adsorption, similar ssNMR studies were conducted on
uniformly and highly crystalline apatite (HCA) nanoparticles®
that do not possess this distinct surface layer (Fig. 1d, green). The
dehydrated/hydrated states of the bone sample were mimicked
through the use of dry HCA powder and HCA soaked in water,
respectively. Significantly, once wetted, HCA does not exhibit any
strong water correlation peak in the corresponding 'H-'P HetCor
spectrum (Fig. 1d, red).

All of these results demonstrate that the ability of water
molecules to strongly adsorb onto apatite minerals depends directly
on the existence of a highly hydrophilic surface layer.

The mineral nature of the surface layer

The structural characteristics of the disordered layer remain
unclear in the literature, which has led to the use of different
terminologies to define it. To better understand the mineral
nature of the surface domain, fresh intact bone was compared
with biomimetic powders, namely carbonated hydroxyapatite
(CHA) and CHA-simulated body fluid (SBF). Synthetic CHA
was identified as biomimetic in a previous study” (see HA-2
in ref. 26), and CHA-SBF was precipitated directly from a SBF,
a serum-like solution?®. Both models possess similar structural
characteristics to those found in bone as seen by X-ray diffraction
(crystallinity) and standard transmission electron microscopy
(TEM) observations of particles dispersed in ethanol (size and
morphology; Supplementary Fig. 2a—c).

To exclude the effects of the presence of phosphorylated organic
molecules that could potentially be detected in the previous
2D NMR experiments on bone samples, 2D 'H-*'P HetCor
experiments were performed on wet and dry biomimetic apatites
as performed for bone. For both, similar observations on hydration
are observed (Supplementary Fig. 3a,b, red versus green). Similar
proportions of the apatitic core and the surface mineral layer are
also found (Supplementary Fig. 3¢c,d). These show that a potential
contribution of some organic molecules, including phosphorylated
species, from the organic matrix? in the 'H-"'P HetCor spectra
of bone seems unlikely, confirming the mineral nature of this
surface layer in bone.

The specific adsorption of water seems to be mediated by
the nature of the particles’ surface. However, this difference in
behaviour may also be induced by the thinner thickness of the



CHA and CHA-SBF platelets compared with that of HCA nanorods
(~2-8 versus ~30nm, respectively). To exclude this hypothesis,
experiments were also performed on apatite platelets that do not
possess an ACP layer at their surface and for which the thickness
is in the same range as that found in bone nanocrystals. For
this purpose, CHA and CHA-SBF particles were submitted to
either a thermal (200 °C; CHA-200) or chemical (alkaline solution;
CHA-NaOH and CHA-SBF-NaOH) treatment (Supplementary
Methods). According to the *'P-filtered 'H NMR spectra for wet
samples after such treatments, the water adsorption onto the ACP
layer is efficiently reduced for all of the samples to ~80 and ~90%
for CHA-200 and CHA-NaOH, respectively, and to ~65% for
CHA-SBF-NaOH (Supplementary Fig. 4). We also find that, as
with HCA, water is not adsorbed significantly at the surface of the
treated particles. We can thus safely conclude that this difference in
behaviour detected by NMR on exposure to water depends only on
the nature of the surface (crystalline or not) of the apatite particles.

To probe the crystalline or amorphous nature of the surface
mineral layer, similar ssNMR experiments were performed on
synthetic amorphous calcium phosphate (ACP; Supplementary
Methods). The *'P NMR spectrum of dry ACP consists of a
single resonance exhibiting a Gaussian shape characteristic of the
amorphous nature of the material (Fig. 2a). This signal is similar
in terms of position and linewidth to the *'P broad components
detected through the HetCor experiments of bone (Fig.2a).
Moreover, the 2D '"H-"'P HetCor experiments recorded for dry and
H,O-wetted ACP powder (Fig. 2b, green versus red, respectively)
led to a behaviour of the surface layer of bone mineral on hydration
that is similar. This result provides evidence that the surface mineral
layer of bone apatite is related to an amorphous calcium phosphate
phase. A similar conclusion can be drawn for biomimetic samples
CHA and CHA-SBF (Supplementary Fig. 5). This is in contrast
with previous results obtained for synthetic apatites, where the
‘disordered surface’/‘structured hydrated layer’ was proposed to
be a phase related to either that of octacalcium phosphate’ or
dicalcium phosphate dihydrate?®. The conclusion is, however, in
agreement with statements made for dentin®.

