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Abstract There is substantial practical interest in the

mechanism by which the carbonated apatite of bone min-

eral can be initiated specifically in a matrix. The current

literature is replete with studies aimed at mimicking the

properties of vertebrate bone, teeth, and other hard tissues

by creating organic matrices that can be mineralized

in vitro and either functionally substitute for bone on a

permanent basis or serve as a temporary structure that can

be replaced by normal remodeling processes. A key ele-

ment in this is mineralization of an implant with the matrix

and mineral arranged in the proper orientations and rela-

tionships. This review examines the pathway to crystalli-

zation from a supersaturated calcium phosphate solution

in vitro, focusing on the basic mechanistic questions con-

cerning mineral nucleation and growth. Since bone and

dentin mineral forms within collagenous matrices, we

consider how the in vitro crystallization mechanisms might

or might not be applicable to understanding the in vivo

processes of biomineralization in bone and dentin. We

propose that the pathway to crystallization from the cal-

cium phosphate–supersaturated tissue fluids involves the

formation of a dense liquid phase of first-layer bound-water

hydrated calcium and phosphate ions in which the crys-

tallization is nucleated. SIBLING proteins and their in vitro

analogs, such as polyaspartic acids, have similar dense

liquid first-layer bound-water surfaces which interact with

the dense liquid calcium phosphate nucleation clusters and

modulate the rate of crystallization within the bone and

dentin collagen fibril matrix.

Keywords Biomineralization mechanism � Matrix

protein � Dental matrix biology � Dense liquid � Hydration

Minerals are almost ubiquitous components of living sys-

tems, found in bacteria, plants, and animals of all types, in

which they serve a multitude of crucial structural and

biochemical functions. The vast bulk of minerals found on

earth required extreme temperatures and pressures for their

formation as well as long times for their various transfor-

mations. Yet, in contrast to these physical geological pro-

cesses, biominerals, minerals of biogenic origin, are

created at moderate ambient temperatures and pressures,

with some crystallizing in unique patterns related to the

matrix in which they formed. The objective of many

studies in biomimetics has been to produce in vitro, under

controlled ambient conditions, that which the biological

systems can produce so easily. The objective of this review

was to examine the processes of biomineralization in vitro

with respect to the understanding of the mechanism of

mineral nucleation and crystal growth within organic

matrix frameworks. Although the same mechanism prob-

ably relates to all the various biominerals found in nature,

here we focus on the formation of the carbonated apatite

(cAp) of bone and dentin mineral. Most of the mechanistic

data available have been obtained via in vitro experiments.

After considering those data, we connect them to the

unique aspects of biomineralization in the more complex

in vivo environment as a guide to further studies.
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The Bone Matrix

The mineralization of bone and dentin takes place within

an organized matrix of type I collagen fibers, and it has

been clear for many years that the crystalline phase con-

sists of aggregates of individual platy nanocrystals of cAp,

oriented and located specifically by the collagen fibril

structure [1]. The type I collagen fibril is built from the

staggered packing of the individual collagen molecules

such that there are periodic gaps or open spaces along the

fibril surface and channels extending through the fibril [2].

The crystals may be found within the individual fibrils,

with the same periodicity displayed by the collagen, and

along the fibril surfaces in the extrafibrillar spaces between

packed collagen fibrils of the bone and dentin fibers [3].

