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1. Introduction

We are pleased to have been asked to contribute to this set of papers published in
recognition of the career of Stephen Weiner and his extensive contributions to the field of
biomineralization. Minerals formed within living organisms may have the same structural
composition as geologic minerals, but they are especially interesting because the chemical
composition and conditions of their formation are so different. Within the Earth,
geochemically-driven, mineral crystals form at high temperatures and pressures in melts or
via solid state crystallization under anhydrous conditions, whereas minerals of biogenic
origin form and crystallize from aqueous environments at ambient temperatures and
pressures. In this paper, we explore the various biologically relevant mechanisms proposed
for crystallization of calcium phosphates, as apatite, and calcium carbonate, as calcite, in
aqueous systems and the role of water molecules in these crystallization reactions.

Cygan et al. (Cygan et al., 2002) studied the interaction between water molecules and a
calcite surface, and showed that water molecules complete the octahedral coordination of the
Ca at the surface, with the water molecule lying essentially flat on the calcite surface with a
mean Ca - Oyer distance of 2.55A. At the same time in response to this interaction with
water, the water-liganded Ca at the crystal surface modulates the Ca — Ca distances over the
next 2-3 atomic layers of the calcite, and actually stabilizes the carbonate mineral surface.
To quote Navrotsky (Navrotsky, 2004) “The living world is wet; thus anhydrous biomineral
surfaces do not exist”. Thus, at the atomic and nano levels, the interface between aqueous
and solid phases is reciprocally modulated in each phase.

1.1. Progress in Our Understanding of Crystallization

The typical picture of crystal nucleation, from a kinetic point of view (Becker and Doring,
1935; Dreyer and Duderstadt, 2006), is that crystals form via monomer-by-monomer
addition; where individual components of a crystal are combined together in the most energy
favorable manner to form a 3D periodic array. This concept was the result of mathematical
modeling and empirical studies of droplet formation (Becker and Doring, 1935; Dreyer and
Duderstadt, 2006) in response to the thermodynamic, non-mechanistic, description of crystal
formation attributed to J. W. Gibbs, which had emphasized the discontinuous transition of
one phase into another upon overcoming a free-energy barrier. In this monomer-by-
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monomer addition model (Becker and Doring, 1935; Dreyer and Duderstadt, 2006) there are
no stable intermediates between an amorphous phase and the crystal phase.

In practice, crystallization is a multi-step process where a stable solid phase emerges from
an intermediate phase that formed from an earlier parent phase (Hedges and Whitelam,
2011). Long-lived intermediates along the continuum between ions and crystals have been
proposed or seen and emphasized as precursors to crystal formation since the earliest
experiments involving calcium salts (Brooks et al., 1950; Hunt, 1866). In recent years there
have been several verifications that intermediates do exist (Addadi and Weiner, 1992;
Baumgartner et al., 2013; Dey et al., 2010; Dorozhkin, 2010; Faatz et al., 2004; Gebauer et
al., 2008; Larson and Garside, 1986a; Onuma and Ito, 1998; Politi et al., 2004; Pouget et al.,
2009; Rieger et al., 2007; Sohnel and Garside, 1988).

One of the first departures from the monomer-by-monomer (ion-by-ion) to crystal picture in
the process of biomineralization was data suggesting that a solid amorphous precursor,
amorphous calcium phosphate (ACP), preceded the ultimately crystalline products
hydroxyapatite (HAp) or carbonated apatite (CAp) (Eanes and Posner, 1968; Eanes et al.,
1965). Posner proposed that ACP existed as a biologically generated precursor to the
crystalline apatite found in bone (Blumenthal et al., 1981; Posner and Betts, 1975). But
despite the fact that the presence of amorphous phases for both calcium phosphates and
carbonates were known to exist biologically as storage deposits (Becker et al., 1974; Brown,
1982), other data questioned the utilization of ACP as a precursor to the biological HAp and
cAp found in bone mineral (Glimcher et al., 1981).

Using Fourier Transform Infrared Spectroscopy (FTIR), Lowenstam and Weiner
(Lowenstam and Weiner, 1985) reported the first evidence of ACP as a biologically
generated precursor phase that transformed to cAp in the radular teeth of chitons. Their
success in finding the elusive and transient precursor was due in part to their study of an
organism with “continuously growing mineralized tissue where the initially formed minerals
are well separated in space and time from subsequently formed deposits” (Lowenstam and
Weiner, 1985). Similarly, evidence that biogenic amorphous calcium carbonate (ACC) could
serve as a precursor to biogenic crystalline carbonates and not merely as a stable ion reserve
or structural component (Lowenstam and Weiner, 1989) was shown in the developing
calcitic spicules of sea urchin larvae (Beniash et al., 1997), in the larvae of molluscan
bivalves (Weiss et al., 2002), and in calcitic sea urchin spines (Politi et al., 2004).

Evidence of ACP as a precursor to biogenic HAp or cAp in vertebrates remained elusive
until the Addadi/Weiner group was able to demonstrate ACP as a precursor to biogenic cAp
by studying continuously growing mineralized tissue, but this time in the fin of a vertebrate,
the zebrafish (Mahamid et al., 2011a; Mahamid et al., 2008; Mahamid et al., 2010). Not long
after that, through the use of cryogenic Transmission Electron Microscopy (cryoTEM) and
freeze fracture techniques, the same group was able to identify transient amorphous
precursors in mice (Mahamid et al., 2011a; Mahamid et al., 2011b). It was initially
postulated that these amorphous aggregates were themselves composed of precursors,
hydrated prenucleation clusters of ions and that the assembly of these clusters created a solid
amorphous phase, with a subsequent re-arrangement of these clusters leading to the stable
crystalline form, through either dissolution-reprecipitation (Boskey and Posner, 1973; Eanes
and Posner, 1968; Pouget et al., 2009; Termine and Posner, 1970; Tung and Brown, 1983),
or solid-state-transformation (Tao et al., 2008), or both.

Light-scattering and ultracentrifugation studies revealed the presence of aggregates or
clusters in saturated ion solutions (Demichelis et al., 2011; Gebauer et al., 2008; Larson and
Garside, 1986a; Larson and Garside, 1986b; Onuma and Ito, 1998; Posner and Betts, 1975;
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Sohnel and Garside, 1988) but direct TEM visualization of the prenucleation clusters in vitro
has only recently been accomplished for calcium carbonate (Pouget et al., 2009), calcium
phosphate systems (Dey et al., 2010; Habraken et al., 2013) and magnetite synthesis
(Baumgartner et al., 2013). In vitro the initial small nano-clusters aggregate and grow as
loose, un-coalesced masses, which when near a functionalized substrate, coalesce into large
amorphous aggregates that subsequently densify and become crystalline, transitioning by
fluctuations in the structure of the aggregate (Dey et al., 2010; Pouget et al., 2009). Protein
crystallization studies have also revealed the presence of aggregated amorphous precursors
prior to their crystallization (Vekilov, 2004; Vekilov, 2010). These amorphous precursors to
protein crystallization are liquid-like and the transformation from the amorphous to the
crystalline state clearly occurs within the liquid-like precursor phase. This transition from an
amorphous liquid to a solid crystal occurs via fluctuations in both density and structure
(Talanquer and Oxtoby, 1998; tenWolde and Frenkel, 1997; Vekilov, 2004; Vekilov, 2010).

1.2. The Complex Pathway to Crystallization

To generalize, the pathway to crystallization of a mineral or protein in aqueous solution can
be sorted into a continuum of aggregated or coalesced states beginning with the free ions or
molecules (pre-coalesced phase) at the start, and proceeding to a crystal (completely
coalesced phase) at the end. As diagrammed in Figure 1 between these extremes one finds
lon Pairs& Small Clusters, Dense Liquid Clustersand Amorphous Aggregatesall at
varying degrees of coalescence. Each path is related to the particular conditions of a given
experiment which determine the rates of formation and thermodynamic stabilities of the
various intermediates as the intermediates densify and in some cases become structured. As
illustrated, experimental data suggest that the proposed paths may intersect at many points.
Selection of the pathway in the transition from free ions to crystals depends strongly on local
kinetic factors, as discussed by Hedges, Whitelam, Lutsko, and Baumgartner (Baumgartner
et al., 2013; Hedges and Whitelam, 2011; Lutsko, 2012).

The map diagrammed in Fig. 1 covers paths in many “clean” in vitro crystallization
situations in general, but becomes especially complicated for biogenic crystallization, which
involves a path dependence on proteins, cells, vesicles and other organic components. In
vitro biomimetic mineralization experiments show the great influence of the organic matrix
containing both structural (collagen) and interactive components (additives, non-collagenous
proteins, polymers) (Deshpande and Beniash, 2008; Liu et al., 2011; Nudelman et al., 2010;
Olszta et al., 2007; Price et al., 2009) or non-equilibrium conditions where the
supersaturation of ions is increased beyond physiological conditions (Wang et al., 2012).
Where or how do these unique experimental conditions for biomimetic crystallization fit in
the real in vivo processes of biogenic crystallization?

1.3. From the Pathways to Crystallization to the Mineralization of Collagen

Sixty years ago [1952] when our laboratory began its study of skin and tendon collagens the
emphasis was on the composition and structure of the collagen molecule, how the molecules
assembled into fibrils, and how they were stabilized in tissues by cross-link formation. By
1960 it was known, from the work of Boedtker and Doty (Boedtker and Doty, 1956) that the
molecule was comprised of three individual polypeptide chains. The x-ray diffraction and
modeling studies of Ramachandran (Ramachandran and Kartha, 1954; Ramachandran and
Kartha, 1955) and Rich & Crick (Rich and Crick, 1955) showed that the molecule was in a
triple-helical conformation. Electron microscopy of soluble collagen had advanced so that
Hall and Doty (Hall and Doty, 1958) could visualize the intact collagen as a rod-like particle
with a length of ~300 nm. We began to ask the physiologically important questions of how
the collagen matrix of bone and dentin became mineralized, and why the supposedly
identical collagen of skin and tendon did not? Was the collagen of the soft tissues
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intrinsically different from that of bone and dentin, or were there tissue specific non-
collagenous factors involved?

We chose to study dentin as a simple mineralized tissue not subject to turnover, and to
compare that with non-mineralizing tendon. That work (Veis and Schlueter, 1963) led to the
discovery of a then unique highly phosphorylated dentin protein absent in tendon and skin.
This protein was named phosphophoryn, but is now known as dentin sialophosphoprotein
(DSPP), comprised of two distinct domains, sialylated DSP and phosphorylated DPP. The
discovery of DPP became the starting point in our investigations of the mechanism by which
the DPP portion could be involved in the mineralization and led us to focus on the specific
role of the acidic, phosphorylated proteins in biomineralization of the collagen matrix.
Further studies in many laboratories demonstrated that bone also contained a number of
proteins related to DPP that might have similar functions, and, following the pioneering
studies of Weiner (Weiner and Hood, 1975) demonstrating the similar important role of
acidic proteins in the development of calcium carbonate containing mineral shells and
spicules of invertebrates, we hypothesized that there might indeed be commonalities in all
“biomineralization” mechanisms (Veis and Sabsay, 1982).

Although physical chemists have long proposed that water has unique properties as an
essential ingredient making life possible (Henderson, 1913), it is usually left out of the
discussions of biomineral formation. The purpose of this paper is not to review the literature
on biomineralization mechanisms, but rather to present a careful examination of the role of
water and its hydration layers that may bring clarity to the network of routes shown in
Figure 1.

1.4. The Structure of this Paper

This paper is intended to explain how Figure 1 can exist, and how the studies that lead to the
construction Figure 1 can help us to understand the mineralization of collagen both with and
without the intervention of additional macromolecules. For the context of the discussion
found within this paper we have provided a table (supplemental materials Table S1) of
essential definitions of key terms used throughout this paper. Sections 2 and 3 are designed
to be an introduction to water as a participant, discussing the nature of interactions between
water and ions, the relative energies involved, and what it means for ions and
macromolecules to exist in an aqueous environment. Section 4 is designed to explain how
Figure 1 is possible. Section 4 explains the first two pathways in Figure 1, gives a brief
overview of both the kinetic, and the thermodynamic considerations of crystallization, and
introduces the concept of what has been described, by some, as the dense liquid phase. In
section 5 we explain the likely make up of the dense liquid phase and the mechanism by
which water likely plays a critical role in the structure and regulation of the dense liquid
phase. Section 6 explains the various pathways to crystallization seen in Figure 1 through
the lens of bound water and the dynamics of changing hydration layers. We do this by
correlating the data found in selected works, and tie the experimental results of those works
to the unifying mechanism of regulating the formation and removal of bound water. Section
7 then brings together our understanding of the behavior of water, crystal formation, and
Figure 1, to address the mineralization of collagen with and without the aide of
polyelectrolytes.

2. Water as a Participant

The unique properties of water arise from the extended hydrogen bonded networks that form
between water molecules. The nature of these networks of water depend on the ambient
temperature and pressure, the extent and nature of the solutes present, and the solute-water
molecule interfaces created. In the literature, the terms “free” or “bulk” water have been

J Struct Biol. Author manuscript; available in PMC 2014 August 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Dorvee and Veis

Page 5

used interchangeably to describe the least perturbed state, while “bound” or “hydrated”
water interchangeably describe the more constrained water networks near all solute-water
interfaces. We follow literature practice and use these different terms depending on the
context of the discussion.

The pathway(s) to crystal formation in aqueous systems are determined by hydration layers
around these ions. The collapse and reorientation of these structures (their densification, or
peeling away the layers of water) control what may be happening in biogenic crystal
formation. Once we understand how water behaves in its interaction with free ions to form
hydrated ions in free water we can examine the role of biopolymers, synthetic polymers, and
water, and how hydration layers on such interfaces may contribute to biogenic crystal
formation. Finally, we examine a few examples of successful in vitro biomineralization
systems that have employed different approaches to collagen mineralization and see how the
consideration of water may explain their success.

2.1. Metal lons

lonic hydration is an exothermic process. The introduction of a gaseous metal to water
releases energy equivalent to the enthalpy of hydration of that ion (Richens, 1997).

M (g)+nHz0(1) ATt — M+ (ag) — [M(OH), ] =Aqua Ton  (Ean.)

n

AH°®yq the enthalpy of hydration is correlated to the bond energy between the metal and the
water ligands (Richens, 1997).

2’2 22
€

(kcal /mol)= — 69500
Teff Teff

AW’ jyq= — 16610.5 (kJ/mol) (Egn.2)

Equation 2 is the result of a linear fit generated by standard tables of AH®pyq for metal ions
from a gaseous state to a hydrated state, where z = charge of the metal and rq¢ = the ionic
radius in pm plus 85 pm (O atom) (Richens, 1997).