The direct observation of this ACP-like layer by TEM could
not be evidenced unambiguously in extracted bone particles?.
Yet it seems easier with synthetic apatites exhibiting also ‘non-
apatitic’ surfaces®®’!. Moreover, TEM observation of intact bone

is technically demanding and requires pre-treatment of the native
materials®®*. It is thus difficult to draw conclusions. Nevertheless,
it should be noted that the presence of an ACP layer cannot be ruled
out from previous high-resolution TEM (HRTEM) observations
performed on woven bone® and dentin®. According to the mineral
structural similarities, observations were performed here on CHA
instead of bone (Supplementary Fig. 6a—a’). Despite the high
sensitivity of biomimetic samples towards the electron beam, the
presence of the outer amorphous layer was nonetheless revealed by
HRTEM observations.

Taken together, these results strongly suggest that the structure
of bone mineral particles consists of a core—layer organization where
the apatitic core is covered by a highly hydrophilic ACP-like layer.

lonic composition of the ACP-like layer

To probe a possible chemical exchange between protons from
the ACP-like layer and the strongly adsorbed water, a D,O-
soaked bone sample was studied by 'H-"'P HetCor ssNMR
spectroscopy. The addition of D,O to the fresh bone sample leads
to the disappearance of the correlation peak at §('H) = 4.85 ppm
(Fig. 3a). Thus, water molecules adsorbed at the apatite surface
in bone remain accessible to a chemical exchange through D,O.
Moreover, the broad resonance (§('H) = 5-15 ppm) is now absent,
indicating that water molecules are involved in a proton chemical
exchange with the mineral surface species, and thus confirming
their nature as HPO,?~ ions and residual H,O. The 'H chemical
shifts of HPO,?~ groups and residual water are consistent with
previously calculated data on various calcium phosphate phases,
demonstrating that the 'H chemical shift of such species increases
with increasing H-bond strength?. It is worth mentioning that
such D,0/H,0 chemical exchange is also observed for biomimetic
apatites (Supplementary Fig. 6b—d).

The ionic composition of the ACP-like layer was then studied
through selective *C and **Ca labelling on CHA because of the
versatility of its synthesis®’. As it has been postulated that the
formation of a surface mineral layer is driven by the presence
of CO;*™ as substituting ions in the apatite structure®?*, we
investigated their presence through 'H-'">C HetCor experiments
(Fig. 3b, green) on both dry and water-soaked 100% '*C-labelled
CHA ("C*-CHA). The carbonate ions from the apatitic core
were identified by the specific correlation with hydroxyl ions



(8("H) = 0 ppm). The proximity of some CO;>~ ions with species
from the ACP-like layer was evidenced by the correlation with
the weak and broad resonance in the dry state that merges into
a sharp signal in the wetted state, as observed for '"H-'P HetCor
experiments. This result demonstrates that a substantial number of
carbonate ions are also present in the ACP layer (Fig. 3b, red).

The investigation of the composition was pursued through
3Ca NMR of a 60% **Ca-enriched CHA sample (**Ca*~CHA).
To investigate the **Ca—'H spatial proximity, we used 'H-
{**Ca} transfer of population in double resonance (TRAPDOR)
experiments®. This experiment uses **Ca—'H dipole interaction
leading to the dephasing of 'H resonance close to **Ca. The
'"H-{**Ca} TRAPDOR difference spectrum (Fig. 3c) of dry **Ca*~
CHA exhibits the characteristic resonance of apatitic hydroxyls
(0ppm) as well as a broader signal that corresponds to residual
H,O according to its chemical shifts (5.2 ppm). The deshielded
resonances of the proton signal assigned to HPO,>~ (up to
15ppm) are not detected in this experiment, probably owing
to a weak intensity combined with a short T,("H). Note that
the sharp peaks corresponding to impurities (2—4 ppm) are not
submitted to a TRAPDOR effect and thus are not dipolarily
coupled to #*Ca.