Many experiments related to mineralization in vitro have

indicated that collagen fibrils alone are not able to drive

this organized mineralization [1]. However, two recent

articles challenge this by proposing that the electrostatic

landscape of collagen fibrils makes the collagen a possible

heterogeneous nucleator [4] and showing that in vitro

conditions can be adjusted to precipitate cAp within the

collagen fibril without the use of noncollagenous macro-

molecular additives [5]. In the early 1960s [6–9] we found

that mineralized dentin contained some unique (at that

time) highly anionic, phosphorylated noncollagenous pro-

teins. The major phosphoprotein of dentin was first named

‘‘phosphophoryn’’ on the basis of its high content of serine

phosphate residues. That discovery led to studies that

showed that such proteins were probably linked to the

mineralization process [10–15]. This point was confirmed

by the classic radioautographic studies of Weinstock and

Leblond [16, 17], which showed that in the rat incisor

dentin the collagen matrix was formed first, while the

phosphoprotein (PP) was secreted and deposited directly at

the mineralization front, distant from the point of deposi-

tion of the collagen. The PP was retained within the

dentinal tubules, out of contact with the collagen fibrils,

until it was released at the mineralization front. This point

was confirmed and emphasized by Rabie and Veis [18],

who used specific gold-labeled anticollagen and antiph-

osphophoryn antibodies to trace the routes of secretion of

these two molecules from the cell. It was shown that

collagen and PP were secreted in separate secretory

granules. Thus, mineralization was considered to require

the direct interaction of the PP and collagen to localize and

induce apatite mineralization. Since those early days,

many studies of the PP and closely related noncollagenous

proteins of bone and dentin (now called the SIBLING

proteins [19, 20]) and their participation in many aspects

of mineralization have been carried out. It is quite clear

that the SIBLINGs, including PP, are multifunctional

proteins, having signaling properties as well as direct

involvement in mineralization. In the following discussion

we consider the prime question of how the protein com-

ponents might direct and possibly regulate crystallization

of apatite, but first it is necessary to examine the crystal-

lization mechanism in detail.

The crystallization process itself can be considered

from several different perspectives: (1) the development

of crystallinity in a mineral phase directly from a super-

saturated solution of the mineral ions; (2) from the per-

spective of the presence of polymeric (protein) polyions

in the mineralizing system and how they might interact

in vitro with the free ions or with nanoclusters of Ca and

PO4 ions to modulate the mineralization process; (3) from

the perspective of the SIBLING proteins and how they

might be delivered in vivo to regulate mineralization at

specific sites, including the processes of nucleation,

crystal growth, crystal morphology, and size regulation;

and (4) from the perspective of delivery of sequestered,

vesicular nanoclusters of Ca and P directly from the cell

or the mitochondria to the mineralization front. Very

much larger quantities of ‘‘biominerals’’ are produced

based on carbonates and silicates throughout the plant and

animal kingdoms, and it is likely that some common

mechanisms may be applicable in all cases. We will here

focus on the calcium phosphates, but keep in mind that

many of the basic principles discussed were developed in

studies of the formation of carbonate- and silicate-based

minerals.

Crystallization from a Supersaturated Solution

of Calcium Phosphates

Calcium phosphate solutions are complex and the ion

species present depend upon the pH and ionic strength. The

phosphate species and their equilibrium constants, at 25 �C

in water, are [21]:

H3PO4�H2PO
ð�Þ
4 þ Hþ;K1 ¼ 7:11� 10�3;

H2PO
ð�Þ
4 �HPO

ð2�Þ
4 þ Hþ;K2 ¼ 6:34� 10�8;

HPO
ð2�Þ
4 � PO

ð3�Þ
4 þ Hþ;K3 ¼ 4:30� 10�13:

In a solution mixture containing total Ca =

1.5 9 10-3 M, total phosphate = 0.9 9 10-3 M at pH

7.0 and 25 �C in 0.15 M KNO3 these equilibria lead to the

concentrations:

H3PO4 ¼ 3:59� 10�9M; H2PO�4 ¼ 3:41� 10�4M;

HPO2�
4 ¼ 5:137� 10�4M; and PO3�

4 ¼ 9:37� 10�9M:

Thus, around physiological pH and ionic strength 0.15, the

predominant ion species are an essentially equimolar

mixture of H2PO4
- and HPO4

2-, both of which interact
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avidly with Ca2? ion [21]. According to the classical

nucleation theory, crystal formation from a supersaturated

solution of the constituent ions requires local fluctuations in

concentrations of the interacting ions. At some critical

concentration of those ions their favorable interactions

stabilize the ion cluster so that the surface free energy gain

by dissociation of the ions in the cluster surface is less than

the free energy gain by further addition of ions to the dense

cluster or crystalline phase. That is, the process is driven

thermodynamically by the difference in free energy between

the crystalline and solution phases but is controlled

kinetically by the magnitude of the energy barrier of

critical size cluster formation, which includes the free

energy of formation of a new surface. In simple 1–1 salts the

crystallization process can proceed as a homogeneous

reaction. The reaction free energy pathway is thus:

Supersat: Soln:Gss� Ion clusters; Gc�Critical cluster;

Gn�!Stable crystal; Gcrt

The generalized Gibbs equation for the free energy for

crystal nucleation, DG(n), is given in Eq. 1 (Fig. 1), in

which n is the number of particles in the cluster and l is the

chemical potential per particle.

