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The interactions between constituents of the bone composite,
at the molecular level, have long been investigated for their
potential role in the cohesion and mechanical properties of the
tissue. Despite recent efforts involving sophisticated techni-
ques, the nature of interactions, at the chemical level, between
the two main bone components—collagen matrix and calcium
phosphate apatite nanocrystals—has not yet been clarified.
Another question is that of interactions between the apatite
nanocrystals, which is addressed in the paper of Davies et al.1

As it is often the case, regarding bone mineral, the work of the
authors relies strongly on the analyses of synthetic samples,
which are considered to represent more or less bone mineral
crystals, in this case octacalcium phosphate (OCP) incorpor-
ating citrate anions. Two main questions arise: is OCP a good
model for bone crystals? Is the crystal structureof OCP-citrate a
pertinent representation of an intercrystalline chemical bonding
between bone crystals?

The hypothesis that OCP is a precursor of apatite bone
crystals was formulated by Brown2 and is supported by several
common characteristics of OCP and bone mineral crystals:
platelet morphology, close chemical composition at very early
stage of bone formation, with a Ca/P ratio close to 1.33 and a
high-HPO4 content,3 and ionic product of blood serum close to
the solubility product of OCP.4 However, OCP has never been
reproducibly evidenced in bone as distinct crystalline entities.
Several reasons have been given: the fast hydrolysis of OCP
crystals into apatite, and the nanosize of the crystals, especially
their very small thickness, which would prevent observing the
most intense diffraction line of OCP at low angle (100). Sparse
reports identified OCP in bone as crystals, but these most
probably resulted, like dicalcium phosphate dihydrate crystals
(DCPD), from the evolution of the very reactive bone mineral
crystals.5 Another difficulty with the OCP precursor theory is
that, even at very early stages, bone mineral forms in a car-
bonate-containing media and contains carbonate ions, which is
incompatible with an OCP structure. Brown’s6 conception of
OCP apatite relationships was extended to surface char-
acteristics of apatites, and he considered that the surface
atomic structure in aqueous media could be well represented by
half of the internal hydrated layer of OCP. Spectroscopic data

regarding this point seem to support Brown’s view and synthetic
nanocrystalline apatites, free of carbonate ions, exhibit FTIR
spectra close, although not identical, to that of OCP.7 This
hydrated surface structure appears, however, very fragile and is
altered by reversible surface ion exchange preserving the bulk
characteristics of apatite crystals.8 In the presence of foreign
ions such as carbonate and magnesium, the surface hydrated
layer may remain structured (carbonate), but with alterations, or
become amorphous-like (Mg2þ ). The very fast ion exchange
reactions justify the term ‘labile’ often used to characterise the
hydrated layer. This does not mean that ionic species are
moving in the hydrated layer, which appears often well
structured: they are immobile, but they are loosely bound and
can be easily exchanged. Therefore, the surface model of OCP
for biomimetic nanocrystalline apatite surfaces, including bone
mineral, has some relevance, but it needs to be adapted to
take into account variable ion content with potential ionic
substituents.

The representativity of OCP-citrate crystals as a model for
intercrystalline interactions may appear in some ways as the
continuation of Brown’s hypothesis on the relationship between
a crystalline OCP structure and a surface of nanocrystalline
apatite. The proposed model is in fact one monolithic block
containing apatite domains and OCP-citrate hydrated layer. In
this case, there areno separate nanocrystals, and citrate cannot
be depicted as a bridge between preformed nanocrystals. In the
proposed model, citrate appears simply as an element of a
single continuous structural unit. The authors refer to a pub-
lication, indicating that bone crystals form a continuum;
however, this is rather misleading as the use of sodium
hypochlorite to remove the organic matrix of bone, especially
during excessive contact time, significantly alters biological
apatite crystals.9 Bone crystals can be isolated using gentler
procedures,10 and they appear as individualised entities. In
addition, the effect of citrate ions on apatite crystals is not clear,
and it has been reported in different papers11 that these
molecules do not act as agglomerating agents, but, on the
contrary, as dispersing ones, maintaining a high negative zeta
potential at the apatite crystals surface and preventing them
from getting into close contact. Returning to the proposed