In summary, the distinct highly hydrophilic domain that is
located at the surface of bone nanocrystals consists of an ACP-
related phase. This ACP-like layer is composed of HPO,*~, and
certainly of CO;2~ and Ca?*. The result does not exclude that
other ions, such as Na*, CI~ and Mg*", may also be present in
the layer, as previously proposed in the literature''. On the basis
of spectroscopic studies, these same ions were proposed to be part
of the surface layer of synthetic HA, where a dicalcium phosphate
dihydrate-like phase was suggested®. All protons from the ACP-like
layer are in a dynamical exchange, which suggests that a water-
induced network is present within the amorphous mineral layer.

HCA (Fig. 4c). Owing to the difference in morphology between
CHA/CHA-SBF and HCA (nanoplatelets versus nanorods, re-
spectively), same WAXS investigations were performed on CHA
apatite platelets after selective removal of the ACP-like layer at
their surface through thermal treatment, namely CHA-200. The
presence of water also does not influence the relative intensities of
CHA-200 reflections as observed for HCA (Fig. 4d). The difference
in behaviour between CHA/CHA-SBF and CHA-200 excludes a
possible orientation of the particles through a capillary confine-
ment effect. Nevertheless, it is worth mentioning that, in vivo,
the extracellular fluid continuously circulates throughout the bone

In contrast to previous studies performed at the collagen/mineral
interface!®, this water-induced network seems to be inherent to
the particle and, more precisely, to the ACP-like layer. However,
our results do not exclude the presence of a water hydration shell
around the particles. Noticeably, ACP particles are described as
highly transient, especially in the presence of water*!, whereas the
ACP-like layer at the surface of bone mineral remains stable during
the different time courses of the experiments performed in our
study. It should be noted that our results do not settle the debate
about the nature of the first-formed mineral phase in vivo**2.

Role of the water-induced network

To further understand the role played by the water-induced
network, wide-angle X-ray scattering (WAXS) by transmission
mode was also performed on CHA soaked in water and on dry
CHA powders (Fig. 4a) inserted in capillary tubes (Supplementary
Methods). As the background signal is exacerbated in the presence
of water (Supplementary Fig. 7a), 1D radial averages of the WAXS
patterns are shown (including the baseline correction).

The dry and wetted samples exhibit the characteristic diffraction
peaks—(002) and merged (211), (112), (300), (202) reflections—of
carbonated apatite. However, when hydrated, there is a noticeable
augmentation of the intensity for the (002) reflection relative to
the merged reflections, whereas the linewidth of the reflections
remains unchanged. Interestingly, the ratio of the intensities of the
merged reflections (20 =31.9°) to (002) (20 = 25.9°) decreases in
the presence of water (1.87 versus 1.59). The fitting of the (002),
(211), (112), (300), (202) reflections by five line shapes (by varying
intensities but keeping constant the positions and linewidths)
confirmed this trend, as the (002) to (300) intensity ratio increases
in the presence of water (435%; Supplementary Fig. 7b).

Similar observations were obtained for CHA-SBF (2.88 versus
2.36; Fig. 4b), whereas the intensities remained unchanged for

tissue inside narrow inter- and intrafibrillar spaces, where a related
phenomenon is likely to occur.

All of the results suggest that water induces the orientation of
the biomimetic platelets in the c-axis direction through the ACP-
like layer. Although it is commonly accepted that the alignment
of apatite crystals in bone along the c-axis is mediated by
the organic components, this is unlikely to occur here because
our WAXS experiments were performed on samples free of
any organic fraction.

To support our WAXS diffraction data further, we carried
out cryogenic TEM (cryoTEM) observations of apatite samples



exhibiting variable amounts of the ACP-like layer. This technique
allows for sample observation while preserving the hydration
of the ACP-like layer. Observations of a water suspension of
either CHA or CHA-SBF powders clearly show a preferential
longitudinal orientation (Fig. 5a—c, single-headed dotted white
arrow; up to ~500nm) and lateral packing (up to ~200nm;
Fig. 5a—c, double-headed dotted white arrow) of the apatite crystals.
These platelets are seen edge-on whereas those lying flat are
seen randomly distributed. A closer look at the cryoTEM images
indicates some degree of mismatch in the CHA packing (Fig. 5b
and Supplementary Fig. 8a). The way the CHA-SBF particles
aggregate seems more regular, exhibiting boundaries that are
hardly distinguishable in the longitudinal direction (Fig. 5¢ and
Supplementary Fig. 8b). This may be due to the crystal-size
polydispersity of the CHA particles (Supplementary Fig. 2b) as
compared with CHA-SBF, which seem monodispersed in size
(Supplementary Fig. 2¢). In contrast, HCA nanorods exhibit a
random in-plane distribution (Supplementary Fig. 8c). It is likely
that the morphology of platelets of CHA and CHA-SBF crystals
could favour the oriented stacking® in comparison with HCA
nanorods. However, cryoTEM observations performed on CHA-
200, CHA-NaOH and CHA-SBF-NaOH did not reveal any oriented
arrangements; instead, only a few small aggregates were observed
locally (Fig. 5d and Supplementary Fig. 8d,e).