DG nð Þ ¼ �nDlþ 6an2=3 ð1Þ

Thus, the aggregation of the particles from the super-

saturated solution to a more stable crystalline phase becomes

more favorable as more particles are added to the aggregate.

This is countered in the second term, which expresses the work

required to create the new interface between the

supersaturated solution and the crystal aggregate. This

second term is problematic since it requires knowledge of

the shape of the aggregate, but this is represented and

generalized by scaling the surface area to volume to n2/3,

taking a as an adjustable factor expressing the averaged

interfacial energy per particle in the cluster. We can define the

critical cluster size, n*, as the point at which the absolute value

of (n*Dl) equals 6an2/3 and, hence, at DGn* = Gc - GSS the

probabilities of cluster growth and cluster dissolution are

balanced. To be more specific one can assume a particular

shape and correct the second term more precisely. In the

classical form of this generalized Gibbs equation the shape of

the aggregate is assumed to be a sphere and imposes specific

geometric boundary conditions. Schmelzer et al. [22]

examined the thermodynamic, surface, and kinetic

parameters for homogeneous nucleation in detail and

concluded that the classical Gibbs approach considerably

overestimated the work of critical cluster formation but also

demonstrated that the generalized Gibbs equation, with the

adjustable parameter a, was still applicable. Some specific

terms need definition before undertaking further mechanistic

interpretation of the nucleation process. These are provided in

Table 1 and utilized in the ensuing discussion.

The next interpretative advance in understanding crystal

nucleation was by ten Wolde and Frenkel [23], who

introduced the concept that crystallization could more

readily take place within the prenucleation cluster rather

than directly from the supersaturated mother liquor. Since

the initial cluster is presumed to be disordered, the initial

prenucleation clusters can be considered as ‘‘dense liquid’’

(DL) phases [23, 24]; and it has been suggested that

crystallization may take place within that phase. Vekilov

[25, 26] provided a visualized description of the formation

of the DL phase, which we have further elaborated upon, as

shown in Fig. 2. The red dashed line (DG1*) in Fig. 2a

depicts the formation of transient, unstable, unstructured

aggregates which readily disassociate when n \ n*. When

fluctuations take place that lead to clusters larger than the

critical value, crystals may form (green dashed–dotted

line). The diagonal arrow represents the path of critical

cluster formation directly from solution (solid line in

Fig. 2a) and corresponds to the free energy landscape in

Fig. 1 (dashed curves in Fig. 2c) whereas the heavy green

dash–dot line in Fig 2a follows the free energy landscapes

in Fig. 2c. Figure 2b depicts the formation of the DL

cluster and the subsequent growth of the crystal from a

nucleation cluster within the DL aggregate. Two possible

two-step mechanisms describing the free energy reaction

coordinate are also shown in Fig. 2c. In both the upper and

lower reaction coordinate schemes of Fig. 2c the free

Fig. 1 The generalized Gibbs formulation of crystal nucleation, from

Eq. 1. The upper blue curve is the unfavorable gain in free energy

because of creation of the new surface interface, and the lower blue

curve is the favorable decrease in free energy because of the stability

of the crystal relative to the initial solution free energy. DG* is the

critical free energy at cluster size n*, the cluster size at which the

probability of release of particles from the surface of the cluster is

balanced with the probability of cluster growth. When n [ n*, the

cluster will have a greater probability of further growth. From

Vekilov [26], with permission (Color figure online)
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energy barrier to critical cluster n1* formation is the same,

DG1*, and further aggregation continues to form a DL

phase. If the DL is more ordered and marginally more

stable than the initial supersaturated solution, the lower

reaction coordinate applies; then the DL intermediate will

be long-lived. Regardless of the stability of the DL com-

pared to the supersaturated solution, the development of

crystallinity within the DL will be governed by the value of

DG�2\DG�1.