The significance of Eqn 2 can be seen in the example of considering the enthalpy of
solution/dispersion of an anhydrous metal salt in water (AHhyg = AH¢rystallization +AHsoln
or AH®hyg = AH®jigation +AH gisp)- In order to dissolve anhydrous CaCl,, one must overcome
the enthalpy of crystallization for calcium chloride ~539 kcal/mol (~2256 kJ/mol).
Considering the enthalpy of hydration for both calcium (~-382 kcal/mol (~—1598 kJ/mol)
approximated from Eqgn. 2) and chloride (~-174 kcal/mol (-728 kJ/mol), =87 kcal/mol per
chlorine ion), the interaction with water provides —556 kcal/mol (-2327 kJ/mol) as
approximated using Eqn. 2, more than enough energy to dissolve the CaCl, crystal with —17
kcal/mol (-71 kJ/mol) remaining as the enthalpy of solution (AH°go, = =19 kcal/mol (-81
kJ/mol) actual value) and dissipated as heat. In the case of a 1-2 M calcium chloride
solution, the resulting heat is very noticeable as the solution becomes exceptionally warm
upon the dissolution of the salt in water. In the case of a 1-2 M magnesium chloride solution,
the water has been known to boil, and there is even an audible sizzling, hissing sound as the
water comes in contact with the powdered salt.

Cations/metals are Lewis acids, electron pair acceptors. Conversely oxygen atoms are Lewis
bases, electron pair donators, making water and oxyanions such as carbonate and phosphate,
ligands to the cations. When in water, the cations interact with the lone electron pairs on the
oxygen of each water molecule to form dative (co-ordinate covalent) bonds in a complex

known as an “aqua ion”(Richens, 1997). The number and configuration of these co-ordinate
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bonds to water will vary based on the size, charge, orbital configuration, and concentration
of the cation (Richens, 1997). According to Eqn 2, the strength of the M-O bond is not only
proportional to the charge of the cation, but is also inversely proportional to the size of the
cation. Calcium atoms have a range of possible coordinated waters in the first hydration
layer that depend on concentration, from ~10.0 + 0.6 at 1 M [Ca2*], to 7.2 0.6 at 2.8 M
[Ca?*] t0 6.2 + 0.3 at 4.5 M [Ca*] (Richens, 1997), the larger the coordination number the
greater the effective distance between the metal center and the oxygen atom, leading to a
weaker M-O bond. The lower the coordination number for a given metal center the more
defined and tightly held the hydration layers, than the same metal center with a higher
coordination number. Magnesium, with a radius of 66-72 pm (as opposed to calcium 89-114
pm) (Richens, 1997), tends to be coordinated to only 6 waters at any one time with a rigid
octahedral geometry (lkeda et al., 2007; Richens, 1997). The differences between the
hydration of Ca and Mg can be seen biologically with the rigid Mg2* generally participating
in more stationary roles: ATP hydrolysis (lkeda et al., 2007), nitrogen fixation and
photosynthesis in cells, while the more labile calcium is mobile, acting as a cellular factor,
triggering such actions as nerve impulses and muscle contraction (Addadi and Weiner, 1992;
Richens, 1997). The behavior and structure of water around various cations likely correlates
with the ability of organisms to selectively sort such ions, discriminating between Sr, Ca,
Mg and Na, such as excluding Mg from some regions of a mollusk's shell while growing the
shells in Mg rich seawater, or marine protozoans selectively filtering Sr to build their shells
(Addadi and Weiner, 1992).

The correlation between coordination and how tightly metals bind to the water can also be
seen in the inverse in the binding energy of a water molecule with the number of
coordinated waters to the metal ion. The more waters bound to the metal center the easier it
is to remove a single water molecule from that hydration shell. From the view point of ab-
initio calculations correlated with experimental data these differences are not linear, it
requires only ~15 kcal/mol (62.8 kJ/mol) to remove a single water molecule from a Ca*
liganded to a full 15t shell of 10 water molecules; while successive removal of the 219, 31
and 4t waters from the 15t shell are each ~20-22 kcal/mol (~83-92 kJ/mol) (Lei and Pan,
2010; Pavlov et al., 1998). Subsequently it requires 24.7 kcal/mol (~103 kJ/mol) to remove
the 6th water in the 1st shell and ultimately 56.9 kcal/mol (~238.2 ki/mol) for the removal
of the final water in the 1st shell (complete dehydration) (Lei and Pan, 2010). The binding
energies however do not directly correlate with the relative free-energy of the hydrated
metals. As can be seen in Fig. 2, the free-energy states of a Ca?* coordinated to 5 waters or
to 8 coordinated waters are roughly the same at AG = 9 kcal/mol (~37kJ/mol) compared to
the free-energy minimum of Ca2* coordinated to 6.1 waters (Ikeda et al., 2007) despite the
distinctly different binding energies for those waters. The MgZ* aqua ion on the other hand,
has two local free-energy minima at 5.1 and 6 coordinated waters, and the free-energy state
of 5 coordinated waters to Mg2* and an 6.5 coordinated waters to Mg2* are roughly the
same at AG =10 kcal/mol (~42kJ/mol) compared to the minimum of 6.0 coordinated waters
(lkeda et al., 2007). These data show that for a given cation, the energy landscape which
dictates hydrated free-energy of that cation will be different from any other cation.

The waters that are coordinated to the metal ion are effectively immobilized with respect to
the bulk water, bound in a hydration layer (Fig. 3 & 4). These waters have an orientation
such that the hydrogen atoms on the water molecule extend outward from the O-M bond.
These hydrogen atoms serve as hydrogen-bond donators and structure nearby water through
hydrogen-bonding to form a 2" hydration layer. The general trend seems to be that the
maximum number of waters in the second shell is twice the number of waters in the 15 shell
(1 for each hydrogen on each primary shell water), but the number can be less if waters in
the 2" layer are used to bridge together waters from the 15t layer. Because of the distance
from the central metal atom, this 2" layer (if present) has the same reactivity for every aqua
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ion, regardless of the central metal ion (Richens, 1997). The degree of order, the stability
and even the presence of additional hydration layers are dependent on the size and charge of
the central metal ion, a Li ion barely has a 15t hydration layer and no 2" layer, where as a
Mg layer has a well-defined 15t and 2" layer (Richens, 1997). The 3'd hydration layer, due
to size and variable orientations of the waters in the 2"d layer, tends to be less organized and
less defined, forming a “fault zone’ (Burgess, 1978) (Fig. 3), separating the ordered water of
the 2"d hydration layer from the disordered bulk water.

The degree of interaction between metal ions and water and the relative order imposed on
the water by these metal ions are key factors when considering the local entropy of the
system. Entropy is important since every ion, every substrate in water affects the local order
of the water and thus affects the entropy. The values of hydration entropy for metal ions can
be found in standard tables, as well as the specific entropy values associated with the
kinetics of water exchange with certain metal ions (Burgess, 1978). As a frame of reference
the standard molar entropy for liquid water is 16.7 cal mol~1K~1 [70 J mol K~1] with the
“entropic cost of transferring a single water molecule to a site in which it is relatively
immobile in ice or in a crystalline salt is at most -7 cal mol™ K™1 [-29 J mol K™1],
corresponding to a free energy cost of about -2.1 kcal/mol [-8.7 kJ/mol}at 300 K” (Dunitz,
1994). Compared to the M-O bond energies typical entropic penalties are low, only ~-10
cal mol™ K=1 [-42 J mol™1 K™1] or -3 kcal/mol [-12.5 kJ/mol] at 300 K per hydrated water
molecule on metal ions (Dunitz, 1994). In general, the larger the cation within a group in the
periodic table the less ordered the water will be around that ion. The important association to
make is that anything that leads to more local ordering (such as a stronger interaction
between molecules) will lead to a loss of entropy. Anything that leads to less local ordering
(such as weaker or lack of interactions between molecules) will lead to a gain in entropy
(Gallicchio et al., 1998).

2.2. Water And Ligands

The hydration shells of cations are easy to conceptualize, with the 15t layer of water oriented
with the oxygen atoms toward the metal center formed by the donation of the lone pair of
electrons (dative bond) on the oxygen, and the picture of distinct layers or spheres as seen in
Fig. 3 easily comes to mind. The picture is less clear for anions. Water and oxyanion ligands
depending on their level of protonation can be hydrogen bond donors/acceptors. Like
cations, these ligands also associate with water, but not through dative bonds. The H-
bonding between water and oxyanion ligands is not as restrictive, making the 15t hydration
layer less stable and more easily rearranged than that the water found in the 15t hydration
layer of cations. While the 2" hydration layer of the cation consists of H-bonded waters
attached to the 15t layer, in the case of oxyanions the conceptual delineation of hydration
shells becomes blurred. Since the oxyanion is typically hydrogen bonded to the waters in the
15 layer, the subsequent 2"d layer, if any, is a combination of externally introduced waters,
H-bonding to the 15t shell (similar to the 2"d layer of water for cations), and looping waters
that connect the existing waters within the 15t layer to each another or back to the oxyanion.
Because of this H-bonding, there is a change increase in the structural order of water around
oxyanions, thus entropy is also an important factor when thinking about the hydration of
oxyanions.

Several computational models using density field theory (DFT) have been used to calculate
the number of waters in the various hydration layers of phosphates, carbonates, and sulfates
(Pribil et al., 2008; Vchirawongkwin et al., 2007; Vchirawongkwin et al., 2011). Table 1.
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2.3. Water Exchange/Residence

The extensive hydrogen bonded networks formed in bulk water at ambient temperatures,
with a strength of only ~4.3 kcal/mol (~18 kJ/mol), are responsible for the unusual
properties of liquid water such as its high viscosity and high surface tension. The lability, or
marginal stability, of the H-bonded networks are responsible for the liquid character, and are
determined by the time scale of the rapid formation and dissociation of these randomized
networks of hydrogen bonds, and can be measured by the water orientational relaxation
times or water-water exchange rate or residence times. This orentational relaxation time is
the time it takes for the orientation of one molecule with respect to another (interacting by
either dipole interactions or H-bonding) to change. In several studies the relaxation times
range from 1.7 ps (Pribil et al., 2008; VVchirawongkwin et al., 2007), to 2.6 ps (Fayer, 2012)
to 10 ps (Burgess, 1978). However, these relaxation times are very dependent on, and
slowed (from 2.6 ps to ~15-20 ps) by the presence of interfaces of all sorts, from
hydrophobic surface films, to organic macromolecules (regardless of being charged or
uncharged), and when set in the structure of the hydration layers around inorganic cations
and anions (Fayer, 2012).

The residence times for water molecules on cations are significantly longer than they are for
ligands (water-oxyanion or water-water interactions). The common energies involved with
the dative water-metal bonds are about 4-12 times greater than a water-oxyanion hydrogen
bond, with water residence times as little as 50 times longer, to as much as 450 times longer
for water on calcium ions. The exchange rates for water with the metal ion are dependent on
the size, charge and orbital configuration of the metal ion, with transition metals having
some of the longest residence times. Calcium for instance has water residence times of 100
ps to 90 ns, while magnesium which is smaller and more soluble, has water residence times
of 2 ps to 50 ps (Richens, 1997). While the M-O bond energies correspond to the differences
in solubility between two different cations bound to the same type of ligand, the residence
times correspond to the reactivity of the ion and likely the differences seen in the kinetics of
dissolution and precipitation.

It is important to note that residence times are the measure of how long a water molecule
exists at a given place and not necessarily how long it takes for a bound water to transition
to a free water. For instance, if a water residing in the 15t hydration layer leaves (enters the
2nd hydration layer) and then returns after a minimum time t* (typically 0.5 ps) (Kerisit and
Liu, 2010; Pribil et al., 2008; Vchirawongkwin et al., 2011), then the residence clock for that
water molecule is reset. So a given water molecule may leave the 15t hydration layer,
transition to the 2"d hydration layer, and later return without ever having left the aqua ion.
This means that there can be multiple exchanges of the same water molecule between the 15t
and 2" hydration layer of the metal ion before it eventually exchanges with the 3
hydration layer and ultimately assumes the bulk water state. This also means that the total
time for a particular water molecule to exist in a bound state on an aqua ion, as a whole, can
be greater than the orientational relaxation time for that water molecule interacting with the
aqua ion.

The phosphate and carbonate oxyanions interact with water in a way similar to one water
molecule interacting with another, resulting in relaxation times that are on the same order as
bulk water-water interactions. For sulfate the relaxation time is ~ 2.5-3.5 ps (Pribil et al.,
2008; Vchirawongkwin et al., 2007), for phosphate the relaxation time is ~4 ps (Pribil et al.,
2008) and for carbonate the relaxation time is ~8 ps (Kerisit and Liu, 2010); these
differences in residence time between sulfate, phosphate and carbonate, though small, are a
measure of the ions' relative reactivity. Such differences in reactivity can partially contribute
to the differences in the kinetics of dissolution between carbonate minerals and phosphate
minerals that possess the same cation.
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The movement and interaction of water around oxyanions and cations has been compared to
the well-established Sy1 and Sy 2 dichotomy used for reactions in organic chemistry,
leading to three basic types of reactions: associative (A) where a cation bonds with a ligand,
dissociative (D) where a bond is broken between a cation and a ligand, and interchange (1)
where there is an exchange of the ligand on a cation for another ligand; and any number of
intermediates along the way (Langford and Gray, 1966). Strict A or D situations are not
likely for cations in aqueous systems since entering or leaving ligands are always associated
with the hydrogen-bonded water molecules in the 15t and 2™ hydration layers of the cation,
leading to | as the primary mechanism of ligand-metal exchange/substitution in aqueous
systems (Lay, 1991; Richens, 1997). This interchange mechanism where one ligand is
exchanged for another, can be further classified as either associative interchange (I o) bond-
making or dissociative interchange (I p) bond-breaking, but only for conceptual purposes
since these reactions likely exist on a continuum and in actuality the reactions are probably
not so clear cut (Lay, 1991). These classifications not only refer to the cation-ligand
exchange, but also ligand-ligand exchange as waters in one hydration shell exchange with
waters in another shell or with an oxyanion.

3. Crowded Water

Conceivably, in any aqueous system the entire bulk water is interconnected by the rapid
continuously fluctuating network rearrangements. Irving Langmuir is quoted as saying “The
whole ocean consists of one loose molecule, and that the removal of a fish therefrom is a
dissociation process” (Kendall, 1937). As we have also described, every dissolved molecule
or suspended particle, and every interface will have one or more hydration layers in which
the bound water will have a substantially higher residence lifetime longer than that in the
free water. At ambient temperature, the bound water is not immobile or frozen like ice, but
the rate of movement of the water at these interfaces is less than that of bulk water. The
question is what fraction of water is bound as compared to free in any given situation? The
consideration of what is bound water and what is free water is of great importance for
molecular biochemistry, not just in terms of protein folding structure, function, and
interaction, but in the regular operation of a cell. For instance, the volume of the osmotically
inactive portion of cells and cell cytoplasm is accounted for by the water of hydration
(bound water) (Fulton, 1982).