To strengthen the involvement of water in this phenomenon,
TEM observations were performed on biomimetic samples (CHA
and CHA-SBF) dispersed in water (Fig. 5e and Supplementary Fig.
8f, respectively), instead of in ethanol as in the standard preparation
procedure (Supplementary Fig. 2b,c). A few aggregates are still
observed when prepared in water, meaning that the disruption as
a result of the loss of water was slightly avoided (Fig. 5e, white
arrow). They are also smaller in size compared with those observed
by cryoTEM (~100 nm). Instead, if they aggregate, particles exhibit
a random distribution when prepared in ethanol. The absence of
a preferred orientation of the platelets that lay parallel to the grid
was further confirmed by electron tomography (see Supplementary
Movie). These observations suggest that aggregates on the grid are
reminiscent of the assemblies occurring in water. Hence, in addition
to the ACP-like layer, water is also essential for the long-range
orientation of the platelets.

Unexpectedly, this organization of the HA platelets is remi-
niscent of that found in bone (Fig. 5f), despite the sample being
free of an organic fraction. To assess the putative occurrence of
this phenomenon in vivo, cryoTEM observations were also con-
ducted on extracted bone samples. Among the different techniques
(chemical or biochemical) proposed in the literature to extract the
mineral particles from the organic matrix, we selected the procedure
that both preserves the ACP-like layer at the surface of the parti-
cles more efficiently (Supplementary Fig. 9) and allows complete
removal of the organic matrix*. Standard TEM observations of
the extracted particles are in agreement with previously reported
results*, showing well-dispersed irregular platelets of ~50 nm in
size (Fig.5g). In contrast, cryoTEM experiments performed in
water show oriented arrangements similar to those observed for
CHA and CHA-SBF particles (Fig. 5h). Nevertheless, the size of
the aggregates seems slightly smaller (~50 nm in size for the lateral
packing and up to ~300 nm in size for the longitudinal packing).
This discrepancy in behaviour may be due to the deproteination
procedure partially affecting the ACP-like layer of some of the
particles, even if the ssNMR signal shows that it is mostly preserved
(Supplementary Fig. 9). It should be noted that thicker particles
may be composed of several crystals superimposed or may be
remnants of some that were not completely dispersed. The average
distance between platelets seen edge-on (that may include the water
layer and the ACP layer) is around 2 nm thick. This observation
is coherent with those from HRTEM measurements of apatite in

woven bone® and in dentin®®, where this gap has been assigned
to collagen despite the fact that the latter contains only a few per
cent of organic matrix.

In summary, the related results suggest that water may play
a role in organizing locally apatite crystals in bone. The ACP-
like layer of bone mineral is a key structural parameter for
the observed oriented aggregation. These results emphasize the
need for a periodic scaffold to control the spatial distribution
of apatite crystals, which is provided by the 3D fibrillar colla-
gen matrix in vivo™.

Assembly of ordered apatite platelets

To understand the oriented assembly of biomimetic and biological
apatite platelets, we investigated the nature of the interface between
the ACP-like layer and water.