To move from these generalizations to the mechanism of

crystal nucleation from a prenucleation DL precursor, we

need to consider the experimental verification of the idea of

the prenucleation cluster in solution as part of a homoge-

neous nucleation process. The best direct demonstration of

this came from studies of the calcium carbonate system.

Wolf et al. [27] suspended a droplet of calcium carbonate

solution between a piezoelectric vibrator that generated an

acoustic wave and a concentrically adjusted sonic reflector.

The droplet could be held in place without any extraneous

constraints other than the droplet air–water interface. The

concentration of the droplet increased as the solvent

evaporated, and the state of the solute was followed by

in situ measurement of the wide-angle X-ray scattering

determination of crystallinity over time. In parallel trans-

mission electron microscopy of droplets collected at suit-

able time points, along with scanning electron microscopy

(SEM) and cryogenic SEM, data led to the conclusion that

‘‘in this completely contact-free system a homogeneous

formation of CaCO3 proceeded via an amorphous liquid-

like state, unambiguously without artifacts’’ [27]. These

data demonstrated nanoscale liquid-like cluster formation

in pure calcium carbonate solution, free of any organic

polyions or proteins, showing unequivocally that metasta-

ble liquid-like cluster formation generated by density

fluctuations in the inorganic ions in the bulk phase reflected

the direct interactions of the inorganic ions involved. The

intervention of organic polyions or other heterogeneous

particles or surfaces could perhaps alter the kinetics of

liquid-like prenucleation complex formation, but clearly

the heterogeneous factors are not required for crystal

nucleation. Mahamid et al. [28] and Beniash et al. [29]

proposed that amorphous calcium phosphate precursor

phases were involved, respectively, in mineralizing zebra-

fish fin bone and tooth enamel formation. Much earlier,

Posner [30] and Posner and Betts [31] had found that

biological apatites had an amorphous component and pro-

posed that a cluster of Ca and PO4 ions with composition

Ca9(PO4)6 and a diameter of 0.9–1.0 nm was the stable

prenucleation cluster.

Recently, Dey et al. [32] showed that stable prenucle-

ation clusters of calcium phosphate of the size predicted as

Posner clusters can be observed in a simulated body fluid

(SBF) [see also 33] at 37 �C. The clusters began to

aggregate, and after 24 h in the presence of a monolayer of

arachidic acid, they aggregated and densified on the

monolayer. Initially, selected area electron diffraction

(SAED) showed the clustered calcium phosphates to be

amorphous as amorphous calcium phosphate ACP, but

ultimately SAED indicated that crystallinity developed

with an orientation determined by the monolayer surface.

Thus, clustering is a multistep process that begins as a

homogeneous reaction. Dey et al. [32] proposed that ‘‘the

presence of the nucleating surface induces structural and

compositional changes that enable the denser packing of

the clusters and their subsequent fusion to form ACP’’ and

ultimately apatitic crystals. However, crystallization could

also occur in the absence of heterogeneous nucleators.

Crystallization Enhancement by Heterogeneous

Surfaces and Polymeric Additives

In a companion article from the same laboratory as the Dey

work, Nudelman et al. [34] directly examined the potential

role of collagen fibrils as a templating surface for the

deposition of amorphous clusters or ACP directly on the

collagen to nucleate apatite crystal formation. They

examined the in vitro mineralization of reconstituted

Table 1 Essential definitions of nucleation intermediate states

Aggregate A collection or cluster of ions, molecules, and/or particles

Prenucleaction cluster A cluster of ions, molecules, and/or particles, stable enough to exist (resisting decay) but having neither the size nor

the structure sufficient to grow into a crystal on its own

Posner cluster A prenucleation cluster that is an assembly of calcium and phosphate ions with a ratio of 1.5:1, with a size of 0.9–1.0 nm

