
Chapter 5
Biomineralization: Tooth Enamel Formation

Mayumi Iijima, Kazuo Onuma, and Toru Tsuji

Abstract Tooth enamel is composed of well-crystallized apatite that elongates in
the c-axis direction with a highly organized orientation. How do these crystals form?
It is still an unanswered question, despite enormous efforts made on answering it.

Chapter 5 briefly reviews the physicochemical studies on clarifying the mech-
anism of enamel apatite formation. These studies revealed that enamel apatite
crystals are formed in a fluid with discrete inorganic and organic compositions. The
activity of inorganic ions changes dynamically during the formation process under
strict cellular control, and it provides an adequate driving force for nucleation and
successive growth. These processes include a dynamic equilibrium of inorganic ions
and a transition of unstable intermediates to more stable phases. The composition
and solubility of the forming enamel crystals also change dynamically. Because
of this complex situation, several formation mechanisms of enamel apatite crystals
have been proposed, and researchers have yet to reach a consensus on the subject.
Crystal formation takes place in a gel-like enamel matrix, composed of spherical
aggregates of amelogenin molecules. Amelogenin is a major component of the
enamel matrix and regulates crystal formation by cooperating with enameline
(minor matrix protein) and inorganic fluid components. Once enamel formation is
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initiated, these proteins are degraded into smaller fractions, change the interaction
with forming crystals and inorganic ions, and are gradually removed from the
matrix, providing space for enamel crystals to grow. The chapter ends with a
discussion of unique hard tissues with unusual mineral phases in vertebrate and
invertebrates.

Keywords Tooth enamel • Apatite • Octacalcium phosphate • Amorphous
calcium phosphate • Amelogenin

5.1 Introduction

Tooth enamel, the hardest tissue found in animals, has extremely long crystals
with high crystallinity in parallel alignment. How the crystals are formed has
been a controversial issue since the 1960s. In this chapter, enamel crystals and
their surrounding environment are overviewed, and work aimed at clarifying the
mechanism of tooth enamel biomineralization is discussed.

Abbreviations used for apatite-type compounds are:

Calcium hydroxyapatite: H-Ap
Calcium chlorapatite: Cl-Ap
Calcium fluorapatite: F-Ap
Carbonate-containing calcium hydroxyapatite: CO3-HAp
Fluoride-containing calcium hydroxyapatite: F-HAp
CO3, F, Cl-containing calcium apatite: CO3, F, Cl-Ap
Biological apatite and calcium hydroxyapatite containing impurity ions, vacancies,

and structural water: HAP

5.2 Enamel Crystals and Surrounding Environment

5.2.1 Overview of Tooth Enamel and its Formation

Tooth enamel is a highly mineralized tissue, with a composition approximately 95%
HAP. Enamel crystals have an extremely elongated morphology from the dentin-
enamel junction (DEJ) to the tooth surface, and they align parallel to each other
(Fig. 5.1). The crystallinity of enamel HAP is almost equivalent to that of mineral
apatites. An apatite with properties comparable to those of enamel HAP has not
been obtained in vitro under physiological conditions.

Tooth enamel is formed by ameloblasts, which secrete an enamel matrix
composed of water, proteins, and inorganic components. After the first layer of
dentin has formed, the ameloblasts enter their formative stage. Moving away from
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Fig. 5.1 TEM image of enamel in early stage of formation at dentin-enamel junction. In enamel,
thin and ribbon-like crystals grow parallel to each other, while in dentin, tiny granules deposit in
collagenous matrix. (Reproduced with permission from ref. [90]) (Copyright 1995, Springer)

the DEJ, they produce an enamel matrix in which enamel crystals grow. The
enamel formation process is conventionally considered to occur in two stages [1]:
organic matrix secretion and enamel crystal formation. In the first stage, enamel
proteins secreted by ameloblasts form an enamel matrix [2], and the matrix partially
mineralizes (to about 30% mineralization). In the second stage, the full thickness
of the partially mineralized matrix is formed, and the degree of mineralization
increases. The thickness of the enamel is specific to the animal species and tooth
type. At a certain point in the secretory (first) stage, the matrix consists of 54%
water, 31% proteins, and 15% mineral (by volume), with a density of 1.39 g cm�3