We measured the global charge of the apatite surface (slipping
plane) through & potential measurements. As for cryoTEM
observations, it is worth mentioning that this study is performed
in dilute dispersion without the bone organic scaffold. The
other main deviation from in vivo conditions is the absence
of a buffered physiological medium. However, these conditions
provide some insight into the particles’ surface properties and
their buffer capacity, as previously proposed on synthetic HA,
where the presence of a disordered layer was undetermined®. After
immersion in deionized water (pH = 5.5) and mild ultrasonic
dispersion of CHA, CHA-200, CHA-SBF platelets and HCA
nanorods, the & potential and the suspension pH were followed
as a function of the time elapsed after ultrasonication (20, 40 and
120 min). The most noticeable feature is the very low surface charge
determined for all samples. CHA and CHA-200 exhibit & potentials
close to 5and 3 mV, respectively, throughout the different measured
times. CHA-SBF and HCA exhibit, however, a slightly negative
& potential of around —2mV. These observations indicate that
the potential at the slipping plane of the hydrated layer around
the particle is close to that of bulk water, which should exclude
any possibility of a self-assembly mechanism based on electrostatic
interactions between apatite particles for all of the samples. To
unveil the exchanges between the dispersed particles and water,
we conducted pH determinations on the apatite dispersions. For
all samples where the amorphous layer was present (that is, CHA,
CHA-SBF and CHA-200 to a lesser extent), the pH rapidly rose from
5.5 to around 8 followed by stabilization at 60 min at a physiological
pH of 7.4 +0.2. Conversely, HCA, where no disordered layer
is present, did not produce such a pronounced pH variation,
stabilizing the pH of the suspension at around pH 6. These results
suggest that the ACP-like layer may be involved in the amphoteric
properties and buffer capacity. Moreover, it provides a favourable
chemical environment for ion exchange, allowing the regulation
of the medium acidity at physiological conditions, as previously
proposed®. The lack of strong electrostatic forces between the
apatite platelets, along with the absence of an organic fraction acting
as a steric stabilizer, rules out two of the main colloidal stabilization
mechanisms (that is, electrostatic and steric) that could explain the
observed degree of order*’. Thus, van der Waals attractive forces
mediated by a water layer tightly bound to the particles’ surface may
drive the interaction between the platelets.

To confirm this mechanistic proposition, two techniques were
used. Thermogravimetric analysis was first performed on the
samples to determine their water content*. Thermogravimetric
analysis data (Fig. 6a) show the highest water content for CHA-
SBF (13 wt%), followed by CHA (7 wt%) and HCA (3 wt%), as
measured from the samples’ weight variation (25-400°C). To
gain further detail about this observation, dynamic water vapour
sorption studies were then conducted (Fig. 6b—d). This technique
allows one to ascertain the adsorption capacity as well as revealing
the affinity between water and the mineral surface. The ensemble of



these results is corroborated by water sorption isotherms (Fig. 6b),
where CHA-SBF presents the highest water adsorption capacity
(0.55gg™"), followed by HCA (0.37gg™"), CHA (0.21gg™") and
CHA-200 (0.16gg™") at 95% relative humidity. The maximum
water uptake capacity doesn’t seem to completely support the
results observed in cryoTEM. However, when fitting the initial
segment of the different adsorption isotherms to the linearized
Brunauer—-Emmett-Teller model, it is meaningful to determine
two critical elements, that is, the C parameter (Fig. 6¢) and the
monolayer capacity (Fig. 6d) so as to inspect the interface between
adsorbed water and the particle bare surface?’. On the one hand,
the C parameter is an empirical measure related to the heat of
adsorption of the first layer; it can roughly describe how rigidly
water is bound to the surface of the apatite particles. On the other
hand, the monolayer capacity describes the amount of water that
should be stripped out of the surface in order for two particles
to stick together without a hydrated layer in between. As can be
seen from the values reported in Fig. 6¢, the highest values for
the C parameter are for CHA (21) and CHA-200 (17), followed
by CHA-SBF (12) and HCA (3.8). It is worth noting that the
C parameter values reported for CHA, CHA-200 and CHA-SBF
are at least three times higher than the value reported for HCA.
These values are in good agreement with the tendency for the
samples to exhibit ordered assemblies in the presence of water.
The comparatively low value of the C parameter of CHA-SBF
seems to be counterbalanced by the extensive water monolayer
capacity exhibited by this sample of around 2.7 mmol per gram of
apatite sample, which is almost double that of the HCA sample.
The combination of these two parameters can qualitatively explain
how much resistance the hydrated layer around an apatite particle
provides to oppose the aggregation, and thus how likely it is for a
rigid water layer to be trapped between adjacent particles (Fig. 6e)
when these are pulled together by van der Waals forces. These
results are in agreement with previous H,O vapour adsorption
microcalorimetry and ab initio calculations, although the degree
of crystallinity of such apatite remains unclear®®. Moreover, they
strengthen the results obtained by means of variable-contact-time
2D experiments in terms of cross-polarization dynamics conducted
in bone samples where the role of the amorphous layer has
been demonstrated.