Water molecules in the bound state are not only removed from the bulk or free water state,
but can be considered as part of the molecule or surface to which it is bound. Consider the
actual diameter of a hydrated Ca2* ion with 6H,0 in its 15 layer and 12 in the 2" layer as
compared to the ionic diameter of Ca2* (~ 0.2 nm). According to Pavlov et al., (Pavlov et
al., 1998) the center-to-center distance between the calcium atom and a water molecule in
the 15t hydration layer is 0.235nm, with the radius of the water molecule in the 15t shell
(0.141 nm). With the addition of the H-bond distance between the water in the 15t shell and
the water in the 2" shell (~0.180 nm) and finally the liameter of the water in the 2" shell
(0.282 nm), the result is a diameter of ~ 1.68 nm per hydrated calcium ion. On the same
basis, a hydrated Mg ion has a diameter of ~1.61 nm, due to the higher charge density of the
smaller Mg2*. In Ca-rich montmorillonite clays the water layer is ~1.8 nm thick while in
the Mg-rich clay the thickness is ~1.83 nm, and in vermiculite clays the diameters are
~1.17 nm and 1.09 nm respectively (Levy and Shainber, 1972). The oxyanion of hydrated
PO,3% ion, with a single 15t shell of 12 water molecules has a diameter of ~1.4 nm.

Tables 2 through 5 illustrate the amount of free versus bound water in 4 aqueous systems,
given average, conservative numbers for water coordination to each ion. The 4 systems
shown are: 10mM CaCl, solution (Table 2), a concentration commonly used in in vitro
mineralization models (Gebauer et al., 2008; Price et al., 2009); human blood (Anderson and
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Anderson, 2002; Lang et al., 2009; Putnam, 1975) (Table 3); the average cytosol
composition of a mammalian cell (Alberts, 1998; Lodish et al., 2007) (Table 4), and
seawater (Table 5).

The amount of bound water in natural aqueous systems such as blood and the cell cytosol on
the order of 9% to 12%, is clearly not as trivial as the amount of bound water found in a
dilute solution of CaCl, (< 1%), while seawater (just considering the ions) has close to 24%
bound water. Please note once again, the estimations of bound water we have provided for
tables 2-5 are conservative estimates based on the components found in each system and
hydration values provided separately for each of those components. Our estimates do not
take into account surface area of other interfaces in such systems which would add to the
total amount of bound water in each system. For instance the total amount of osmostically
inactive water (bound) in a cell is actually 35%, (three times our conservative estimate).

Inspired by Fulton (Fulton, 1982) who used the term crowded to describe the cytoplasm, we
suggest the term “crowded water” should be used when considering the properties of
biological water, as compared to the usual dilute solutions. We use this term, since in such
systems where the amount of material (interfaces) is so high, so crowded, that a significant
amount of the water in the system is no longer in the bulk state but rather is found in some
bound water state, with a mixture of relaxation times. Consequently we suggest that due to
this crowding, the interaction of hydrated ions with each other and these interfaces, occurs
strongly via their respective hydration layers; limiting the activity of these ions to be
regulated by the eventual exchange of bound water into the bulk water state. Such activity
regulation can be seen biologically within the cell. Inside cells that have only been hydrated
30%, a point so low that there is no water in the bulk state, cellular metabolic activity stops
(Aliev et al., 2002). “At a humidity level of 35%, metabolic pathways of carbohydrates,
amino acids and Krebs cycle are activated, while further increase in humidity, up to 63%,
activates the pathways of protein and nucleic acid synthesis, and cells can perform all the
essential metabolic reactions necessary for their development”(Aliev et al., 2002). As a
result, the role of hydration layers in biogenic systems needs to be considered and may be
responsible for phenomena seen in biomineralization studies both in vitro and in vivo.

4. The Pathway to Crystallization

4.1. The Kinetics of Crystallization

Geological crystals (and those of industrial origin such as metals, ceramics, polymers, etc.)
form from a melt, an amorphous liquid phase that has essentially the same composition as
the crystal or glass that forms from it as the melt cools (Callister Jr., 2003). However, the
formation of the crystal within the melt does not occur at high temperatures, it occurs either
when the melt has been undercooled, or when the pressure of the system has been raised to
the point where the number of accessible orientations available to the molecules within the
melt have been restricted. Since in this case, changing the pressure and temperature of the
system has similar kinetic effects on intermolecular behavior, we will focus on just the effect
of changing temperature. The rate of cooling is important; rapid cooling, and the consequent
decrease in mobility of the components in the melt may lead to a preservation of the
amorphous nature of the liquid in the form of a solid (a glass) (Callister Jr., 2003;
Dorozhkin, 2010). Kinetically, cooling the melt slowly maintains the mobility of the system
for a longer time allowing for the ultimate evolution in two order parameters, density and
structure. As local density fluctuations occur, atoms begin to arrange around each other such
that density fluctuation leads to coordination, which leads to structure, ordering and further
changes in density, this is crystallization.
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Biogenic crystallization is not a distinctly different process from a geological melt, with the
exception of the inclusion of water as an active participant. It is carried out in equilibrium
conditions at constant or ambient temperature from aqueous solutions driven by a chemical
potential difference in which the crystal phase represents the most stable form. The instances
where crystal formation and/or phase nucleation is mediated by elevated temperatures in
aqueous systems are kinetically not altogether different from the formation of biogenic
crystals at ambient temperatures, and this becomes apparent when we examine the role of
temperature in these systems.

The degree of mobility is what delineates a liquid from a solid (Langmuir, 1917).
Temperature is the average kinetic energy of a system. Kinetically, the role of increased
temperature in a liquid, gas, or solution, is to increase the number of accessible orientations
(the mobility) of molecules in the system. In general, cases which involve the crystallization
of highly soluble materials from a solution, the applied heat increases the interaction
between the solute and the solvent, leading to an increase the dissolution and ultimately the
solubility of material. When the solution is eventually cooled the solution becomes
supersaturated with respect to the solute, increasing the driving force for precipitation and
ultimately crystallization. In the case of the crystallization of highly insoluble materials such
as in nanoparticle/hydrothermal synthesis, the high temperatures aid in overcoming the
activation and kinetic barriers that may normally hinder molecular alignment and chemical
reactions; thus heat facilitates the formation of thermodynamically stable products on
relatively short time scales. Recent bio-inspired studies have demonstrated that the
introduction of long chain polymers, changes in ionic strength, or an abundance of small
molecules to regulate the kinetics, can eliminate the need for such high temperatures,
facilitating the room temperature synthesis of semiconductor nanoparticles (Mullaugh and
Luther, 2011; Qi et al., 2001). In the case of crystallization through sintering, solid state
diffusion is accelerated through the application of heat until the assembly of these atoms
reaches an energy minimum such that the thermal energy is no longer high enough to move
atoms away from these energetically stable assemblies.

As illustrated by these non-biological examples, biology's ability to make crystals at ambient
temperatures, or under mild physiological conditions is not so “remarkable” as long as the
mechanism employed regulates the mobility of ions, atoms, and molecules, and therefore the
kinetics of the reaction. The mineral related ions, as pointed out in the previous sections
(Section 2 & 3), are all hydrated to various extents, and probably guide crystallization by
various steps of dehydration. The relative mobility of hydrated ions with respect to each
other is dependent on the degree of hydration and movement of water. At body pH and
temperature, the precipitation of calcium phosphates involves the electrostatic interaction
between the hydrated Ca2* and PO43~/HPO,42" ions, and the removal of the ion-bound
hydration layers on the both the Ca?* and the various phosphates. In essence, the ion-bound
layers of water are peeled from the Ca ion and phosphate ions enhancing the electrostatic
interactions between the ions, and the bound water molecules are released to the bulk water
state.

4.2. Nucleation Theory

The picture of monomer-by-monomer addition that leads to crystal nucleation is a
mathematical construct based on the formation of liquid droplets within a dilute vapor phase
(Becker and Doring, 1935; Dreyer and Duderstadt, 2006). This is a limiting case of the
classical theory of nucleation, an example of one perceived mechanism for how crystals may
nucleate to serve as a tool for determining the rate of nucleation (Abraham, 1974;
Kashchiev, 2000). Thermodynamically there is no classical mechanistic pathway to phase
nucleation. Nucleation theory, both classical and non-classical, is non-mechanistic and does
not explicitly delineate the number of steps required to transition from one phase to another.
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Classical nucleation theory describes a discontinuous phase transformation, where the
formation of an interface between the two phases creates a free-energy barrier to nucleation
(AGp#) (Abraham, 1974; Balluffi et al., 2005; Kashchiev, 2000; Oxtoby, 1992). Whether the
crystal nucleus forms from a monomer-by-monomer mechanism or by the coalescence of
aggregates it is still classical nucleation theory as long as there is an interface between these
precursors (serving as either solutes that make up the solution phase, or which exist as an
entirely separate phase from the solution on their own) and the forming nucleus.

Early on, Gibbs realized (during the period of 1876-1878) (Gibbs et al., 1928) that formation
of one phase within another not only created a bulk phase surrounded by the parent phase,
but created an interface between the two phases and thus one had to consider the work
required to create that surface, AW+ = 240Ax, where o is the surface tension (surface energy
density) and A is the area (Abraham, 1974; Gibbs et al., 1906). Volmer and Weber in 1926
(Abraham, 1974; Dreyer and Duderstadt, 2006; Kashchiev, 2000), realized that this
consideration of an interface required knowledge as to the shape and area of the forming
crystal nucleus, and using the Gibbs/Thomson law derived geometric relations of the size of
a nucleating phase to both the surface (AGs) and bulk free energy (AGy) of that phase. This
strictly thermodynamic approach, however, describes the initial and final states, and cannot
strictly apply to a mechanistic model, nor how many intermediate phases (if any) are
required before reaching the final thermodynamically stable phase. Nevertheless, the
transition from one phase to another and even the creation of multiple intermediate phases
on the pathway to a final, thermodynamically stable crystalline phase is a fundamentally
accepted process in the classical pathway of crystal nucleation pre-dating Volmer & Weber
and Becker & Ddring, known as Ostwald's Rule of Stages (Hedges and Whitelam, 2011;
Kashchiev, 2000). This acceptance that multiple possible phases can be formed when
transitioning from one phase to another explains how the multiple phases seen in Figure 1
can exist.

The general approach by: Volmer, Weber, Farkas, Kaischew, Stranski, Becker, Déring, and
Frenkel (Abraham, 1974; Becker and Doring, 1935; Dreyer and Duderstadt, 2006;
Kashchiev, 2000) to the atomistic theory of nucleation was to propose that the atoms/
molecules (particles) of a single component in a gas or liquid phase would randomly collide
to form unstable aggregates fluctuating in size. When the number of particles in such a
fluctuating cluster reached a critical size then the particles in the interior of the cluster would
become more stable, and with a slight shift, that particle could transition to a stage where
continued growth would be favored over dissolution. That critically sized aggregate where
the probability for both dissolution and growth is the same is called a critical cluster;
containing n* particles. The shape of the initial cluster was most easily modeled as a sphere,
but one could consider any other shape or size parameter for the interface being created as
the cluster grows. When the probability of forming a new phase is greater than 50%, a
nucleation cluster (n*+1) favoring growth is created (Veis and Dorvee, 2012).

In contrast to classical nucleation theory, non-classical nucleation theory describes a
continuous phase transformation where the generation of distinctly different phases
separated by an interface is not exactly straightforward, therefore there is no barrier in free-
energy in the transition from one phase to another (Balluffi et al., 2005; Lutsko, 2012;
Oxtoby, 1992). In non-classical crystal nucleation, the structure of the crystal nucleus can
differ sharply from the eventual stable phase (Talanquer and Oxtoby, 1998). This is an
appropriate description when it comes to the formation of mesocrystals (Niederberger and
Colfen, 2006) and colloidal crystals, but does not necessarily apply to all systems involving
solution based crystal growth in the aqueous phase and using this “non-classical” term can
create misleading assumptions in such systems where water is a participant.
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4.3. Inspiration from Protein Crystallization

Experimentally a melt can be undercooled, or a solution can be supersaturated, yet either can
exist in a metastable form for long periods of time in spite of large thermodynamic driving
forces. This is the result of a diffusion limited kinetic barrier to crystallization (Talanquer
and Oxtoby, 1998). Examples of how to overcome this kinetic barrier come from protein
crystallization studies.

Luft et al. (Luft et al., 2011) recently compiled the results of about 20 million systematic and
thoroughly documented crystallization experiments at the Hauptman-Woodard Institute high
throughput screening laboratory, tracking the visualized solubility outcomes of each
experiment. Their aim was to determine the conditions that would drive a metastable
supersaturated protein solution to crystallize rapidly. Luft et al. was guided by the concept
that crystallization could proceed with a lower activation energy from an amorphous dense
liquid-like cluster formed within the initial supersaturated solution rather than directly from
the supersaturated mother liquor (Luft et al., 2011; tenWolde and Frenkel, 1997). Luft et al.
examined a number of liquid-like aggregates formed in the initial droplets of supersaturated
protein solutions (Luft et al., 2011). They observed that a liquid-liquid phase separation is
seen as “drops within drops, a cloud-like pattern of liquid within a drop or as emulsion”, in
the metastable region of the phase diagram (Luft et al., 2011).

Using a DFT model, ten Wolde and Frenkel (tenWolde and Frenkel, 1997) produced free-
energy landscapes for the solution to crystal transition, plotted as a function of the number
of particles ordered as a crystal (N¢rys) against the number of particles that exist simply as a
particle in a more dense fluid phase relative to the environment (Np). These contour plots
showed that it is possible to transition from a solution phase to a crystal phase indirectly
using classical nucleation theory, as long as one or more intermediate phases allow for the
creation of a lower free energy pathway than would be found in a direct solution to crystal
transition (Ostwald's rule of stages). The required change in free energy for crystal
nucleation could thus be lowered relative to the solution-to-crystal transition if a dense fluid
phase was formed prior to crystal nucleation within this fluidic prenucleation cluster. That
is, the total number of molecules (Np+ Nrys)) in the prenucleation cluster can be much
larger than the population of N¢rys. The number of particles in the cluster will continue to
grow until the value of N¢ys reaches the critical value (for a nucleus), at which point crystal
growth becomes more rapid. tenWolde and Frenkel (tenWolde and Frenkel, 1997) estimated
that the rate of nucleation within this dense fluid was increased by a factor of 1013 relative to
nucleation directly from the mother liquor solution that does not pass through intermediate
stages. Thus the issue of a diffusion limited kinetic barrier to nucleation is reduced by the
existence of this dense fluid phase, but there still remains a free-energy barrier to nucleation
that must be overcome.

Subsequently, Vekilov experimentally demonstrated the presence of a fluid-fluid critical
point when crystallizing proteins, and designated it as a Dense Liquid (DL); a separate phase
from the bulk solution in which crystals nucleated and grew (Vekilov, 2004; Vekilov, 2010).
Vekilov proposed a two-step nucleation pathway for the formation of crystals (as we have
shown in supplemental Figure S1) from solution rather than a simplistic single step model
(Veis and Dorvee, 2012; Vekilov, 2004; Vekilov, 2010). Conceptually, this pathway
describes the transition from the solution phase (A) to the DL phase (B) to the crystalline
phase (C) as the combination of two separate free energy curves that describe two phase
transitions (A — B & B — C), each described by classical nucleation theory, placed in
tandem and where each of the free-energy maxima is less that the total free-energy required
to transition directly from A to C (supplemental Figure S1) (Veis and Dorvee, 2012). This
pathway of multistep phase transitions does not need to be restricted to only two steps
(Bewernitz et al., 2012; Habraken et al., 2013).
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It was found that the short range interactions between protein molecules can be changed and
promotion of the liquid-liquid phase separation achieved by crowding the solution through
the addition of non-adsorbing polymers (eg. polyethylene glycol) or by changing the pH or
salt concentration of the solvent (tenWolde and Frenkel, 1997; Vekilov, 2004; Vekilov,
2010).