[3]. In the maturation (second) stage, the enamel proteins are degraded by enzymes
[4]. The degraded protein fractions and water are rapidly removed from the matrix
by the ruffle-ended ameloblasts (RAs). At the same time, the RAs actively transport
Ca2C and PO4

3� ions into the enamel matrix [5–10], enabling the crystal to increase
in thickness. Thus, the water, organic, and mineral contents change during enamel
formation [11, 12]. Mature human enamel contains about 1.8 wt% protein and has
a density of about 2.9 g cm�3[13]. Some proteins remain on the surface of the
enamel crystals after most of the proteins have been removed from the matrix. As
a result, the mineral content of the mature enamel is more than 95%. In contrast,
degradation and removal of the structural matrix protein (collagen) does not occur
in the mineralization of dentin and cementum.
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5.2.2 Components and Characteristics of Enamel Matrix
Proteins

The enamel matrix proteins consist of amelogenin, enamelin, sheathlin, and pro-
teinases. Amelogenins account for about 90% of the enamel protein in the early
stage of enamel formation. The 25 kDa amelogenins in porcine enamel matrix
are cleaved almost immediately after being secreted and split into two fragments,
a hydrophilic C-terminal region and a hydrophobic 20 kDa fragment, which is
further cleaved into 13, 11, and 6 kDa fragments. The amino acid composition
was initially characterized by enrichment in proline, glutamic acid, leucine, and
histidine [14]. Since amelogenin has a highly aggregative property and multiple
amelogenin genes, its characterization was a complicated puzzle [15]. The amino
acid sequences of amelogenin were determined directly [16] or derived from the
sequence of amelogenin cDNA [17]. It was a decade after the name “amelogenin”
was bestowed by Eastoe [14]. After amelogenin was successfully expressed in an
Escherichia coli system [18], investigation of amelogenin proceeded. The physico-
chemical properties are described in detail elsewhere, for example, solubility [19],
aggregation [20–22], and interaction with HAP [23–25]. Proteomic and genetic of
amelogenon are also studied [26–28]. The biology and physicochemical properties
of amelogenin are reviewed by several authors [29, 30].

About 2% of the enamel protein is enamelin, which has a strong affinity for
enamel crystal [31, 32]. It is also processed immediately following secretion produc-
ing intermediate fragments. Enamelin was isolated, purified, and characterized as an
acidic glycoprotein enriched with aspartic acid, glutamic acid, serine, and glycine
[33]. More detailed characterization then followed. Enamelin, like amelogenin, is
processed immediately after secretion. Porcine intact enamelin (186 kDa) produces
intermediate products (155, 145, 89, and 32 kDa) that are not stable, except the 32
kDa fragment [34–38].

The third minor component of the enamel matrix proteins is sheathlin, which
has a distinctive amino acid composition, different from that of amelogenin and
enamelin [39, 40]. Sheathlin distributes in the sheath (or interprismatic space) that
partially separates the rod and inter-rod enamel [41].

The enamel matrix is characterized by two specific properties, which are mainly
due to amelogenin: (1) the component changes during enamel formation as both
amelogenin and enamelin degrade into several smaller fragments that are removed
from the matrix; (2) the solubility, aggregation, and interaction with the mineral
phase depend on the molecular weight, pH, temperature, and amelogenin and
inorganic ion concentrations. Amelogenin and enamelin are now known to regulate
enamel crystal formation.
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5.2.3 Enamel HAP Formation