If the same rationale is applied to the biological tissue, we
propose that the structuring water network in bone favours
locally the stacking and orientation of the apatite platelets. This
is specifically meaningful where apatite platelets are not directly
in contact with the surface of the collagen fibrils, that is, inside
the volume delimitated by the contiguous ‘holes’ as well as in the
relatively large extrafibrillar spaces of the matrix (20-30%; ref. 49),
where collagen fibrils do not co-align. This yields an extension
to the localized fibrillar model”. In addition to the previously
proposed non-fibrillar organic matrix**°, water may also act as
a continuous medium between the particles and consequently
enhance its mechanical properties'>!.

Outlook

Besides its probable biochemical function, the surface ACP-like
layer coating the crystalline core of bone apatite would allow the
binding of a significant amount of water molecules that mediate the
orientation of the apatite crystals.

Up to now, a great deal of attention has focused on the role of
organic components in the alignment of the bone crystals. We have
demonstrated that water may also be involved locally. Water is the
third main component of bone, and it may play various roles that
are reflected by the different types of water (for example, rigid or
mobile) found in vivo>. The importance of hydration, well known
for the three-dimensional structure and activity of proteins®, can
be extended to the mineral matrix.

The fact that a disordered mineral layer is found around other
calcified biominerals in vivo and in vitro can be a paragon for
understanding the generation of significantly enhanced mechanical
properties in natural and synthetic composite materials. This is
particularly meaningful in natural materials that contain much
less organic component than bone (such as dentin and nacre).
Furthermore, by means of mimics of the biological structure of
bone, this work provides a sophisticated model for future studies
aimed at biomimetic bone mineralization.

Methods

Full details of the apatite synthesis and sample characterization techniques used are
presented in the Supplementary Information.
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Figure 1| The ability of bone apatite particles to adsorb water molecules at their surface is mediated by a hydrophilic surface layer. a, 2D "H-3'P HetCor
experiments recorded on fresh intact (red) and dry (green) sheep bone (contact time CT =10 ms) reveal two phosphate environments in bone. Only
phosphates located at the surface of bone mineral are sensitive to a hydration/dehydration process. According to the respective extracted 3'P slices, the
two correlation peaks detected for the fresh bone correspond to phosphates from the apatitic core (§(*H) = 0 ppm) and from the hydrophilic surface
(8("H) = 4.85 ppm). Although their chemical shifts are similar (§(3'P) = 3.2 ppm), the broader linewidth of this latter resonance (LW(3'P) = 5.6 versus
2.2 ppm) is characteristic of phosphates in the outer hydrophilic domain of apatite platelets. b, 2D 3'P-filtered "TH-"H EXSY spectra (mixing time =10 us
and 10 ms) of bone. After proton magnetization exchange, the correlations observed between OH™, residual water and HPO42~ resonances (red dashed
line) provide evidence that the crystalline core and the surface mineral layer are present in the same nanocrystal. ¢, Schematic representation of bone
apatite particles composed of an apatitic and a hydrophilic surface layer (55 versus 45% of volume fraction, respectively, as determined from the fitting of
the 3'P MAS spectrum of the bone sample; Supplementary Fig. 1b). d, The adsorption of water molecules at the apatite surface is not observed in the
absence of the outer hydrophilic mineral layer as shown by 2D "H-3'P HetCor experiments recorded on wet (red) and dry (green) HCA nanoparticles

(CT =1ms). The 2D spectra exhibit neither the adsorbed-water resonance (§("H) = 4.85 ppm) nor the "H broad resonance in the 5-15 ppm range
characteristic of this surface layer, but only the OH~/PO43~ correlation that is characteristic of the apatitic core.
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Figure 2 | The behaviour of the disordered surface layer of bone and biomimetic apatite is similar to that of an amorphous calcium phosphate phase on
hydration/dehydration. a, The 3'P cross-polarization MAS spectrum of ACP (CT =2 ms) presents similar features (§(3'P) = 3.2 ppm and LW = 6.1ppm)
compared to the 3'P resonance relative to the surface layer of bone mineral (spectrum extracted from the 2D HetCor spectra in Fig. 1a). b, The
spectroscopic behaviour of ACP on hydration/dehydration is also similar as shown by the 2D "H-3'P HetCor spectra of dry (green) and wet (red) ACP. The
broad "H correlation signal ranging from 5 to 15 ppm is entirely modified on complete hydration and merges into the characteristic single sharp peak
(8('H) = 4.85 ppm).
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Figure 3 | Chemical composition of the ACP-like layer in apatites. a, After addition of D, O to the fresh bone sample, neither the sharp and strong proton
water signal nor the weak and broad proton resonance characteristic of dry bone samples is detected through 2D "H-3'P HetCor spectroscopy

