
A crystal-clear view 
The mechanisms of biomineralization remain hotly debated. Now high-resolution microscopy yields unsurpassed 
insight into mechanisms relevant both to the biomineralization of bone and teeth and to pathological mineralization. 
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S
imple biominerals are composed of 
complex structures, which often have 
precise architectural order over several 

length scales. TIlis amazing architecture 
contributes to their superior strength and 
toughness, allowing them to outperform 
synthetic materials. Biominerals rely heavily 
on their biological constituents, such as 
biomacromolecules, for' regulation of 
mineralization. Pathological mineralization 
leads to the formation of undesired 
biominerals such as kidney stones, 
artherosclerosis and dental calculus. It is 
therefore of great importance to unravel 
the mechanisms that cause the formation of 
both desirable and undesirable biominerals 
in organisms. One secret ofbiominerals' 
superior material properties is their 
organic- inorganic hybrid structure whereby 
precise arrangement of the building blocks 
is achieved over several length scales. For 
example, the fracture resistance of nacre is 
3,OOO-fold higher than that of brittle CaCO, 
(aragonite), which comprises 95% of nacre's 
weight. TIle adaptation of these building 
principles in synthetic models is highly 
attractive and can be further enhanced by 
synthetic chemistry'·'. 

To take advantage of these strategies 
for building better materials, a firm 
understanding ofbiomineralization 
mechanisms and design principles 
is required. As a consequence of the 
analytical challenges posed, these details of 
biomineralization remain unknown. Even 
in the case of bone and teeth - with studies 
spanning several decades focused on these 
issues - formation mechanisms remain 
ambiguous. This is demonstrated by the 
controversial debate surrounding whether 
bone mineralizes by means of ion-based or 
amorphous precursors. To complicate the 
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Figure 1 I Mineral ization of a collagen fibril. a, Ca lcium phosphate clusters (green) form complexes with 

the polymer (orange line), forming stable mineral droplets. b, Mineral droplets bind to a distinct region 

on the collagen fi bres and enter the fibril. c, Once inside the co llagen, the mineral in a liquid state diffuses 

through the in terior of the fibr il and solidifies into a disordered (amorphous) phase (black). d, Fina lly, 

directed by the collagen, the amorphous mineral transforms into oriented apatite crystals (yellow). 

http://www.nature.com/nmat/index.html
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situation, a recent discovery showed that 
calcium-based biominerals can be formed 
via stable pre-nucleation clusters', with 
aggregation into an amorphous precursor 
phase and, subsequently, transformation 
of this phase into a crystal'. This stands 
in sharp contrast to the classical view of 
crystallization pathways. 

The proposals of non-classical 
crystallization paths are surely the motivation 
behind two analytical studies on model 
systems ofbiomineralization presented in 
this issue by Sommerdijk and co-workers. 
Nudelman et af.S report the intluence 
of the structure, assembly and charge 
distribution of collagen on bone apatite 
formation and, hence, mineralization in 
the presence of inhibitors of hydroxyapatite 
nucleation. In the other study, Dey et al. 6 

report the role of pre-nucleation clusters 
on surface-induced calcium phosphate 
crystallization and reveal the process of 
heterogeneous hydroxyapatite mineralization 
on these surfaces. Together, these studies 
provide comprehensive insight into model 
systems for hydroxyapatite mineralization 
in biological systems, supporting a new 
formation mechanism for biomineralization 
and pathological mineralization. 