Dense liquid A prenucleation cluster that exists as a separate amorphous, liquid-like precursor phase distinct from either the supersaturated

solution or crystal phase. The dense liquid has a defined interface and is more dense than the surrounding solution but less dense than the

crystal form. The dense liquid is a hydrated aggregate and can be composed of ions, molecules, and/or prenucleation clusters. The water

present is bound as hydration layers. The dense liquid is larger than a crystal nucleus. Crystal nuclei can form within the dense liquid

Critical cluster A cluster of ions, molecules, and/or particles of sufficient size (n = n*) and structure to have an equal probability of growth or

dissolution

Nucleation cluster A stable cluster of ions, molecules, and/or particles of sufficient size (n C n* ? 1) and structure to continue to grow rather

than decay. It has a greater probability of growth over decay. This represents the nuclei of a crystal phase
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collagen fibrils isolated from horse tendon. This is a

collagen which does not normally, in vivo, undergoes

mineralization and, thus, should be free of mineralization-

related noncollagenous SIBLING proteins. In the absence

of any additives other than SBF, deposition of needles of

apatite was random along the surfaces of in vitro formed

fibrils. When polyaspartic acid (polyAsp), used as a model

for the SIBLING proteins, was added to the mineralizing

solution, calcium phosphate mineral was found on the

surface of the fibrils after 24 h and the mineral deposits

were loosely associated with the collagen gap and overlap

zones. Cryoenergy-dispersive X-ray spectroscopy and low-

dose SAED showed the presence of ACP. Within 48 h, the

ACP was partly converted to apatite crystals, and these

developed in 72 h to elongated hydroxyapatite (HAp)

crystals but still within a bed of ACP, comparable to typ-

ical bone apatite. Remarkably, however, if the polyAsp was

first absorbed on the collagen, before the collagen was

exposed to the mineralizing buffer, no mineralization took

place except on the surface. The in vitro mineralization

with apatite deposition within the fibrils was found only

when the polyAsp and SBF solution were mixed before

placement on the collagen fibrils. This directly implicated

the participation of the SIBLING analog polyAsp in the

formation of cAp prenucleation clusters, or some other

aggregate, and their interaction with the collagen.

The formation of the prenucleation cluster [35, 36] and

its subsequent crystal growth in the presence of anionic

polymer have been treated as a polymer-induced liquid-

precursor (PILP) process, and a very complete discussion

of the phenomenology of the PILP process has been given

by Gower [36], particularly focusing on the in vitro pro-

duction of biomimetic minerals. Although the nature of the

PILP process is clear, the mechanism of enhancement of

the nucleation by the participation of the inducing polymer,

for example, the polyAsp in the heterogeneous nucleation

process described above, has not been described in equal

depth. How this is accomplished has great importance in

the actual or real biological systems in which biomineral-

ization takes place. The questions posed above as to where

the prenucleation clusters form, the specificity of place-

ment of the mineral phase in the collagen matrix, and the

regulation of crystal growth within the fibrous matrix are

general to all systems; but in each case of mineral depo-

sition we know that bone, dentin, and even mineralizing

tendon utilize different members of the SIBLING family

proteins to promote and/or inhibit mineral deposition and

produce bones and teeth with near equivalent physical

properties but different crystal sizes and arrangements

tuned to the required mechanical and dynamic properties of

the particular tissue involved.

Nudelman et al. [34] argued that the placement of the

prenucleation clusters on the collagen and their role in

moving the mineral into the collagen fibrils, as well as

leading to mineralization along the fibril surfaces, are

related to the observation that the presence of the SIB-

LINGS and acidic noncollagenous proteins slows, rather

than accelerates, the precipitation of the calcium phosphate

prenucleation clusters. It has been observed many times

that the SIBLING proteins may act to accelerate or inhibit

mineralization depending on the factors of concentration

and temperature. From this point of view, the SIBLING

proteins may all be considered as mineralization inhibitors.

Fig. 2 Schematic illustration of the two-step mechanism of nucle-

ation of crystals, modified from work presented by Vekilov [25, 26].