4.4. Macromolecular Free DL Phase

The struggle over whether or not to use high supersaturations versus additives to aid in
crystal formation has been an issue with in vitro models for biomineralization. The trend has
been to either use high supersaturations (Deshpande and Beniash, 2008; Olszta et al., 2007,
Wang et al., 2012), or polymer additives (Deshpande and Beniash, 2008; Liu et al., 2011,
Nudelman et al., 2010; Olszta et al., 2007), or protein additives (Nudelman et al., 2010;
Price et al., 2009) in mineralizing solutions to achieve the desired mineralization in vitro.
We will show later (Section 7), from our perspective how these experimental conditions
generated a DL phase in inorganic solutions, similar to the DL phase generated by
introducing additives to protein solutions.

The results from protein crystallization studies prompt the question: Is such a DL phase
(favorable to nucleation kinetics) achievable in inorganic solutions without macromolecular
intervention? The answer is yes, DL formation has been seen in completely inorganic
systems. Hunt (1866) described the appearance of a turbid gel when 0.5 M CaCl, was mixed
1:1 with 0.5 M Na,COg3 (~23.5% water in the bulk). Brooks et al. (1950) claimed that a
0.088 M solution of CaCl, mixed with a 0.925 M solution of Na,COs3 (~18.7% water in the
bulk) also produced this gelatinous state, this is in fact not true but such a reaction creates a
precipitate that slowly separates from solution (the reason for this will become apparent in
Section 5). The replacement of 50 mol % of the Ca with Mg, in the case of the Brooks
synthesis (~19.7% water in the bulk), yields the same result, but the precipitate separates
from the solution more slowly than in the synthesis which is free of Mg. The same 50 mol %
substitution of Ca with Mg in the Hunt synthesis (~28.9% water in the bulk) results in a
highly viscous solution but no gel.

The description of “droplets of calcium carbonate” and a separate demixed liquid phase
within solution has been used by others (Addadi and Weiner, 1992; Dedek, 1966; Lengyel,
1937) to describe how spherulites of CaCO3 may form from solution. In 1966 Dedek found
that the synthesized, gelantinous state, of CaCOj3 could be stabilized by the concentration of
the reactants used, and plotted this in a tertiary phase diagram of CaCl,, NaCO3, NaOH and
Sucrose (Dedek, 1966). Faatz et al, (Faatz et al., 2004; Faatz et al., 2005), produced CaCOs3
by the slow alkaline decomposition of dimethylcarbonate in a solution of CaCl, and claimed
to see a liquid like precursor. This liquid rapidly transitioned to an amorphous glassy state
through the loss of water (Faatz et al., 2004)). Liquid droplet coalescence was shown in
Scanning Electron Microscopy (SEM) images and coalesced, solid, amorphous, particles
appeared as merged spheres (Faatz et al., 2005). Xu et. al., through the regulated addition of
CO», by slow vapor diffusion into a CaCl, solution, claimed that the ACC hemispheres that
formed on mica substrates (both bare and functionalized with either
poly(diallyldimethylammonium chloride) or poly(allylamine hydrochloride)) formed from
liquid-like colloids (Xu et al., 2005).

Reiger et al (Rieger et al., 2007) using much more dilute (as compared to Hunt and Brooks)
0.01 M CaCl, and Nay,COg solutions (~98.5% water in the bulk) found via cryo-TEM
analysis, that liquid droplets and the gelatinous, viscous precipitates seen by both Hunt and
Brooks were the result of emulsions formed in solution followed by eventual spinoidal phase
separations between phases of different densities. The emulsions were short-lived,
densifying within seconds, becoming spheres within a minute and faceted crystals within 5
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minutes. The introduction of 600 ppm, of a 70/30 poly(acrylic acid)-poly(maleic acid) block
copolymer (leaving ~98.4% water in the bulk) (Ikegami, 1968), prolonged the otherwise
short-lived existence of the emulsion 5-10 min longer; then it eventually transformed into
nanoparticles. This showed that such polymer additives regulated the kinetics of the
reaction.

In a definitive experiment in the complete absence of additives, substrates and interfaces
Wolf et al.(Wolf et al., 2008) demonstrated that small ions in solution could be made to
aggregate and form a DL phase on a timescale long enough to be observed. Using acoustic
levitation Wolf et al. suspended a droplet of a Ca(HCO3), solution held in place without any
extraneous constraints other than the droplet air-water interface and followed the droplet in
situ by wide angle x-ray scattering (WAXS) as the droplet was concentrated by evaporation
of the aqueous phase. Data from parallel TEM and cryoSEM analysis of droplets collected at
suitable time points revealed that “a homogeneous formation of CaCOj3 proceeded via an
amorphous liquid-like state, unambiguously without artifacts,” and described an emulsion-
like state as described by Reiger et al. (Wolf et al., 2008). Thus metastable liquid-like (DL)
clusters can be generated by density fluctuations of the inorganic ions within the aqueous
solution phase solely by direct interactions of the inorganic ions involved; Bewernitz et al.
have recently come to the same conclusion (Bewernitz et al., 2012).

5. The Nature of the DL phase

Within a melt, crystallization involves the coupling of the two order parameters of
densification and structure. Forming an ordered structure has kinetic barriers associated with
both the aggregation and the precise placement of atoms/ions/molecules, while there is a
free-energy barrier to creating an ordered interface in an amorphous liquid. These kinetic
barriers are often overcome by thermal fluctuations that provide enough activation energy,
or in this case mobility to facilitate aggregation, alignment and precise placement of atoms/
ions/molecules.

In crystallization from solution the two order parameters become decoupled. Solute ions/
particles first interact increasing their local density. There is an energy cost associated with
aggregation as the aggregated particles create a new surface and interface with the solution.
This densification can occur without having to be ordered, the particles and the relative free-
energy of the particles can be lowered by simply creating a large enough aggregate that the
surface free-energy penalty of the aggregate is lower than the bulk free-energy benefit of its
formation (AG = AGL,—AG;). We speculate that these aggregates, composed of hydrated ions,
coalesce and form the DL state, an amorphous liquid which exists as a separate phase from
the solution, with an interface composed of slow moving bound water. This is a dense liquid
because the water of hydration is more dense than bulk water (1.1 g/mL) (Ikegami, 1968;
Svergun et al., 1998); with the addition of ions also adding to the density to this liquid.
Within this amorphous liquid the molecules within the DL phase behave as they would
within a melt, and structure their arrangement. One can not presuppose that the chemical
composition of this DL phase remains constant. One must consider the possibility of
chemical interactions within this mixture and the formation of interesting structures of both
water and ions such as ion pairs, large aggregates, polynuclear oxo(hydroxo) bridged
structures (Demichelis et al., 2011; Habraken et al., 2013; Richens, 1997), etc, all mediated
by the rearrangement and removal of bound water.

5.1. Formation of the DL phase

As discussed earlier, illustrated in Fig. 4, and further illustrated in Fig. 5, the positive dipole
of the water molecule in the hydration layers of cations are arranged such that they point
outward, away from the central metal atom, whereas in the hydration layers of the oxyanion
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aqua ion it is the negative dipole of the water molecule that points outward. When ions come
together, it is these oppositely oriented waters, specifically the 2"d hydration layer of cations
and the 15t hydration layer of oxyanions, that first interact with each other, forming a
solvent-ion complex wherein the 219 layer of cation hydration becomes shared by both ions
through a hydrogen bonding network (Fig. 5b.). As a result of this action all bulk water
between the ions is expelled and a more dense-liquid-like state has begins to form devoid of
free water. The distance (edge-to-edge) in between these two ions (calcium and phosphate
(or carbonate) shown in Figure 5) would be ~1.4 nm.

Given the faster exchange rates of water with carbonate and phosphate as compared to
magnesium or even calcium it is easy to depict the expulsion of water shared by both ions
through an I interchange mechanism for the ligand and an | o interchange mechanism (Fig.
5c¢.) for the metal, leading to a collapse in the number of hydration layers between the ions
and the formation of a complex where the distance in between the oxyanion and the cation
would be about ~0.95 nm, roughly the diameter of two waters and two hydrogen bonds.
After this exchange, the 2" layer of hydration around the cation is now the 1t layer of
hydration for the oxyanion and this layer now extends around the ion pair as a shared outer
hydration shell. It is at this stage where this initial aggregation of ions, (which could be
larger and include more ions than just this simple ion pairing as we have depicted in
supplemental Figure S2), creates an interface of bound water between this aggregate and
bulk water. This interface is a layer of slow moving, bound, hydrogen bonded, water which
is a mixture of the 15t water layer on the oxyanion and the 2"d water layer on the cation. This
is the beginning of the DL phase.

Further exchange of waters, either an | 5 of waters for the oxyanion or an | 5 of waters for
the cation (or for both ions), expels more water from this aggregate and the two layers of
water between the two ions collapses into one layer of water between them. After this
exchange, the 2" layer of hydration around the cation becomes the 15t layer of hydration for
the oxyanion and this layer extends around the ion pair as a shared outer hydration shell
forming an “outer sphere complex” (Richens, 1997) where the oxyanion now occupies the
2"d hydration layer of the metal (Fig. 5d). This outer sphere complex exists as a solvent
sharing ion pair. The distance in between the oxyanion and the cation is reduced to ~0.5 nm
(water + H-bond) and the outer layer of water surrounding the aggregate is a smaller, more
ordered combination of the 15t layer waters of the oxyanion and 2" layer waters of the
cation as compared to a mutually shared layer of 2" shell waters.

The final expulsion of water between ions is driven by the favorable electrostatic interaction
between the oppositely charged ions in a typical Lewis acid-base substitution reaction. In
this final step, the oxyanion (carbonate or phosphate) behaves as a water molecule and
exchanges for a 15t layer water to form a charge satisfying bond between the oxygen on the
anion and the metal (Fig. 5e.) this is an “inner-sphere complex” (Richens, 1997) or a
solvated ion pair.

The DL phase can be imagined as composed of aggregates, in assorted variations including
hydrated ions, hydrated small ion clusters, and solid amorphous particles, but in all cases
with the bulk water expelled (as shown in supplemental Figure S2). All of the molecules in
the DL will have longer residence times than in free water. Though the rate of movement of
the water within the DL phase would be less than the of the bulk water, the DL water is still
a liquid, but denser (water of hydration density = 1.1 g/ml) (Ikegami, 1968; Svergun et al.,
1998) and with a higher viscosity than purely bulk water. The brief water relaxation times
on the order of pico-nanoseconds still makes bound water fluidic and therefore imparts such
fluidity to the DL phase. The fluidic nature of the DL phase gives the ions (which can have a
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lower free-energy in this state than in solution) and particles within this phase mobility not
achievable to the same molecules found within a solid.

In concentrations up to roughly 0.1 M the relative viscosity of a salt solution compared to
water (n/mg) at the same temperature varies with the salt concentration according to the
Jones-Dole expression (Tansel et al., 2006):

%:1+ACU'5+BC (Eqn. 3)

Where A is a positive number that is large for strongly hydrated ions, and is associated with
counter-ion screening. B is the degree of water structuring around the ions, weakly hydrated
ions have negative B coefficients, while strongly hydrated ions have positive B coefficients
(at 273K in dm3/mol, Ca?* = 0.298, Mg?* = 0.385, PO43~ = 0.382, NH,* = =0.008, K* =
-0.009, Na* = 0.085, CI~ = -0.005) (Tansel et al., 2006). The relative viscosity is higher for
low concentration calcium, magnesium, and phosphate salt solutions, and lower for sodium
chloride solutions.

5.2. From the Dense Liquid to the Crystal

The bound water present in the DL would not be free, but would still serve to impart
mobility to the ions in the system which can exist in a lower free-energy state than hydrated
ions in bulk solution, but in a higher free-energy state than a solid aggregate. An ionic liquid
(IL) is a salt in the liquid state, made of ions, short lived ion pairs, or even functionalized
nanoparticles that when “cooled”, form an ionic solid that is either amorphous or crystalline
(Bourlinos et al., 2005a; Bourlinos et al., 2005b; Fang et al., 2009; Fernandes et al., 2010;
Giannelis et al., 2006; Mayy et al., 2011; Shah et al., 2005; Sun et al., 2010; Warren et al.,
2006). A DL can be thought of as a IL composed of [M(OH5),]J*" and [L(OH2)]%", but
there is no bulk water present. Such an IL, in the material science world, can be termed a
deep eutectic solvent (DES) which is a specific type of IL usually composed of both ionic
and non-ionic molecules, and interaction is generally mediated by a hydrogen bonding
network (Carriazo et al., 2012) in which the average hydrogen bond residence time is
increased, while the metal and oxyanions retain their mobility and liquid nature.

It is this mobility and liquid nature which makes the DL phase comparable to a melt. While
substantial undercooling is required to initiate crystallization from a melt, or a very high
degree of supersaturation is required to drive crystallization from a solution, within the DL
phase the final expulsion of the primary hydration layer is a kinetic limitation and its
destabilization is the mechanism by which the solid phase ultimately forms Kinetically,
anything that regulates the mobility of ions and the dwell time of the bound water within the
DL will regulate the stability and lifetime of the DL phase as a whole, a phenomenon seen in
the early experiments of Termine and Posner while exploring the synthesis of ACP (Termine
and Posner, 1970). The presence of water contributes to the number of accessible orientation
states, and the number of H-bond interactions of the aqua-ions. The more orientation states
available the more kinetic freedom (configurational entropy) is available to find the
optimum conformation to minimize the free-energy of the system, but the alignment of the
molecules has to be more precise in order to receive the enthalpic reward of such binding.
This limitation raises the free-energy barrier between the DL phase and the solid crystalline
phase (Hedges and Whitelam, 2011).

Counterions such as Na* and especially COOH™ have distinct hydration layers and thus

have H-bonding repercussions that affect the lifetime and long term stability of the DL
phase. Counterions with distinct hydration layer structures can participate in H-bonding to
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increase the stability and lifetime of the DL phase such as the case with Mg2* (Loste et al.,
2003), while counterions such as H* (for phosphoric or carbonic acid) and OH~ (for calcium
hydroxide) that have short-lived hydration shells, increase H-bond exchange and cause
instability and short lifetimes for the DL phase. A long-lived DL phase can also be achieved
through the interactions with hydrated interfaces such as found on polymer additives (Fayer,
2012).