(CT =10 ms). This indicates that water molecules are involved in a proton chemical exchange with mineral surface species, and confirms their nature as
HPO42~ ions and residual H,O. b, The presence of a substantial number of CO32~ ions in this layer is demonstrated by 2D "H-"3C HetCor experiments
(CT =1ms) realized on C-labelled CHA samples (biomimetic apatite). For the dry powder, the carbonate ions from the apatitic core, mainly in A/B type
(8(13C) =168.3 and 169.6 ppm) and B-type (8('3C) =170.5 ppm) substitution, are signing with hydroxyl ions (§('H) = O ppm; refs 27,54). The weaker
resonance at ("H) = 1.3 ppm is characteristic of a OH™~ close to B-type carbonates®. When soaked in water, the broad proton correlation resonance
characteristic of HPO42~ /residual water in the dry state (green) merges into the typical single resonance at 4.85 ppm that correlates with the carbonates
from the disordered layer (maximum at §("3C) =167.8 ppm) (red). ¢, The presence of Ca?* in the disordered layer is demonstrated by a "H-{#3Ca}
TRAPDOR experiment recorded on a #3Ca-labelled CHA sample. Besides the strong dephasing of the O ppm signal corresponding to hydroxyls in the
apatitic core, the dephasing of 5.2 ppm resonance (arrow) provides evidence of the presence of residual water near calcium atoms.
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Figure 5 | Bone and biomimetic apatites can organize locally in the presence of water. a-e, Observations of synthetic mineral particles: cryoTEM pictures
of the CHA sample at low (@) and higher magnification (b). The rectangle in a indicates the enlarged section that is shown in b. The single- and
double-headed dashed arrows in a indicate a longitudinal and lateral packing of the platelets, respectively, in agreement with the diffraction data.

c,d, CryoTEM pictures of the monodispersed CHA-SBF particles show that they are locally more regularly packed (¢), whereas CHA-200 particles exhibit a
random distribution (d). Aggregates are rarely observed. This emphasizes the need for an ACP layer for the oriented stacking. e, TEM picture of CHA
dispersed in water shows mainly a random distribution of the particles but also a few aggregates (white arrow). f-h, Observations of bone mineral
particles. f, Thin-section TEM micrograph of unstained embedded fresh sheep bone showing the alignment of apatite crystals inside the organic matrix.

g, Standard TEM picture of extracted bone particles dispersed in ethanol showing a random distribution of the inorganic particles as previously reported in
the literature*4. In contrast, the cryoTEM picture of extracted bone particles (inset, scale bar 50 nm) reveals that the behaviour of the biological apatite
particles is similar to that of the biomimetic ones (h).
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Figure 6 | The extension of the apatite/water interface depends on the presence of a disordered layer. a, Thermogravimetric analysis of apatite samples
conditioned in ambient conditions reveals the differences in water retention (measured below 400 °C) presented by the different samples. b, Water
dynamic sorption isotherms performed between O and 95% relative humidity show how differently the apatite samples capture water at 60 °C. ¢,d, Fitting
the adsorption isotherms obtained at 37 °C to the Brunauer-Emmett-Teller model allows drawing information regarding the energy between the first water
monolayer and the apatite surface (c) as well as the extension of the monolayer (d) in thermodynamic conditions close to those observed in vivo.

e, Schematic representation of the stacking of apatite platelets. The platelets are composed of a crystalline apatitic core and an amorphous layer
composed of (PO43~, Ca?*, OH~, CO327) and (HPO,42~, Ca2t, CO32~, H,0), respectively. Water molecules that form a structuring network with the
hydrated ACP-like layer induce the orientation of the HA platelets.
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