In this two-step mechanism a dense liquid cluster forms, and a crystal

nucleus may form inside the cluster. a Microscopic viewpoint shows

crystal formation in the plane of two order parameters (concentration

and structure), inspired by the work of ten Wolde and Frenkel [23]

and Talanquer and Oxtoby [24], b macroscopic viewpoint of events

along the energy pathways (solid lines) depicted in (c). (i) The

supersaturated solution. (ii) Formation of the dense liquid depicted in

most of (a). (iii) Formation of the critical cluster for the crystal at n2*

within the dense liquid, also shown in (a). (iv) Creation of the

nucleation cluster and subsequent growth of the crystal. (v) The fully

formed crystal. c The pathway for the change in free energy, DG,

along two possible versions of the two-step nucleation mechanism. If

dense liquid is unstable and DGDL� [ GSS (DGDL� is the standard free

energy of formation of dense liquid phase), the upper curve applies; if

dense liquid is stabilized with the introduction of a foreign interface,

DGDL� \ 0, the lower curve applies. DG�1 is the barrier for formation

of a cluster of dense liquid, and DG�2 is the barrier for formation of a

crystalline nucleus inside the dense liquid
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The duality of activity of these proteins depending on the

conditions and context illustrates their role as regulators of

crystal nucleation/growth kinetics. It is certainly clear from

the work mentioned earlier [16–18] that odontoblasts do

sequester dentin phosphophoryn (DPP) from the collagen

of the unmineralized predentin and that the DPP is deliv-

ered directly to the mineralization front so that the mixing

of noncollagenous polyions and collagen is closely

controlled.

SIBLING Proteins and Their Interaction with Collagen

Fibrils

The SIBLINGs are among the class of proteins now des-

ignated as intrinsically disordered proteins (IDP) [37]; that

is, in solution they are flexible polypeptides with no long-

range regular structures, although they can have limited

sequences exhibiting, for example, local a or b confor-

mations and further structural order may be induced by

interaction with other proteins. Electron micrographs

(EMs) of 0.1 lg/mL of DPP in 10 mM Ca2? at pH 7.5

showed the DPP as roughly globular structures of about

16–18 nm in diameter [38]. When the same preparations

were added to EM grids which had turkey tendon collagen

fibers deposited on them, the DPP decorated the surface of

the fibrils with similarly sized DPP structures, distributed

along the fibril, with perhaps 75 % of the collagen-bound

DPPs associated with the fibril ‘‘e’’-bands [38]. Thus, it

was suggested that this e-band position, corresponding to

the collagen fibril gap region, was a favored site for DPP

binding. Further EM studies of the collagen–DPP interac-

tion products in ammonium formate buffers without Ca2?

ions and using soluble monomeric collagen and purified

DPP at different mixing ratios showed that there was a

preferred DPP binding site near the amino-terminal region

of the collagen monomers. This specific binding was dif-

ferentially detectable only at very high collagen/DPP ratios

[39, 40]. As the concentration of DPP was increased rela-

tive to the soluble collagen, additional DPP particles were

seen bound nonspecifically along each single collagen

molecule. These collagen monomers in the presence of

DPP readily aggregated into asymmetric fibrillar structures

[41]. The intensity of binding at a molar ratio of 1:1 rather

than at electrostatic equivalence suggested that a nonelec-

trostatic binding was involved at the primary specific

interaction site, emphasizing the probable specificity in

DPP sequence responsible for its primary collagen locali-

zation. Though polyAsp can do the in vitro job of nucle-

ating cAp, the evidence is strong that, although the

sequence of DPP contains approximately 40 % Asp resi-

dues, phosphorylation of the Ser residues of DPP (50 % of

the amino acids) is crucial for its function in mediating

mineralization [42]; and, most recently, it has been shown

that the introduction of a DPP cDNA into a nonmineral-

izing fibroblast cell leads to expression and secretion of

phosphorylated DPP and the induction of HAp minerali-

zation in fibroblast cultures [43].

Delivery of Ca and PO4 Ions to the Mineralization

Front

The in vivo situation is much more complex than the

in vitro model experiments suggest, and relatively few

biomineralization discussions include the problem of Ca

and PO4 delivery to the mineralization front, although such

discussions have appeared since the pioneering studies of

Bonnucci [44, 45], Anderson et al. [46, 47], Lehninger

[48], and Greenwalt et al. [49] regarding the role of the

mitochondria in taking in large amounts of Ca and phos-

phate ions, accumulating them and delivering calcium

phosphate in membrane-bound vesicles (matrix vesicles) to

the extracellular spaces of mineralizing cartilage and bone.