In the case of the formation of polymorphs of calcium carbonate, we propose that the
densification of the DL, and destruction of the DES state reveals the consequences of
decoupling the order parameter density from structure. The thermodynamically stable
crystalline polymorph calcite is more dense than the less stable polymorph vaterite, but
calcite is less dense than the less stable aragonite polymorph (Navrotsky, 2004). We
speculate that the differences in density found in these crystal structures of the same
chemical composition show that the degree of densification before structuring can have an
effect on the polymorph generated; while complete densification without structuring would
lead to a solid amorphous state.

As water is expelled from DL, the availability of H-bond donators and acceptors would be
reduced, and the H-bonding network which gave the DES its mobility and liquid like nature
would take on a limited efficacy. This dependence on labile bound water would make the
DES thermodynamically less stable than the final crystal. The final densification and
structuring step in which the oxyanion exchanges and replaces a 1st layer water on the metal
would be restricted by two factors, the free-energy penalty associated with the dehydration
of the metal and by the kinetic barrier associated with the need to align the oxyanion with
the metal ion so that the electrostatic attraction is the most favorable for coordination to
occur. Unlike the large theoretical free energy penalty for the complete dehydration of the
cation (Lei and Pan, 2010), as discussed earlier and shown in Fig. 2 in this case there would
only be a penalty associated with the reduction in the coordination number of waters
attached to the metal. For instance, if in the end a 6-fold coordination of carbonate atoms to
a calcium atom is required to form calcite (9-fold for aragonite, 8-fold for vaterite (Vecht
and Ireland, 2000)) then the free energy barrier to create a 6-fold coordinated calcium
carbonate complex, is the reduction of coordinated waters to the calcium atom down to 6
waters. After that, the free-energy penalty of dehydration is less significant since each water
molecule will ultimately be exchanged for carbonate molecule and the coordination number
will be preserved. Figure 5 depicts the path for expulsion of the 15t layer water, and the
shortening of the distance between the anion and the cation. The kinetics of the exchange of
water for a respective ion within the DL phase, to this final coalesced coordination of ions,
is important. If at the edge of the DL phase oxyanion ligands are exchanged for the water
residing on the cation at a rate which is so high that bound waters within the core of the DL
phase cannot exchange out fast enough the internal water could become trapped. Such a
trapping of water would disrupt the developing order of the solid phase and create an
amorphous rather than crystalline solid product.

5.3. Role of Additives and Proteins

At several points we have stated that various additives, polymers and proteins had a major
part in guiding crystallization via formation of a DL phase, and that the structure of the DL
phase is crucially dependent on the hydration layers that form around ions. Here we take the
Vekilov work (Vekilov, 2004) on lysozyme crystallization to present a detailed example. In
that case, addition of 4% NaCl (0.68 M) was required to form the DL phase for a lysozyme
solution at 70mg/mL concentration. Lysozyme, 14.5 kDa, (Svergun et al., 1998) has an
excluded volume of 17.4 nm3 and a single layer of bound water that has a density 15%
greater than bulk water (Svergun et al., 1998) (normal water density ~33 molecules/nm),
with ~440 bound waters for every lysozyme molecule. Thus, at a concentration of 70 mg/
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mL, ~3.8% of the water in the system would be bound, corresponding nicely with the ratio
of 0.57g H,O/g protein (Squire and Himmel, 1979). With the addition of 0.68 M NaCl the
contribution of the CI™ ion alone will remove an additional ~6.12% of the water from the
bulk and depending on the level of hydration the Na* ion will remove another ~7.35% to
22.3% of the water from the bulk, leaving ~76.61% to 82.73% of free water in the system.
The presence of inorganic ions suddenly provides a greater number of bound waters than the
protein itself. Despite likely having a lower activity than in solution, the mobility of the
lysozyme within the DL phase allows the protein to explore more energy favorable
conformations as achieved by both the chaotropic contribution of the NaCl and the
movement of bound waters within the DL phase due to the presence of the inorganic ions.
Additional changes to the solution conditions, such as pH and the introduction of a non-ionic
polymer (such as polyethylene glycol) (tenWolde and Frenkel, 1997; Vekilov, 2004;
Vekilov, 2010) to crowd the solution, could also contribute to the formation of the DL phase
by affecting the dynamics of bound vs. free water thereby reducing the free energy
difference between “mother liquor” (the initial supersaturated lysozyme solution), the
prenucleation aggregates, and the DL along the crystallization pathway. The addition of
other polymers or proteins to a salt solution creates additional interfaces and increases the
crowding of the system. Fayer has demonstrated that the addition of an interface regardless
of geometry or charge slows the orientational relaxation of water from 2.6 ps to ~15-20 ps
(Fayer, 2012). So not only is the amount of bound water increased with the introduction of
polymers or proteins, the residence time of those bound waters is also increased, thus the
introduction of polymers or proteins has an effect on the kinetics of the system.

In vivo, a biogenic mineralization system uses proteins and inorganic salts to contribute
cooperatively to facilitate a similar construction of a DL phase. As a biological IL or deep-
eutectic solvent the separation of the roles of proteins or small ions as either principal
components or as additives to the DL phase, though convenient, is not entirely practical. The
formation of a DL phase from the solution phase, is the result of an energy minimization of
the components involved (proteins, ions, clusters of ions, polynuclear oxo(hydroxo) bridged
structures, water, etc.) and is not created with the obligatory goal of forming a particular
crystal or aggregate. The composition of this deep-eutectic solvent, the biologically
mediated DL phase, will ultimately direct the end product, but the formation of a solid
phase, be it amorphous or crystalline, is the result of a further energy minimization of the
DL phase, governed by the exchange and ultimate removal of bound water. The
thermodynamically stable product is achieved by the path dependent regulation of the
kinetics of the system.

6. The Map to Crystallization

This section re-examines, and explains the conceptual map of crystallization (Fig. 1) from
the perspective of bound water. Figure 1 shows multiple pathways to the formation of
crystals from free ions, each pathway is associated with free-energy barriers governed by
both thermodynamics and kinetics. The simple picture of crystallization through the gradual
monomer-by-monomer assembly into a low energy 3D periodic array of unit cells is inspired
by the mathematical treatment of the kinetics by Becker and Doéring (Becker and Doring,
1935; Dreyer and Duderstadt, 2006). In reality chemical and physical reactions, including
crystallization are never “simple”. The additional crystallization pathways seen on the
continuum of coalesced states, Fig.1, have been introduced over the years by various
researchers with each pathway having its own proposed set of mechanisms. The common
three elements of these pathways, are: fluctuations in two order parameters (structure &
density), and the removal of water to the bulk state. Here we briefly show how each of these
pathways are described by their respective authors and then we show that all of these
pathways and these common elements, point to a transition of states that occurs via the
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movement of bound water, leading to a common conceptual phase diagram for these
crystallization pathways, Fig 6.

Before we continue, the term amorphous must first be defined. The term amorphous applies
to a material that is structurally non-crystalline (Eanes et al., 1965), with crystalline being a
material that has long range order. The distinction between amorphous and crystalline
becomes less clear the smaller a material becomes. A line can be drawn, where if a material
larger than a crystal nucleus does not have long range order it is amorphous; in the same line
of thought, any material smaller than crystal nucleus for that material, regardless of order, is
amorphous because it is not large enough to be a crystal. Loose aggregates (smaller than a
crystal nucleus), hydrated ion clusters, ion pairs, and liquids, by the strictest definition are
all amorphous. In an attempt to create a distinction and maintain clarity we refer to
amorphous solids as amorphous aggregates with the recognition that free ions, sub-nucleus
sized clusters and DL phases (both of which are prenucleation clusters), are all amorphous,
but will be addressed by their description and not as the general term of “amorphous”.

6.1. lons to Dense Liquid, Dense Liquid to Crystals

We have already described how the works by Rieger et al. and Wolf et al. (Rieger et al.,
2007; Wolf et al., 2008) demonstrated the possibility of creating a DL phase directly from
ions, through the densification of hydrated ions in solution into a viscous liquid state.
Inadvertently Faatz et al. demonstrated that all things being equal, the bifurcated pathway
between the formation of a noticeable DL phase (from ions) and the creation of a crystalline
phase directly from ions is created by affecting the kinetics of water movement in the system
(Faatz et al., 2005). When the solution was stirred rapidly, forcing the solvent and ions to
interact more readily, spherical particles (assumed to have formed from a liquid precursor)
were not seen, instead only calcite of differing morphologies was witnessed, while under
quiescent conditions the spherical particles were seen (Faatz et al., 2005). Additionally,
Faatz et al. demonstrated that higher temperatures produced smaller spherical particles
(Faatz et al., 2005), suggesting that heightened activation energy may have caused greater
water loss leading to smaller particles. In section 5 we have addressed, in detail, how ions
and clusters in the DL phase can transition to a crystal, through coupled fluctuation in
structure and density and a loss of water leading to formation of a critical crystal cluster n*
(where the driving force for growth and dissolution are in equilibrium), followed by a
nucleation cluster (n*+1) and then a growing crystal within the DL phase.

6.2. lon clusters, and Clusters to Dense Liquid

“Classical homogeneous nucleation theory assumes clustering of solute prior to nucleation”
(Larson and Garside, 1986a). In the absence of any quantifiable metric, ten Wolde and
Frenkel described the formation of a cluster as a function of the degree to which particles
were aggregated; if the distance between two clusters is less than 1.5a (where o is the
effective diameter of a particle) then the particles are considered to be a part of the same
cluster (tenWolde and Frenkel, 1997). On an atomic scale, a pair of Ca?* and PO,3~ ions
separated by a distance of ~0.5 nm (the diameter of water and a H-bond) would constitute a
cluster, making a collection of ions in the DL state a set of prenucleation clusters. A
compilation of studies where clusters of sub nuclei size have been discovered in agqueous
solutions is presented in Table 6 with a corresponding estimation of bound water base on the
hydration of the components for each study.

In 1986, prompted by the work of Mullin and Leci (1969), Larson and Garside examined
several aqueous supersaturated solutions in vertical columns (Larson and Garside, 1986a);
over time these solutions developed density gradients which corresponded to clusters
forming in the quasi-equilibrium of the solutions (Larson and Garside, 1986a). The
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researchers also determined that the less soluble substances only supported very small
clusters, while the greater the supersaturation, the larger the cluster size for a given
substance, additionally all the clusters observed were smaller than the size of a crystal
nucleus for a given substance (Larson and Garside, 1986a). Larson and Garside
mathematically showed that for small cluster sizes there is “a substantial decrease in the
surface tension for very small entities” and that this leads to a lower Gibbs' free energy
within a very small size range that is roughly an order of magnitude smaller than the size of
a crystal nucleus (Larson and Garside, 1986b; Sohnel and Garside, 1988).

In 1998 Onuma and Ito described the presence of 0.7-1.0 nm sized cluster in solutions of
calcium and phosphate, and described them as similar to the clusters originally detected by
Posner and coined the term “Posner's Clusters” (Onuma and Ito, 1998; Posner and Betts,
1975). In 2008 Gebauer et al. using a constant composition system, were able to establish
the existence of prenucleation clusters in calcium carbonate solutions, even in
undersaturated solutions (Gebauer et al., 2008). They report that the formation of clusters is
based on the idea that these clusters are thermodynamically stable (not metastable), in
agreement with the predictions by Garside and Larson. These clusters are the result of their
existence in a local Gibbs free-energy minimum shown in a free-energy diagram (Gebauer et
al., 2008) similar to the one proposed by Vekilov, involving a two stage nucleation process
where clusters are first formed at a local energy-minimum (like Vekilov's DL phase) and
then proceed over a small energy barrier to the crystalline state (supplemental Figure S1)
(Vekilov, 2004; Vekilov, 2010). Gebauer et al. describe an equilibrium that exists between
ions and clusters, but were unable to quantify the number of clusters or the number of ions
in clusters because of an excess of variables involved (Gebauer et al., 2008). Gebauer et al.
speculate that the cluster formation mechanism can be explained by entropic solvent effects,
where the release of water from the hydration layer of the ions, promotes stable cluster
formation (Gebauer et al., 2008). Gebauer et al. state that this collection of ions, and clusters
have “solute character” and hydration energy in lieu of surface tension despite the free
energy barrier that exists between ions and clusters (Gebauer et al., 2008). Yet, in contrast,
the consideration of hydration energy and the energies involved in the kinetics of water
exchange, in the context we have described, would provide for the existence of slow moving
bound water as the outer shell of the DL phase, serving as phase boundary for this collection
of clusters and ions.

In 2009 Pouget et al. examined cluster formation on functionalized surfaces with Cryo-TEM
(Pouget et al., 2009). In the solution, prior to the start of the experiment Pouget et. al. report
the existence of clusters coexisting with the free ions in solution, confirmed by
ultracentrifugation (Pouget et al., 2009) and consistent with the cluster-ion equilibrium
description and findings by Gebauer (Gebauer et al., 2008). After 2-6 minutes of CO, out
gassing, larger 30 nm clusters were observed (Pouget et al., 2009).

Dey et. al. examined “surface induced formation of apatite from SBF” using cryoTEM, and
showed the progressive formation of prenucleation ion clusters (Dey et al., 2010) similar to
those described by Posner (Posner and Betts, 1975). Dey et al. described isolated, nanometer
sized, prenucleation clusters ~0.87 nm + 0.2 nm in diameter. These clusters were long lived
at 25 °C, unlike the short-lived tiny CaCOg3 particles seen by Pouget et al (Pouget et al.,
2009), that later coalesced into “loose aggregated networks” at 37 °C (Dey et al., 2010).
From the TEM images, these loose aggregated networks can be described as similar to a
“collection of schooling fish” (Sommerdijk, 2010), an appropriate description of the DL
phenomenon. The authors explain how loose aggregations of prenucleation clusters exist in
equilibrium with free ions in an SBF solution (Dey et al., 2010) as previously described by
Gebauer et al. (Gebauer et al., 2008).
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Recently Habraken et. al. discovered a myriad of configurations for these ion clusters
(Habraken et al., 2013). In their observation of calcium phosphate solutions using cryo-
TEM, it was found that the first clusters to form were polynuclear oxo(hydroxo) bridged
structures, a familiar phenomenon in inorganic chemistry, which Habraken et al. describe as
polymeric aggregates (Habraken et al., 2013). These bridged structures were previously seen
(in a publication published online 10 days earlier) by Baumgartner et al. in solutions of iron
oxide (Baumgartner et al., 2013) and previously modeled by Demichelis et al. for calcium
carbonates (Demichelis et al., 2011). After a few minutes these polynuclear oxo(hydroxo)
bridged structures transformed into: nodules, aggregated spheres, aggregated spheres plus
“ribbons”, and finally took on the configuration of “ribbons” (Habraken et al., 2013).