In the early stage of enamel formation, fine granules have been observed as an
initial cell product [42, 43]. The process of thin ribbon-like crystallite formation
from the granules comprises five main steps [42]: (1) deposition of granules
(5–7 nm diameter) with low electron scattering; (2) linear assembly of granules into
fibers (5–10 nm � 0.1–1.0 �m) with 5–7 nm periodicity and much greater electron
scattering; (3) arrangement of fibers into parallel rows; (4) cross-linking of fibers
by joining of electron-dense granules, resulting in a ladder-like appearance; and (5)
deposition of many tiny crystallites, leading to the formation of ribbon-like crystals.
Except for the initial granules with low electron scattering, all the electron-dense
materials exhibit an apatitic electron diffraction pattern. This postulated process is
related to the HAP formation mechanisms described by Beniash et al. [44]. Briefly,
they observed that ACP particles form initially and that they assemble step-by-step
into thin plates and eventually transform into HAP crystallites. They propose that
the enamel proteins control the organized assemble of ACP particles and that the
transition starts with proper ionic alignments within the ACP, which could dictate
the direction of assembly. For details, see Chap. 4.6. Other candidates suggested as
the initial enamel mineral phases are octacalcium phosphate (OCP) [45, 46], non-
apatitic calcium phosphate [47], and ACP [48].

The ribbon-like enamel crystals align with their c-axes parallel to each other
[49–51] (Fig. 5.1). The thickness was measured to be larger than 2 nm with
distribution maxima at 2.5, 3, and 3.7 nm (newborn cat and 5-month-old human
fetuses) [52]. The crystal length, obtained from enamel with a density less than
1.8 g cm�3, is at least 100 �m, and the crystals are probably continuous from the
DEJ to Tomes’ processes [53]. In the maturation stage, the crystals increase mainly
in thickness. As they do, they form plates characterized by flattened hexagonal
cross-sections (Fig. 5.4c2). The thickening continues until the lateral faces of the
crystals fuse to each other. Mature human enamel crystal has a mean width of 68 nm
and a mean thickness of 26 nm [54]. Some researchers consider that the crystal
length reaches, at most, the thickness of the enamel matrix [1].

5.2.4 Microstructure of Enamel Matrix and Conformation
of Amelogenin

The morphological entities of the enamel matrix in the early formation stage have
been variously described as fibrillar, compartmental or tubule, helical, and lamellar.
These are reviewed by Nylen [55]. It is now generally accepted that amelogenin
molecules assemble into spheres of nanometer size, which were initially identified
as spherules with 15–20 nm diameter [20, 21], and that these nanospheres are the
basic structural units of the enamel matrix (Fig. 5.2a). Further studies have shown
that (1) the –NH2 and –COOH groups [56] and hydrophobic regions [57] of the
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Fig. 5.2 (a) AFM image of porcine amelogenin gel (25 kDa (7.4%), 23 kDa (10.7%), and 20 kDa
(49.6%) amelogenins and smaller peptides (32.4%)) formed at 4ıC. Amelogenins assemble into
nanospherules 8–20 nm in diameter. (Reproduced with permission from ref. [58]) (Copyright 1999,
Elsevier) (b) Micelle model of 25 kDa amelogenin aggregate and proposed degradation by two-step
cleavage that provides space for crystal growth: (step 1) hydrophilic C-terminal domain is cleaved
by protease MMP-20; (step 2) cleavage by protease EMSP-1 releases 13 kDa fragments, leaving
behind smaller micelles containing 6 kDa fragments. (Reproduced with permission from ref. [64])
(Copyright 2007, Sage Publication) (c) Model structure of amelogenin molecule (porcine, 20 kDa
fragments) with three characteristic domains: “-sheet, polyproline, and random coil. (Reproduced
with permission from ref. [77]) (Copyright 2009, Wakaba Publishing Inc.)

amelogenin distribute outer surface of the nanospheres; (2) the nanospheres vary in
size depending on the molecular weight of the amelogenin and the pH, temperature,
and protein concentration of the solution [22, 58, 59]; and (3) the nanospheres
tend to form chains, which assemble into higher order structures, “microribbon,”
in vitro [60]. Structure of amelogenin is reviewed by several authors [61–63], and
also described in 2.2 of Chap. 4.