The mechanisms by which vesicles may be broken open

and their mineral contents transferred and localized to the

collagen are a subject of current study and debate [50].

There is, indeed, abundant evidence that mineral-contain-

ing intracellular vesicles do exist, and their contents in

different situations contain amorphous calcium phosphate

or apatitic needle-like crystals. The questions which remain

unresolved deal with the mechanisms by which the mineral

is transferred from the mitochondria to the mineralizing

matrix and then reordered, in essence dissolved and re-

crystallized, on the collagen fibril matrix on the fibril sur-

faces or within the fibrils themselves.

Transiting from the In Vitro to the In Vivo Situation

All of the preceding discussion has examined the mineral

ions and other components in idealized and controlled

mineralization conditions in vitro. It is worthwhile to

consider these same factors in the in vivo situation and

determine how that might modulate the various component

interactions, particularly first from the perspective of the

cytoplasm and extracellular matrix (ECM) themselves and

the crowding of the macromolecules within them. Different

types of cells vary in macromolecular content, over a range

of 17 to 35 % by weight; and the cell water content is

divided between two phases, about half as the macro-

molecular/protein-bound water of hydration and the other

half as ‘‘bulk’’ or free water [51]. Other components of the

cell, such as the inorganic cations and anions in aqueous

solution, also have layers of bound water of hydration that

are more ordered than in the free water. Thus, one must
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specifically ask about the role of the hydration layers in the

aggregation of the ions into clusters and their continued

densification during crystallization, as well as how the ion

clusters are localized to the collagen matrix. The unusual

properties of water are directly related to the fact that at

ambient temperatures free (bulk) water molecules form

extensive hydrogen-bonded networks, albeit with energies

of only a few kilocalories per mole (H bond between two

waters *4.3 kcal/mol, van der Waals interaction *1 kcal/

mol, ionic bond 4–7 kcal/mol, C–C bond *84.0 kcal/mol).

In liquid water the time scale of randomization of the

networks by the rapid formation and dissociation of

hydrogen bonds is on the order of *2.6 ps. Fayer [52] has

shown that the water orientational relaxation requires

H-bond rearrangements and that these relaxations are slo-

wed by the presence of interfaces of all sorts, from

hydrophobic surface films to organic macromolecules

(regardless of being charged or uncharged), and in the

structure of the hydration layers around inorganic cations

and anions. By studying the state of the water molecules in

nano-confined systems, created as the water held within

spherical reverse micelles or water held between the layers

of water confined between lipid monolayers, it is clear that

the first shell of bound water has substantially different

properties from the bulk water and much longer relaxation

times, on the order of 18 ps, although liquid water clearly

has no long-range stability.

The first hydration shell of six H2O molecules coordi-

nated to a Ca2? ion plus the next shell of 12 H2O molecules

is depicted in Fig. 3 for the most stable conformation of

(Ca[H2O]6)2?(H2O)12 [53]. The oxygen atoms of the first

shell water molecules are at 2.35 Å from the central Ca

atom, whereas the second shell O atoms are at 2.79 Å from

the first shell O, forming a significantly less stable

H-bonded network. The relaxation time for the second shell

water is two to three times longer than the bulk water

relaxation time, while the relaxation time for the first shell

water can be upward of 509 longer than that for the bulk

water [54]. In addition to the stability difference, the water

layers shield the electrostatic potential of the Ca ion. The

water of the first hydration shell of the phosphate ion is

similarly more tightly held than the second shell water,

with a retention time about two times longer than the bulk

water (Fig. 4 [55]); but the first shell arrangement is more

complicated. Two types of water are evident, a strongly

bonded P=Op–H–Ow of a water molecule in a linear

arrangement, equivalent for each phosphate Op (Fig. 4a),

and a set of interstitially located waters that appear to

bridge between two Op, resulting in weaker bonds to the

water hydrogens with a length of 2.0–2.2 Å. In total the

first shell of bound water is comprised of 12 water mole-

cules (Fig. 4b), although molecular dynamics predicted

that, on average, 13 water molecules would be included

[55]. The polarity of the H-bonded bound water around

phosphate is opposite to that of the hydration layer around

the Ca ion. It is interesting that in the simulations all four

phosphate Os appear to be equivalent in bonding to water.