6.3. lon clusters to Crystals

The transition from ion-pairs or small clusters to a crystalline state is not much different than
the transition from free ions in solution to a single crystalline phase. The transition will
occur through fluctuations in density and structure, in tandem or simultaneously; in the end
the clusters need to aggregate together and find registry with each other such that they
achieve aligned aggregation and the lowest possible free energy state. Having already
obtained a degree of density and order, the aggregation of prenucleation clusters, which
leads to a gain in surface enthalpy (as seen by Pouget et al. for the formation of amorphous
clusters (Pouget et al., 2009)), is likely a shorter path to crystal nucleation (in terms of
evolving order parameters) than building solely from constituent ions, and their aggregation
might be easily facilitated by agitation (since nucleation rate is low due to low free ion
supersaturation) (Habraken et al., 2013; Pouget et al., 2009; Sohnel and Garside, 1988). The
agitation would increase “greatly the probability [of nucleation] if several (say 2-10) clusters
coming into contact, coalescing and becoming larger than the critical size” (Larson and
Garside, 1986b) required to form a crystal.

This transition from clusters to crystal is mediated by water. Crystal formation from ion
clusters of course can occur via dissolution of the clusters followed by a reprecipitation,
which becomes less straightforward conceptually, if the solutes of clusters themselves are
already at an energy minimum below the free-energy of ions in solution (Gebauer et al.,
2008). It should be noted that one of the first ideas with regards to dissolution-
reprecipitation that comes from Posner et. al, (Boskey and Posner, 1973; Eanes and Posner,
1968; Eanes et al., 1965; Posner and Betts, 1975; Termine and Posner, 1970) proposes a
dissolution step base upon observation of visible precipitates (Eanes and Posner, 1968;
Eanes et al., 1965; Termine and Posner, 1970) and the kinetics of the ACP to HAp transition
(Boskey and Posner, 1973). However, all of this discussion was with regards to the
amorphous aggregates and not necessary the stable prenucleation clusters that made up these
aggregates; “it would be interesting to determine if the cluster remains intact in this
dissolution process or whether it must dissociate completely before HA is formed” (Posner
and Betts, 1975). If these clusters exist as or within a DL phase dissolution would not be
required. If the clusters do dissolve, and if they are of the same composition and structure as
the forming crystal, then such a dissolution reprecipitation would be termed Ostwald-
ripening (Boistelle and Astier, 1988).

Though Habraken et al. do not provide evidence for the direct cluster to crystal
transformation they do show time resolved images of the evolution from clusters to crystals.
Harbraken et al. go on to state that they do not rule out the possibility for a direct cluster to
crystal transformation, and indicate that the free energy state of theses clusters will impact
the ability to form a crystalline phase (Habraken et al., 2013). Habraken et al. further point
out that “to go directly from these complexes to the ordered crystal requires both more
extensive chemical transformations than needed for ACP formation, as well as structural
transformations that are not a factor in ACP nucleation” and that there may be a greater
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kinetic barrier to form a crystalline phase rather than an amorphous phase (Habraken et al.,
2013). In contrast Baumgartner et al. witnessed the “fusion of nanometer-sized precursors
concomitant with the formation of crystallinity without the intermediate formation of
amorphous bulk phase” and describe that the formation of these primary particles, prior to
this fusion, that have unique size and stability “may arise from the interaction of a Fe(ll)
ions with a ferrihydrite hydrogel that is formed locally in the initial stages of the reaction”
(Baumgartner et al., 2013).

6.4. lon Clusters and DL Phase to Amorphous Aggregates

These ion pairs and small clusters can further aggregate without a structuring order
parameter; the rapid loss of bound water would lead to a densification of clusters without
creating an ordered structure and lead to an amorphous aggregate. As demonstrated by Dey
et al. and Pouget et al. this densification (in the case of cAp) may require the presence of an
interface such as a Langmuir Bloget surface film of arachidic/stearic acid (Dey et al., 2010;
Pouget et al., 2009). Pouget et al. found that clusters < 4 nm, in solution aggregated to form
larger 30 nm clusters, but that larger clusters 70-120 nm formed on a functionalized
monolayer of stearic acid, demonstrating that densification can occur in solution but that the
presence of a monolayer may stabilize greater aggregation and densification (Pouget et al.,
2009). Dey et al. found clusters in solutions of SBF, and found that the aggregation of a
loose network of clusters into more dense amorphous aggregates only occurred with the
introduction of a substrate, despite the fact that “no information that supports true epitaxial
relation between the organic and inorganic phases” was found (Dey et al., 2010). In this
case, aggregation to the surface may have been mediated by the slow moving water at the
interface. While, site binding between the divalent Ca* and the acidic monolayer likely
promoted the removal of bound water and the subsequent dehydration of the DL phase to
form a more dense amorphous aggregate from the constituent hydrated ions and clusters.

Habraken et al. through thermodynamic calculations, assert that the formation of an
amorphous aggregate from small calcium phosphate clusters is energetically more favorable
than the direct formation from individual ions in solution due to the clusters having “a
certain excess free energy over that of the free ions that is associated with their surface (in
this regard they differ from the prenucleation clusters postulated in the calcium carbonate
system, which are said to be lower in free energy than the free ions)” (Habraken et al., 2013)

For the DL phase, as described earlier, the transition to an amorphous aggregate phase
occurs as a result of fluctuations in density (Vekilov, 2004; Vekilov, 2010) and a loss of
water (Faatz et al., 2005). As we have discussed, this transition would occur through the
rapid expulsion of bound water to the bulk water state. The trapping of internal waters
would lead to an internally disordered structure with respect to the crystalline phase. This
transition may occur with both the presence of (Dey et al., 2010) or in absence of a surface
(Pouget et al., 2009) depending on the experimental conditions.

6.5. Amorphous Aggregates to Crystals

The persistence of amorphous aggregates has been attributed to their structural frustration, in
that they may have regions of both disorder and order, but the order may “differ from that of
the bulk phase” (Meldrum and Sear, 2008). Though amorphous aggregates do not have as
much free-energy-benefit from both bulk and surface bond enthalpy as crystals, they are
disordered (with respect to the crystalline phase) and therefore their entropic penalty is not
high enough to cause dissolution. The lack of order makes it difficult to achieve any
enthalpic benefit in adding additional material to the surface and therefore they can not
support growth beyond a certain size. These restraints dictate that for a given material under
a given set of conditions an amorphous aggregate will be restricted to a certain size (Dey et
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al., 2010; Pouget et al., 2009). An internal structural rearrangement or an increase in long
range ordering of these amorphous aggregates lead to an evolution in the structural order
parameter, leading to an increase in density and anisotropy both in the shape of the particle
and in the surface energy, ultimately causing a crystal to grow from an amorphous aggregate
(Dey et al., 2010; Pouget et al., 2009).

The transition from an amorphous aggregate to a crystalline solid occurs through the loss of
water. In any solid-state diffusion or structural rearrangement without dissolution, a defect is
required. This packing defect can be a dislocation, a vacancy or void, and in an aqueous
system this defect can be internal waters. In all the cases of dissolution-reprecipitation,
solid-state transformation or a mixture of both mechanisms, it must be understood that it all
happens in the presence of water. In densification and the formation of structure, a pathway
for water exchange needs to be facilitated. All amorphous aggregates, hydrated or anhydrous
have a layer of hydration on the outside, whether a solid state diffusion of water forces the
migration of water from the inside to the outside of the aggregate or there is a slight/
complete dissolution (I p interchange) of one of the cation-anion bonds on the outside of the
amorphous aggregate a pathway for water exchange must be established. Once there is a
means for bound water expulsion, internal waters can exchange for internal cation-anion
bonds via | 5 exchange, leading to structural ordering and densification while the bound
water slowly migrates to the aggregate surface. Thus the loss of water leads to both
densification and structural ordering and crystallization.

The presence of a surface may facilitate densification or structural ordering or both. With the
introduction of a surface, the bound water surrounding a DL phase or amorphous aggregates
will interact with the bound water on a surface facilitating the movement of bound water
within the outer-sphere complex that is the aggregate and the surface, allowing the DL phase
or amorphous aggregate to densify even further. The mechanism for the transition, of either
the DL phase or an amorphous aggregate, to a crystal will involve the movement of water. If
the substrate is charged or has a charge distribution that is analogous to the ion distribution
on a particular crystal face, the outer-sphere complex can collapse to an inner-sphere
complex due to an | 5 exchange between the surface functionality and the densified DL
phase or amorphous aggregate as seen in the work by Dey and Pouget (Dey et al., 2010;
Pouget et al., 2009). Once a critical density is reached, the introduction of structural ordering
will lead to the formation of a nucleation cluster (Pouget et al., 2009).

Multiple site binding events on epitaxially related binding sites between the substrate and
the DL phase or amorphous aggregate will lead to the formation of a densified and
structurally ordered clusters, which can serve as a crystal nuclei with distinctly different
surface energy than the preceding amorphous phase and lead to crystallization as the system
seeks a lower free-energy state (Dey et al., 2010; Pouget et al., 2009).

6.6. A Common Conceptual Phase Diagram for Crystallization

The data for each of these systems discussed above, argue that the common feature for the
development of mineralization in aqueous systems is that the principal reaction is not strictly
defined by the ions that are being crystallized, but how the water itself can be ordered/re-
ordered to direct the development of the selection, and proper ion paring of the ions to the
minimum free energy state. In each of these examples that we have addressed we have not
only demonstrated that each of these various coalesced states can be connected to bound
water, and ultimately a DL phase, but that each of these states essentially exist on a
coordinate plane dictated by the two order parameters density and structure. Water
molecules have to be considered as direct participants in the crystallization of ionic species.
From this perspective, Figure 1 can be simplified to five states that have been seen in vitro
and that depend upon the different rates, or order of development of density and structure

J Struct Biol. Author manuscript; available in PMC 2014 August 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Dorvee and Veis

Page 25

and removal of water from the ions to the bulk phase, shown in Figure 6 as a common
conceptual phase diagram for crystallization. As an example, five possible pathways have
been shown in Figure 6 but many more paths than these can be drawn through this diagram.
Three of the pathways shown pass through the dense liquid state and are the most likely
pathways to occur in vivo due to the crowded water found in aqueous biological systems.

7. Mineralization of Collagen Matrices

Obviously, the prior discussion has presented the argument that a universal consideration
must be the interactions that control the formation of the aqueous DL phase. However it is
also clear that the nature and composition of the hydrated interface to be mineralized, and
the concentration and the particular properties of other salts or polymers in the aqueous
solution all need to be factored into each case. We consider three components particular to
bone and dentin: 1) the hydration structure of the densely packed native fibrous collagen
tissue; 2) the hydration and structure of the acidic polyelectrolytes of the DPP type; and 3)
the control of specific loci for mineralization within the collagen fibrous tissue.

7.1. The Suitability of the Dense Collagen Matrix for Mineralization

The unique quarter stagger — overlap structure of the collagen fibril creates channels which
penetrate the interior of fibril: and in bone and dentin these become filled with platy crystals
of cAp. Additional cAp is deposited in larger aggregates in the interfibrillar spaces (Veis,
2003). There are two areas of hydrated interfaces within the fibril, the interface of the
interior intra-channel hydration layers, and the exterior interface with the ECM water at the
external surfaces and crevasses of the triple-helical molecule (Fullerton and Amurao, 2006).
The platy intrafibrillar crystals within the intrachannel are on the order of 2 to 3 nm thick
(Boothroyd, 1975; Landis et al., 1996; Weiner and Price, 1986; Weiner and Traub, 1992).
The key point is that the in vivo collagen fibril system is established and already organized
as packed fully hydrated fibrils in the osteoid or predentin before mineralization is initiated.
For mineralization, this system requires an additional mechanism for either: the delivery of
the calcium and phosphate ion moieties to be added at the mineralization front, or the
presence of inhibitors of mineralization in the osteoid or predentin. In fact, both possibilities
have support. The ECM of the osteoid and predentin is rich in sulfated glycosaminoglycans
(GAGS), which do inhibit mineralization by complexing Ca?* ions. Analyses of the
predentin matrix showed that it contained more GAGs than the mineralized phase ECM, and
(at the mineralization front) a high content of chondroitinases (Carmichael and Dodd, 1973;
Dodd and Carmichael, 1979) that degrade the GAG chains before they enter the mineralized
dentin. The phosphophoryn, on the other hand is excluded from the predentin and enters
directly from the dentinal tubules only at the mineralization front (Rabie and Veis, 1995;
Weinstock and Leblond, 1973; Weinstock and Leblond, 1974).

Odontoblasts and osteoblasts maintain a non-mineralized cell surface ECM territorial
collagenous matrix. These cells regulate mineral formation by adding and then removing
inhibitors and then localize the delivery of tissue specific components required (creating the
localized prenucleation clusters) required for mineral deposition to create a mineralization
front. At the same time the matrix has to be capable of specifically regulating the ordered
growth (size, placement) of the ultimate apatite crystals. The dense collagen fibril matrix
with its dense liquid single hydration layer (Fullerton and Amurao, 2006) reduces the
mobility of the water and hence inhibits the final growth of the crystal nuclei, but favors the
migration of the prenucleation clusters into the larger gap-region channels. In vivo the water
in a collagen tendon is ~62 % bound water (Fullerton and Amurao, 2006). Dry, the diameter
of gap-zone channel within a collagen fibril is 1.2 nm, with the addition of water this
diameter shrinks by 0.57-0.72 nm (depending on whether the walls of the channel are polar
or non-polar) due to the layer of bound water within the channel (Fullerton and Amurao,
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2006). The average distance between the hydrated walls of the channels (~0.655 nm) would
only facilitate a single water molecule participating in H-bonding, or two water molecules
packed so close they can not H-bond. It is easy to see that most, if not all the crowded water
in this gap-zone channel is bound water. The water within these fibrils must be replaced by
the mineral component (Price et al., 2009), leading to the development of the thin, platy
cAp, so characteristically aligned with the fibril periodicity.

7.1.1. Collagen Mineralization Without Macromolecules—Modeling and detailed
analysis of the structure of collagen, shows that collagen fibrils have the capability to
nucleate mineral on their own (Katz and Li, 1973; Landis and Silver, 2002; Landis and
Silver, 2009; Mertz and Leikin, 2004; Orgel et al., 2011; Posner et al., 1978; Silver and
Landis, 2011; Silver et al., 2001). The counter argument which has plagued this conclusion
is why doesn't it? (Liu et al., 2011; Stetlerstevenson and Veis, 1986; Stetlerstevenson and
Veis, 1987; Zeiger et al., 2011). Why is it that when collagen is placed in either SBF or
highly saturated mineralizing solutions without macromolecular additives, does it not
mineralize in the same way we see mineralized collagen in vivo (Deshpande and Beniash,
2008; Nudelman et al., 2010; Olszta et al., 2007; Price et al., 2009)? In these relatively clean
in vitro systems, mineral forms on the outside of fibrils not within them (Deshpande and
Beniash, 2008; Liu et al., 2011; Nudelman et al., 2010; Olszta et al., 2007; Price et al., 2009;
Zeiger et al., 2011). The answer is in the kinetics of bound water exchange vs. the kinetics of
mineral nucleation. If the rate of mineral formation is greater than the I o/l o exchange of
bound water within the fibrils for inorganic ions in solution, then mineral will form exterior
to the fibrils. If there is a mechanism for ion delivery and a facilitation (such as a regulated
DL phase) of this bound water exchange between the exterior ions and the bound water with
the fibrils, then mineralization within the fibrils can occur.