Correspondence: Professor C Rey, Université de Toulouse, CIRIMAT INPT-CNRS-UPS, ENSIACET, 4 Allée Emile Monso, BP 44362, Toulouse 31030, France.
E-mail: christian.rey@ensiacet.fr

Citation: BoneKEy Reports 3, Article number: 586 (2014) | doi:10.1038/bonekey.2014.81

& 2014 International Bone & Mineral Society All rights reserved 2047-6396/14
www.nature.com/bonekey

BoneKEy Reports | NOVEMBER 2014 1

http://dx.doi.org/10.1038/bonekey.2014.81
mailto:christian.rey@ensiacet.fr
http://www.nature.com/bonekey


model, a further question is: do we need citrate to bind crystals?
The OCP hydrated layer with its mineral ions is also, in fact, a
binding layer between apatite domains. Citrate ions, because of
their size, produce a ‘swelling’ of the hydrated layer, and it has to
be demonstrated that a citrate-OCP layer gives more cohesion
compared with a regular OCP hydrated layer with its calcium
and HPO4

2� ions. The hydrated layer at bone nanocrystal
surface could well act as a bridging and structuring agent,
as proposed in a recent paper.12 Synthetic nanocrystalline
apatites with a chemical composition, structure and mor-
phology very similar to those of bone crystals can be easily
obtained.3 They show a plate-like habit, without citrate addition
or formation of OCP transient phase. Monoliths of these
biomimetic apatite nanocrystals can easily be obtained by
simply drying water suspensions,13 and once obtained they
cannot be re-suspended as individual crystals. Application of
pressure on similar nanocrystals also leads to solid monoliths,14

and it is even possible to sinter these nanocrystals at very low
temperature by preserving their nanometric dimensions,
without decomposition of the apatite.15 In all of these monoliths,
which can exhibit interesting mechanical properties, strong
intercrystalline bonds and crystal orientations are created
without the use of citrate ions. Nevertheless, the adsorption of
citrate ions on apatites is well documented,16 and it is likely that
these ions are on the surface of nanocrystals and could be in the
intercrystalline space like other ions of the hydrated layer of
bone nanocrystals. Thus, they can be part of the bridging.
However, their specific role in this bridging action has to be
clarified and implemented.

One of the difficulties in the study of interactions between
bone constituents lies in taking into account the dynamics of the
system and the heterogeneity of the tissue. Considering the
mineralisation process, for example, it does not involve one
step, as it is implicitly understood in the paper of Davies et al.1 to
produce a continuum. Two stages of mineralisation are dis-
tinguished: primary and secondary mineralisation.17 The pri-
mary mineralisation is described as a rather fast precipitation
process (a few days) corresponding to 60–70% of the mineral
load and the secondary mineralisation as a slow one (several
months), which ends when a full mineral load is achieved. It is
probable that the change in formation conditions, associated
with these processes, leads to crystals with different char-
acteristics and creates a heterogeneous population.18

Remodelling, furthermore, is an important source of hetero-
geneity. There are also other sources of heterogeneity such as
bone type, bone site, bone age, or within the tissue, at the
osteons level in lamellae19 and at the cement line. An important

characteristic of bone tissue is a strong heterogeneity inter- and
probably intra-crystalline. Although these heterogeneities are
not well known, they seem to affect the apatite domains as well
as the hydrated layer,20 and intercrystalline interactions may
consequently exhibit some heterogeneity. The publication of
Davies et al.1 has the merit of highlighting the question of
intercrystalline interactions proposing a role for citrate ions
based on sound results with an accurate, although schematic,
model for the intercrystalline bridging.
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