In biomineralization, insoluble organic 
macromolecules such as collagen are called 
the structural matrix and are mineralized 
with the help of soluble biopolymers (the 
functional matrix). So far, the structural 
matrix has been considered to be an inactive 
scatl'old, but Nudelman et al. 5 demonstrate 
that collagen has an active role in the 
mineralization of apatite for bone and tooth 
formation. By combining high-resolution 
cryo-transmission electron microscopy and 
tomography with molecular modelling of the 
electrostatic potential energy distribution 
along a coll agen chain in a fibril, they 
find (Fig. 1) a surprising mechanism for 
the mineralization of calcium phosphate 
in the presence of the soluble nucleation 
inhibitor - polyaspartic acid. Pre-nucleation 
clusters are stabilized by polyaspartic acid, 
forming loosely packed, diffuse structures. 
These loose and probably highly mobile 
structures resemble polymer-induced liquid 
precursors' and are negatively charged. 
Modelling of collagen fibrils shows that a 
positively charged region exists in a collagen 
fibril at the border of the gap and overlap 
zones. -n1e nanosized, positively charged 
region can be used for mineral infiltration 
as well as charge-charge allraction. 'lhis 
leads to the deposition of a dense network of 
pre-nucleation clusters bound by polyanions 
inside this nanosized region, and their 
subsequent transformation into amorphous 
calcium phosphate and, finally, oriented 
crystalline hydroxyapatite inside the fibrils. 
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Figure 21 Surface-directed mineralization of calcium phosphate. In stage 1, aggregates of pre-nucleation 

clusters are in equilibrium with ions in solution. The clusters approach a surface with chemical 

functionality. In stage 2, pre-nucleation clusters aggregate near the surface, with loose aggregates sti ll in 

solution. In stage 3, further aggregation ca uses densificat ion near the surface. In stage 4, nucleation of 

amorphous spherical particles occurs at the surface only. In stage 5, crystallization occurs in the region of 

the amorphous particles directed by the surface. 

These findings show thal collagen is an active 
scaffold for the formation of the oriented 
hydroxyapatite platelets, with domains of 
charged amino acids in both the gap zone 
and the overlap zone acting as nucleation 
sites for crystalline hydroxyapatite. 

The studied system is an in vitro model 
system and it should be kept in mind that 
in vivo bone formation may follow different 
rules. Nevertheless, the recent discovery of 
amorphous precursor phases in zebrafish fin 
bones8 and tooth enamel9 suggests that at 
least part of the mineralization mechanism 
of the collagen model system is relevant in 
in vivo systems. 

Dey et al. 6 report an arachidic acid, 
Langmuir monolayer system as a model 
for pathological mineralization of 
hydroxyapatite from simulated body tluid, 
which also involves pre-nucleation clusters 
(Fig. 2). Their findin gs confirm previous 
studies detailing the existence of pre­
nucleation clusters for calcium phosphate 
and their aggregation into amorphous 
calcium phosphate lO

• Dey et al. present 
remarkable cryo-transmission electron 
microscopy images that provide insight 
into the template-directed crystallization of 
hydroxyapatite in a time-resolved manner, 
revealing significant mechanistic details 
such as the densification of the cl usters on 
the monolayer surface. Key steps extending 
previous models are the cluster aggregation 
and arachidic-acid-induced cluster 
densification to an amorphous phase near the 
Langmuir monolayer before heterogeneous 
crystallization of hydroxyapatite. The results 
are valuable to the study of the surface­
controlled formation of hydroxyapatite and 
have implications for our understanding of 
surface-induced pathological mineralization 
in biological environments. 

The aLlraclion of lime-resolved, 
high-resolution images is the possibility 
of deducing a mineralization mechanism. 
However, many important aspects remain 
unsolved, for example the structure and 
composition of the pre-nucleation clusters 
and, subsequently, the active constituents or 
driving forces for the observed processes. 
Additionally, the mechanisms of real in vivo 
systems remain to be revealed. Nevertheless, 
these studies provide a glimpse behind the 
curtain, and with the enhanced analytical 
capabilities available to researchers 
today it is hopeful that a fuller picture of 
biomineralization, as well as crystallization, 
will emerge in the near future. With these 
biomineralization strategies in the hands 
of synthetic chemists, the formation of 
hierarchically structured organic-inorganic 
composite materials with enhanced material 
properties will conceivably have the potential 
to outperform biominerals because of 
the large range of materials available to 
synthetic chemists. 
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