The only reported successful in vitro mineralization of collagen, in the absence of
macromolecules, occurred under conditions where the collagen matrix was placed under
dialysis for 2-3 weeks prior to placement in a highly saturated mineralizing solution (Wang
etal., 2012). In many of these clean systems the concentration of reactants used is 1.5 times
the concentration of SBF formulation as described by Kokubo and Takadama (Bohner and
Lemaitre, 2009; Kokubo and Takadama, 2006), composed of ~90% bulk water; while just
calcium and phosphate at SBF concentrations is ~99% bulk water. In SBF there are no
polymer additives, nor proteins to provide added interfaces to crowd the water and slow the
rapid exchange of bound water within any DL phase that may form. Under such conditions
the DL phase would be short lived, in favor of a solid phase, while in contrast, the
introduction of more ions or additives to provide additional interfaces would regulate the
activity and serve to extend the lifetime of the DL state.

In the experiments by Wang et al (Wang et al., 2012), only a specific set of conditions made
it possible to achieve intrafibrillar mineralization of collagen without the use of
macromolecular additives, shown in Table 7. Wang et al. slowly injected a collagen solution
into a dialysis system, to concentrate the collagen solution over the course of 12-16 days
(Wang et al., 2012). The pH of the initially acidic solution was then raised to 9-10 by
ammonia gas over an additional 4-8 days (Wang et al., 2012). This process was designed to
concentrate the collagen well into the liquid crystalline regime, to mimic the structure and
hydration state of collagen found in vivo (Giraudguille, 1989; Giraudguille, 1992; Wang et
al., 2012). Due to various conditions for the preparation and ultimate mineralization of the
collagen matrices the calculations for the amount of free water shown in Table 7 are
presented as a range, based on conservative estimations that take into account the effect of
acetic acid (Fedotova and Kruchinin, 2011), the dialyzing agent PEG 35kDa (Branca et al.,
2002), and assuming the system reaches an osmatic equilibrium.
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The Coll/CHA/SBF matrix, was the only matrix that successfully achieved mineralization
throughout the collagen fibrils with a mineral to matrix content of ~50% (similar to that of
bone) and achieved a WAXD pattern similar to that of hydrated two-year-old sheep bones
(Wang et al., 2012). Under the conditions where a density gradient was created in the
collagen matrix (Coll-grad/CHA) the results show the importance of a heavily hydrated
liquid crystalline domain in collagen. The region of low density collagen (~20 mg/mL)
showed spherulitic cAp crystals, while in the high density region (above ~80 mg/mL)
“uniform mineral coating was observed” (Wang et al., 2012).

Wang et al demonstrated that through a biomimetic trick of selective bulk water expulsion,
they were able to manipulate the amount of bound water in the system to create not only a
collagen matrix existing in the liquid crystalline state, but a situation that promoted the
formation of a DL phase for the calcium phosphate salts leading to mineralization within the
liquid crystalline collagen matrix. Though it is possible to mineralize collagen fibrils without
the aid of macromolecules, concentrations of ions higher than physiological were required.

7.2. Polyelectrolytes Enhance Intra-Fibrillar Collagen Mineralization

Non-Collagenous Proteins (NCPs) have been known for years to be related to mineralization
invivo (Veis and Perry, 1967), and have been speculated to be the means by which mineral
forms in vivo (Boskey, 1989a; Boskey, 1989b; Boskey, 1989c; Boskey et al., 1989;
Deshpande and Beniash, 2008; George and Veis, 2008; Price et al., 2009; Stetlerstevenson
and Veis, 1986; Stetlerstevenson and Veis, 1987; Veis and Perry, 1967). Using dentin as the
dense collagen matrix model, it has been hypothesized that DPP is the dentin NCP that
participates in sequestering Ca ions and localizing apatite mineralization within the collagen
fibril (George and Veis, 2008; Stetlerstevenson and Veis, 1986; Stetlerstevenson and Veis,
1987; Veis and Perry, 1967).

In solution NCPs are Intrinsically Disordered Proteins (IDPs) (Uversky, 2002) and recent
examinations of these mineral-associated proteins show that they lack the periodic structure
even when adsorbed to crystals (Hunter et al., 2010). Attention has turned to the idea that
protein involvement with minerals is due to “a general electrostatic attraction rather than
arrays of complimentary charges” (Hunter et al., 2010), specifically these examinations
suggest that structure is not necessary for electrostatically mediated binding of a
polyelectrolyte to a mineral face. Instead a flexible conformation of the polyelectrolyte is all
that is minimally required for polyelectrolyte mineral interaction known as the “flexible
polyelectrolyte hypothesis” (Hunter et al., 2010). Given such considerations we turn a
generalized examination of polyelectrolytes.

In in vitro systems where polyelectrolytes are added to mineralizing solutions, mineral is
seen forming within these collagen fibrils (Deshpande and Beniash, 2008; Liu et al., 2011;
Nudelman et al., 2010; Olszta et al., 2007; Price et al., 2009; Zeiger et al., 2011). There are
several explanations put forth to explain this phenomenon: “mineralization by inhibitor
exclusion” where mineralization is inhibited everywhere except within the fibrils (Nudelman
et al., 2010; Price et al., 2009); to crystals of a specific size that are nucleated outside the
fibrils and then delivered to the interior of the fibrils (Deshpande and Beniash, 2008; Kirsch,
2012; Nudelman et al., 2010; Price et al., 2009); to cooperative actions between the
polyelectrolytes and the collagen to promote mineralization within the fibrils (Olszta et al.,
2007). But the fate of the polyelectrolyte in such cases has not yet been fully addressed
(Olszta et al., 2007). In our view, common to each of these systems is the role of
polyelectrolyte as a hydrated interface, a regulator of the DL phase.

7.2.1. Polyelectrolytes and lons—Polyelectrolytes are considered weak electrolytes
because their counterions are never fully dissociated from the polyion backbone chain

J Struct Biol. Author manuscript; available in PMC 2014 August 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Dorvee and Veis

Page 28

(Manning, 1979). These counterions are not explicitly fixed to the polyions. Nevertheless,
the self-diffusion coefficient of the counterion is equal to that of the polyion; the counterion
and polyion move together as if the counterion was bound to the polyion without having a
direct binding to each other. The activity coefficient (osmotic coefficient) of the
polyelectrolyte salt is sharply reduced from that which would be obtained if the ions were all
“free” in solution. If the osmotic coefficient was measured to be 0.4, for example, that would
be equivalent to 60% of the counterions bound, with 40% free (Manning, 1979). This
interaction between the counterion and the polyion is the result of mutual perturbation of
their hydration layers detectable by changes in volume, ultrasonic absorption, index of
refraction, and magnetic spin resonance (Manning, 1979). A counterion can either be “site
bound” to a specific point charge site, forming what we have described earlier as an inner-
sphere complex or solvated ion pair, or the counter ion can be “territorially bound” to any
point along the polymer length forming an outer-sphere complex or solvent sharing ion pair
where the two species are separated by a hydration layer. In territorial binding the
counterion is trapped by the hydration layer surrounding the polyion, but is free to wander
along the polyion surface (Manning, 1979) until the counterion is eventually dehydrated and
site binds to a point charge.

7.2.2. Charge Satisfied Site Binding—The idea of divalent counterions site bound to a
polyion has become intuitive in biomineralization, where it is well accepted that acidic
residues play a role in mineralization (Addadi and Weiner, 1992), likely due to the
interaction of these residues with calcium ions. In actuality the strong binding of counterions
such as Mn2* and Co?* to a polyacid such as polyphosphate results in only half of the
counterions undergoing complete dehydration leading to covalent site binding, the other half
of the counterions are territorially bound (Karenzi et al., 1979; Manning, 1979; Spegt and
Weill, 1976). Additionally, since the polyion is seen as a large ligand with a distributed
charge density, the initial interaction between the polyion and the incoming counterion is
primarily a territorial binding event (Manning, 1979). Thus the amount of exclusively
available sites for counterion binding is not necessarily correlated 1:1 to the number of
counterions that can be bound to the polyion. This still gives rise to the correlations that
polyacids in solution bind up calcium ions, sequestering them, thereby inhibiting
mineralization, but highlights that territorial binding of counterions to a polyion hydration
shell needs to be considered in polyelectrolyte dynamics

7.2.3. Territorial Binding—Territorial binding is marked by the change in the counterion
correlation time as compared to the free ion (Spegt and Weill, 1976). A polyion can be
thought of as a linear array of unit point charges q with constant spacing b between charges
(bearing univalent charged groups) taken along the contour length of the polymeric chain
(Manning, 1979). To calculate the electrostatic free-energy Gg of polyelectrolytes a
statistical mechanical approach is required (Manning, 1979), described by the following
equation:

Ga= — np,RT(1 — N6 ,)*¢[In(kb)+0(x)] (Eqn. 4)

where nj, is the total number of moles of the univalent charged groups on the polyions, Ris
the gas constant, T is temperature in degrees Kelvin, N is the valance number of counterions
in the system, & is the number of bound counterions per charged group fixed to a polyion, &
a dimensionless measure of the linear polyion charge density as defined by Manning
(Manning, 1979), k is the Debye screening parameter that is proportional to the square root
of the ionic strength and b is the distance between point charges on the polyion.
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The chemical potentials y for free counterions and z4, for bound counterions can be
described by the following:

pr=p3+RTIncy  (Eqn.5)

with ¢; the molarity of free counterions in solution and

wy=py+RT+RTInvy,cp  (Eqn. 6)
with the extra RT term originating from the standard osmaotic contribution to the chemical
potential of the bulk solvent, and the activity coefficient of bound counterions y, “derived

from the electrostatic free energy required to form the linear arrays of charge together with
the counterions bound to them” (Manning, 1979).

RTInvy,=2RT(1 — N6, )N¢[In(kb)]  (Eqn7)

and ¢y, is the local molarity of territorially bound counterions

106,
v,

Cp= (Ean 8)

Vp is the volume of the bound region in cm3/mol of polyion equivalent since the
translational mixing of bound counterions occurs within the region of npVp close to the
polyion (Manning, 1979).

The territorial binding of counterions MN* to a polyion, where MN* (free) — MN* (bound),
formulated as a change in chemical potential 4z = 149~ can be given by

C
Ap=6p*+RT+RT % 0o
cf

where §°= 14,%-14° is the measure of change in solvation free energy of the counterion as it
passes from the free to the bound state.

7.2.4. Charge Unsatisfied Site Binding—Site binding is defined by the loss of water in
the counterion first hydration shell (Spegt and Weill, 1976), requiring dehydration, to
transition from an outer-sphere complex (territorial binding) to an innersphere complex, but
the end product does not necessarily require the quenching of charged species.

A Lewis Acid-Base substitution reaction between a hydrated cation and an uncharged lone-
pair on a polymer (protonated acid group, primary amine, carbonyl, ester, etc.) would result
in a non-charge satisfied, site binding event (a dative bond). As an example, calcium cations
interacting with a chain of protonated poly-acid could eventual site bind to the lone pairs on
the oxygen of the carbonyl and the structural charge of the polymer would transition from
neutral to positive because the charge on the cation would not be quenched.

7.2.5. The Role of Polyelectrolytes in Collagen Mineralization—The use of

polyacidic homopolymers in a synthetic construct to facilitate controlled biomimetic
mineralization in vitro via a liquid-like precursor, is the primary strategy in what has been
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termed Polymer Induced Liquid Precursor or PILP (Dai et al., 2008; Gower and Odom,
2000; Olszta et al., 2007). Though in general any synthetic polyacidic homopolymer used to
facilitate a liquid-like biommetic mineralization precursor can be termed PILP or PILP-like
(Deshpande and Beniash, 2008; DiMasi et al., 2006; Liu et al., 2011), or more generally a
deep-eutectic solvent, the traditional homopolymer used in PILP is poly(aspartic acid)
(pAsp) (Dai et al., 2008; Gower and Odom, 2000; Olszta et al., 2007). It has been shown
that the implementation of PILP and PILP-like strategies, which use a wide variety of
polyacid-homopolymers, can drive mineral in a biomimetic capacity to form within collagen
fibrils rather than exclusively on the surface of the fibrils (Deshpande and Beniash, 2008;
Liu etal., 2011; Olszta et al., 2007). The technique of using a polyacidic homopolymer in
collagen mineralization has been recently employed in the tissue engineering of dentin
bonding materials (Tay and Pashley, 2009) and the biomimetic silicification of
demineralized hierarchical collagenous tissues (Niu et al., 2013).

The specific experimental strategies for these models vary as shown in Table 8. The amount
of bound vs. free water in each of these systems can be easily estimated given the
experimental conditions and assuming hydration levels are ~25 H,O/molecule of either
HEPES or Tris, and ~200 H,O/molecule pAsp (based on data for PEG) (Branca et al.,
2002), and are shown in Table 8. In each of these models, mineralization occurred within the
fibrils rather than on the outside. In a few of these cases researchers were able to see an
amorphous phase develop within the fibrils prior to crystallization using TEM (Deshpande
and Beniash, 2008; Nudelman et al., 2010; Olszta et al., 2007)

In each of these cases, what we have described as a DL phase was formed with a small
concentration of ions and a small amounts of polymer additives, and as little as 1.2% of the
system containing bound water. Cryo-TEM of some of these pAsp calcium phosphate
aggregates (Nudelman et al., 2010) reveal morphologies very similar the to emulsion-like
state referred to by Luft et al. (Luft et al., 2011) and demonstrated by Rieger et al.(Rieger et
al., 2007).

Kinetically, taking into account that the diffusion of counterions within the hydration shell
along the polyion backbone will be more rapid than the exchange of the territorially bound
ion with the bulk solution, and the extended residence time of water on the polymer as
compared to the bulk; the territorial binding of ions with the polyelectrolyte extends the
lifetime of DL phase. PILP, and other PILP-like systems employ the same biomimetic trick
of removing bulk water similar to the previous polymer-free systems by Wang et al. (Wang
et al., 2012), but they do so on a local scale, and more efficiently than globally removing
bulk water. The polyelectrolyte facilitates the formation of a DES mixture between polymers
and ions, where all bulk water is expelled (a dehydration while still in solution (Gower and
Odom, 2000)), leaving the fluidity of the system to be dictated by the bound water, “the
higher the pAsp concentration, the higher water content” (Dai et al., 2008).

pAsp does not exist in vivo, and homopolyers such a pAsp do not have collagen binding
regions, as a result their interaction with the collagen is non-specific, and requires the use of
polyelectrolyte concentrations greater than the physiological concentrations of NCPs such as
DPP. The closest biological analog to the polyacidic homopolyelctrolyte pAsp would be
polyphosphate, which has been hypothesized as a key component to biogenic mineralization
(Liu et al., 2011; Omelon and Grynpas, 2011; Omelon et al., 2008; Omelon et al., 2009;
Omelon and Grynpas, 2008; Orrielon and Grynpas, 2007). For biomimetic studies, it should
be noted that the key differences between pAsp and polyphosphate is the linear charge
density. Given the number of point charges g along the polymer backbone and given that the
average distance b between charges is shorter for polyphosphate than pAsp, the linear
charge density for a polyphosphate is greater than pAsp. As a result, for a given chain
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length, the total concentration of pAsp would have to be greater than an equivalent chain
length of polyphosphate to achieve the same amount of site-bound/territorial bound
counterions.