Similar water binding and polarity organization would be

found in the arrangement of first-layer water in organic

phosphates on phosphoserine and on carboxyl groups on

Asp or Glu in polypeptides. Thus, phosphorylated poly-

peptides and proteins such as phosphophoryn, with

sequences such as (DS*S*)n or (DS*DS*)m (S* = phos-

phorylated serine), should, even for IDP, exhibit structured

Fig. 3 Structured water around a Ca2? ion. The central Ca ion is

indicated in yellow, and the six oxygen atoms of the first water shell,

coordinated directly to the Ca, are in red. The oxygen atoms of the 12

second shell waters are in green. The polarity of the water molecules

is quite well fixed and reduces the effective charge on the central Ca

ion in so far as long-range electrostatic interactions between ions are

considered. From Pavlov et al. [53], with permission (Color figure

online)

Fig. 4 Structured water around a PO4
3- ion. a The central P atom is

indicated in gold, three waters of the first shell are shown coordinated

directly to the phosphate molecule, b the central P atom is indicated in

gold, with the oxygen atoms on the phosphate indicated in yellow.

The 12 waters of the first shell are illustrated. a From Pribil et al. [55],

with permission, b our construction of the complete first shell, as

suggested [55], with the understanding that the orientations of the

nonaxial waters will be affected by the waters of the second shell
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ionic patches [56] of hydrated surface with similar strongly

bound first shell water. At the nano-scale, where the initial

nucleation clusters form, all water molecules are not

equivalent and the water should be treated as a direct

reactant, as important as the Ca or phosphate ions or pro-

tein side chains.

The Nucleation Mechanism

As depicted schematically in Figs. 3 and 4 and the related

discussions, the Ca and phosphate ions in the supersaturated

aqueous solution are now seen as each carrying closely

bonded water, differentiated from the bulk water in stability.

We propose that, as the electrostatic interactions attract the

oppositely charged ions (such as Ca2? and PO4
3-), the

interaction is modulated by the restrictions on the mobility of

the bound first-layer water. Thus, the initial aggregates

remain in a solvated state without long-range order but now

in the DL state with the free, second shell water released. The

enhanced stability of the DL water allows time for the final

steps of densification to establish order and crystallinity from

the nucleation clusters. From this perspective it is easy to see

why and how the introduction of a stable but compatible

polymeric polyion interface also having a restricted water

layer can be so important in modulating and/or guiding the

final location and rate of formation of the final stable crystals.

There are many unanswered questions that need to be

examined in the light of the mechanism proposed above. The

specificity of the nucleation must reside in the nature of the

interfaces presented to the physiological, supersaturated cal-

cium phosphate solution. Obviously, heterogeneous nucle-

ation can be enhanced by the presence of interfaces which

allow the aggregation and densification of the liquid-like

prenucleation clusters. The polymeric polyions, as exempli-

fied by the SIBLING proteins of the ECM, that both interact

with the Ca ions and localize their presence to the matrix fibrils

need to be examined for their dual roles in the localization of

the crystals and control of the rate of deposition within the

structural matrix. The effect of the presence of other ions, such

as Mg2-, HCO3
-, and CO3

2-, should be studied with respect

to the rate of formation of the prenucleation clusters and their

effect on the stepwise densification to the DL state. The

question of the role of the collagen fibrils and the mechanism

of entry of the crystal nuclei or the DL phase is an important

target for further studies. Finally, the basic step of the delivery

of calcium and phosphate ions into the extracellular space

needs to be reexamined. If the matrix vesicle mechanism is

important for delivery of the contents of partitioned vesicles

into the ECM, the question of how the mineral is transferred

from a matrix vesicle to the inner regions of the bone and

dentin collagenous matrices needs careful analysis.
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