7.3. The Role of Specific Site Binding on the Collagen Matrix

7.3.1. The General Role of NCPs—NCPs, as anionically charged biomacromolecules,
have been attributed to both mineral nucleation and mineral inhibition (Deshpande and
Beniash, 2008; Nudelman et al., 2010; Price et al., 2009), largely dependent on the
concentration, degree of phosphorylation, and the context in which they have been examined
(in solution, in hydrogels or on substrates) (Boskey, 1989a; Boskey, 1989b; Boskey, 1989c;
Boskey et al., 1989).

NCPs have a distinction over homopolymers, due to their heterogeneity, and not because
they have structure, since in solution the strongly acidic SIBLING proteins found to be
related to mineralization (of which DPP, DSP DMP1, BSP and OPN are members) are
intrinsically disordered. The distinction of such proteins is that they have sequences
containing hydrophobic side chains and basic side chains, which as IDPS offer the
possibility of unordered domains that provide specific site binding of the SIBLING to
collagen.

Like all polyelectrolytes, these proteins serve as an interface for bound water, but the
distinction is that proteins because of their composition can be biologically targeted (George
and Veis, 2008). As a polyelectrolyte, the counterion to the protein can be on the protein
itself, such as a basic region (Manning, 1979), which causes the protein to move and take on
particular confirmations with respect to its interaction with hydration layers. The counterion
to the protein can also be a complimentary protein such as NCPs to collagen. pAsp when
adsorbed to collagen inhibits mineralization (Zeiger et al., 2011), unlike bone sialoprotien
(BSP). BSP is not only a strong mineralization promoter but has a specific collagen binding
motif and has been shown that its capability as a nucleator is better when bound to collagen
(Baht, 2008). pAsp does not participate in targeted site binding to collagen, and unlike BSP,
the indiscriminate binding of the —-COOH motif on pAsp seems to cause mineralization
inhibition on pre-treated collagen (Zeiger et al., 2011).

Most of the biomineralization studies involving both collagen and NCPs have been
performed in hydrogels (Baht, 2008; Boskey et al., 2000; Boskey, 1989a; Boskey et al.,
1989; Boskey et al., 1990; Boskey et al., 1997; Boskey et al., 1993; Hunter and Goldberg,
1993; Hunter et al., 1994; Hunter et al., 1996; Hunter et al., 2000; lijima and Moradian-
Oldak, 2004; lijima and Moradian-Oldak, 2005; lijima et al., 2001; lijima et al., 2000; lijima
et al., 2002; Silverman and Boskey, 2004); there have only been a few studies that have
focused on the direct mineralization of collagen fibrils under a solution in the presence of
NCPs (Nudelman et al., 2010; Price et al., 2009).

The mineralizing conditions for achieving collagen mineralization with NCPs, together with
the amount of free water available in each system is shown in Table 9. In mineralization
studies using the glycoprotein fetuin, solutions containing calcium and phosphate up to 5
times the concentrations found in SBF resulted clear solutions that would have otherwise
begun to show cloudy precipitation without the fetuin (Price et al., 2009).

When placed in mineralizing solutions containing fetuin, collagen matrices (both
demineralized and natively unmineralized) became mineralized within the fibrils appearing
as they do in vivo. Without fetuin mineral formed in solution with barely any mineral
forming within the collagen matrices (Nudelman et al., 2010; Price et al., 2009). In
comparison to studies using pAsp as an electrolyte, while using fetuin researchers were

J Struct Biol. Author manuscript; available in PMC 2014 August 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Dorvee and Veis

Page 32

unable to see the transient ACP precursor at any stage prior to the mineralization of the fibril
as they had seen in their studies using pAsp; they speculated that mineral deposition with
fetuin “occurs through a different mechanism”(Nudelman et al., 2010).

Studies using the c-terminus of DMP1 (C-DMP-1) a known promoter of mineralization with
a collagen binding motif, revealed that despite having both apatite nucleation sites and a
collagen binding domain, C-DMP-1 alone did not stimulate the formation of mineral within
the collagen fibrils. The addition of pAsp was needed in order to achieve collagen
mineralization using C-DMP-1 (Nudelman et al., 2010). The combination of C-DMP-1 and
pAsp increased rate of mineral deposition as compared to pAsp alone, with “substantially”
heavy mineralization within 24 hrs, as opposed to pAsp alone where crystallization did not
start until after 48 hrs (Nudelman et al., 2010). Much of this data suggests that the apatite
nucleation sites on C-DMP-1 may serve to accelerate crystallization kinetics, destabilizing
the DL phase by facilitating nucleation and leading to a cascade dehydration of the DL
phase. C-DMP-1 alone causes crystals to form outside the fibril (accelerating crystallization
kinetics) while pAsp (as a promoter of the liquid phase) would aide in slowing the kinetic
effect of C-DMP-1; slowing the process enough to allow mineral to form within, rather than
on the fibrils, albeit at a faster rate than using pAsp alone.

7.3.2. The Specific Role of DPP—As stated before, pAsp (an acidic homopolymer)
does not exist in vivo. pAsp does not have a collagen binding motif. Nudelman et al.
(Nudelman et al., 2010) has shown that despite having: a collagen binding motif, two apatite
binding sites (likely containing up to 5 phosphorylated serines,), 15% Glu residues and 12%
Asp residues, that C-DMP-1, missing two-thirds of the total DMP-1 sequence, was unable to
promote mineral formation within the collagen matrix on its own. Yet Nudelman et al. found
that the combination of the C-DMP-1 binding motif and an acidic homopolymer (pAsp)
produced mineral within the collagen fibril at a faster rate than pAsp alone. The work of
Nudelman et al. highlights the importance of not just a polyacid, but also the importance of a
collagen binding motif in collagen mineralization.

Although collagen is type | in both bone and dentin, bone is rich in DMP1, BSP and OPN
while dentin is overwhelmingly rich in DPP. In bovine dentin, DPP has 1130 residues, 40%
(452) are aspartic acid, 45% (518) are phosphorylated serine residues (Sabsay et al., 1991).
DPP also has a collagen binding motif. Thus, DPP is a polyAsp-polyphosphorylated acidic
heteropolymer, that binds to collagen. The PO4/COOH ratio for DPP is >1, whereas the
bone SIBLINGS have PO4/COOH 1. Given this ratio, DPP has 1.3 times the charge
density available for hydrated ion binding (both site and territorial) over the bone
SIBLINGS. We propose that in-vivo the interaction of divalent cations with phosphorylated
DPP is likely to produce a higher Ca binding, in general, delivering more Ca to the collagen
matrix, as compared to BSP or OPN, and possibly contributes to a faster rate of dehydration
of the DL phase. Comparatively, if the polyelectrolyte is an inorganic polyphosphate of the
same size, the Ca sequestration by the polyphosphate should lead to inhibition (Hoac et al.,
2013). If in such a case where polyphosphate is used it would create a DES of ions and the
polymer; and if collagen mineralization happens to occur, it would likely proceed in a
manner similar to the synthetic PILP processes, which as discussed earlier is absent a
collagen binding motif.

DPP has been clearly demonstrated to bind to specific sites along collagen molecules (Dahl
etal., 1998; Traub et al., 1992). In vitro binding experiments show that any non-specific
binding of DPP to collagen is very DPP concentration dependent. The isoelectric pH of
native collagen is pH ~9, so the collagen at physiological pH has a slight positive charge,
enhancing electrostatic interaction with DPP. In bovine dentin, there is approximately only 1
DPP molecule for every 5 collagen molecules. When an NCP like DPP first comes into
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contact with a collagen fibril, a DL existing within the territorial matrix of the protein
combines with the hydration layer on the densely packed collagen fibrils, creating a
territorial binding event, with the collagen fibril serving as the parent polyion and the protein
serving as the complex counter ion. Eventually specific collagen site binding (like BSP in
section 7.3.1) occurs between DPP and the e-band on collagen, providing the lowest free
energy path within the DL phase for the development of the crystal phase within the hole
zones as well as along exposed fibril surfaces of the collagen network.

Thus in vivo the localization of the DPP to a particular site within the fibril, either at the
central gap e-band position (Traub et al., 1992), or at the nearby a-band boundary of the
overlap region (George and Veis, 2008) may provide for an increase in DPP concentration at
the gap-region, and lead to the nucleation of crystals (as we discussed with the work by
Nudelman in section 7.3.1), so that growth can proceed without additional DPP.

Broadening the discussion to bone, Addadi and Weiner, (Addadi and Weiner, 1992) have
pointed out that many of the proteins implicated in mineralization do not have unusually
acidic compositions and argued that the interaction between the growing mineral and the
polyelectrolyte or other polymer need not be specific. This is entirely consistent within the
context of our proposed theory of DL phase promotion by polyelectrolytes, polymers or
interfaces. A mineral associated protein does not need to be involved with epitactic
nucleation of the mineral or even registry with a regular crystal lattice in order to promote
DL phase formation. The ability to promote the formation of the DL phase and the ability to
promote the nucleation of a crystalline mineral phase may be two different roles of a
polyelectrolyte molecule.

8. Summary and Conclusions

The Weiner laboratory emphasized that crystal development in biomineralization must pass
through an intermediate coalesced state (or states) and proposed that this was an amorphous
solid phase which then transformed to the final crystalline state; specifically ACP to cAp or
ACC to Aragonite or Calcite. They and many others did not focus attention on the nature of
the initial densification process. But they did recognize that as the system spontaneously
reached a lower state of free energy through crystallization that excess solvent needed to
some how be removed at the same time. The purpose of this presentation is to show, in both
apatite or carbonate systems in vivo, that densification follows a free energy trajectory in
aqueous solutions in which ions and prenucleation clusters aggregate and proceed through a
non-solid DL phase. Through coupled fluctuations in structure and density and a loss of
water, critical clusters, n* (where the driving forces for growth and dissolution are in
equilibrium) form. The prenucleation clusters of ions can grow further by single ion
additions or by aggregation with other clusters that may increase in size in the DL to n*+1 (a
nucleation cluster). This sequence can repeat itself more than once for multiple phases,
eventually leading to a crystalline phase which has a lower cost (compared to within a
solution) for further growth within the DL phase. The kinetics of the further densification
and dehydration reaction is critically dependent on the state of the hydration of the
interacting ions, and as discussed, this is affected by the composition of other components of
the bulk solution and the ambient temperature. Thus we have focused this work not on
crystallization itself but on the removal of water in this process.

In vivo, a biogenic mineralization system uses proteins and inorganic salts to contribute
cooperatively to facilitate the construction of deep-eutectic solvent, a DL phase. The
hydration structure of a biopolymer or protein matrix provides the information which
dictates where the crystals grow within the protein matrix. The composition of this
biologically mediated DL phase, will ultimately direct the end product, but the formation of
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a solid phase, be it amorphous or crystalline is the result of a further energy minimization of
the DL phase, governed by the exchange and ultimate removal of bound water. The
specialized structure of the collagen fibril, and the gap region spaces, have an arrangement
of surface (1%t layer) bound water particular to the D-periodic deposition of a dense liquid,
which can facilitate a preferential pathway to crystal growth within the gap region. The
presence of DPP at the border or within the gap zone (as revealed by the electron
microscopic data) and its polyelectrolyte character with mobile territorially bound Ca2* and
the equally territorially bound, mobile, counter ion PO43~ can provide the enhanced,
localized, concentration required for apatite nucleation within the localized DL associated
with the collagen fibrils. The final peeling away of these localized hydration layers provide
the mechanism of formation of biogenic minerals.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

A conceptual map of various crystallization mechanisms found in literature that all follow
classical nucleation theory, where the formation of a crystal is the result of a discontinuous
phase transformation from one defined state to another. In the case of crystallization, this
phase transformation can be broadly defined as the progression of a system of hydrated ions
from pre-coalesced phase to a coalesced phase. The general non-mechanistic pathway as
outlined by J. W. Gibbs is shown in the uppermost curve connecting pre-coalesced free ions
to fully coalesced crystals. All other mechanistic descriptions (shown in hexagons) are
diagramed with attributions (in circles) and distinguished by the various steps (designated by
“road signs™) required (by the attributors) to achieve the transition from one state to another.
The corresponding section of this article are labeled in red.
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Figure2.

The relative free energy of hydration (kcal/mol) (Ikeda et al. use AF in lieu of AG) as
compared to a global minimum set to zero, plotted as a function of water coordination
number for both calcium (a) and magnesium (b). reprinted with permission from (Ikeda et
al, 2007)
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Figure 3.
A diagram of hydration layers around a metal ion (a) showing the first (b), second (c) and
third (d) hydration layers surrounded by bulk water (e).
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Figure4.

Reconstruction of the arrangement of water around four ions: calcium (a. & e.), phosphate
(b. & f.), carbonate (c. & g.), and magnesium (d. & h.). a.-f. show reduced sized water
molecules to highlight bond angles and molecular arrangements. e.-h. show full sized water
molecules to demonstrate space-filling and crowding by the water molecules. These
configurations illustrate the momentary immobilization of water around these ions. The
oxygens of the 15! layer waters are shown in light green, the oxygens of the 2" layer waters
are shown in dark blue. Center-to-center bond lengths for a given aqua-ion are the same for
both sets of renderings. (Pavlov et al, 1998, Pribil et al, 2008)
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Figureb5.

The aggregation and water expulsion from two hydrated ions (a) phosphate and calcium.
The initial aggregation (b) starts with the hydrogen bonding between the two outer hydration
spheres of the ions followed by the mixing of the two outer shells. The removal of a layer of
water (c) leads to the formation of an outer-sphere complex picture in (d) a solvent sharing
pair. The removal of the shared solvent layer (d) in between the ion pair creates an inner-
sphere complex (e) a solvated ion pair.
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Figure6.

A rearrangement of the complex crystallization map from Figure 1 to a common conceptual
phase diagram for crystallization where the various states between pre-coalesced hydrated
ions and completely coalesced crystals are plotted against the two order parameters of
structure and density. Examples of five possible (out of many) pathways in the transition
from Hydrated lons to Crystals are shown, with three (*) pathways passing through the DL
phase and are the most likely pathways to occur in vivo due to the crowded water found in
aqueous biological systems..
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Table 1

Oxyanion coordination

Oxyanion Coordination Number | Reference
Phosphate
PO,3" 12-16 (Brandan et al., 2007; Ebner et al., 2005; Pribil et al., 2008)
HPO,2~ 10-20 (Brandan et al., 2007; Ebner et al., 2005)
H,PO,~ 10-20 (Brandan et al., 2007; Ebner et al., 2005)
Carbonate (CO32) 9 (Kerisit and Liu, 2010; Vchirawongkwin et al., 2011)
Sulfate (SO427) 8-14 (Vchirawongkwin et al., 2007)
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