Another model structure based on the behavior of amelogenin in solution
has been proposed (Fig. 5.2b) [64]. In this micelle model, the surfaces of the
25 kDa amelogenin micelles have a highly hydrophilic C-terminal domain, which
has a pattern of positive and negative charges. The micelles aggregate by ionic
interaction. Micelles of 20 kDa amelogenin without the C-terminus aggregate
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through hydrophobic bonds. The size of the micelles decreases as the C-terminal
and 13 kDa regions are sequentially cleaved by MMP-20 [65] and EMSP-1 [66]
(step 1 and step 2, respectively; Fig. 5.2b). The C-terminal and 13 kDa regions are
removed from the micelles, leaving behind smaller micelles comprised of 6 kDa
fragments. This provides growth space for enamel crystal.

The conformation of amelogenin molecules in solution was determined using
circular dichroism (CD) and small-angle X-ray scattering (SAXS). These studies
revealed that amelogenin molecules, which consist of some 180 amino acid residues,
do not behave like a globular protein in solution. Porcine amelogenin molecules
(20 kDa) consist of discrete folding units in the N-terminal, central, and C-
terminal regions and have a “-sheet structure, a polyproline structure, and a random
coil structure, respectively [67]. In 0.1–0.3 �g protein/ml 2% (v/v) acetic acid
solution (pH5.3, 25ıC), 20 kDa amelogenin forms an elongated bundle structure
and assumes a monomeric form [67], while in 10 �g protein/mL 2% (v/v) acetic
acid solution (pH < 5.3, 5ıC), 20 kDa amelogenin (length of 15 nm and diameter of
2 nm) (Fig. 5.2c) assumes a dimmer form and exhibits an overall radius of gyration
of 4.4 nm [68]. When rodlike molecules with both hydrophobic and hydrophilic
terminals aggregate, formation of a micelle structure cannot be ruled out.

5.2.5 Ionic Composition and pH of Enamel Fluid

Separation of the enamel fluid from the secretory stage of the matrix enabled the
ionic composition to be measured and the degree of saturation of the enamel fluid
to be calculated with respect to the enamel HAP and related calcium phosphate [69,
70]. The water content in the secretory stage was around 30–40% of the wet weight
[12]. The average composition of the enamel fluid during the secretory stage was
total [Ca2C] 0.5 mM, total [P] 3.9 mM, [Mg2C] 0.8 mM, [NaC] 140 mM, [KC]
20 mM, [Cl�] 150 mM, [F�] 5 � 10�3 mM, and total [HCO3

�] 9.74 mM. The pH,
the ionic strength, and the osmolarity were 7.26, 165 mM, and 312 mosmol/kg
H2O, respectively. The pH was measured under a constant CO2 partial pressure.
The concentration of free Ca2C ions (0.15 mM) was about 30% of the total
Ca2C concentration; the remaining 70% were bound with other inorganic ions and
proteins. The total concentration of Ca2C was about half that in the predentin
(1.0 mM) and in the fluid of enamel organ tissue surrounding the developing
teeth (1.3 mM) and was much lower than that in the blood plasma (2.5 mM).
On the other hand, the PO4

3�concentration of the enamel fluid (3.5 mM) was
about three times that in the blood plasma (1.1 mM). The activity of Ca2C, (aCa),
calculated taking into account the thermodynamic factors, was 0.053 mM. The
calculated free HCO3

� concentration in enamel fluid was around 10 mM, lower
than that of the blood plasma CO3

2� concentration (about 22 mM). The calculated
degree of supersaturation with respect to H-Ap, OCP, and enamel HAP suggests
that the enamel fluid was supersaturated with H-Ap, undersaturated with OCP,
undersaturated with enamel HAP at a pH lower than 7.1, and supersaturated with
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enamel HAP at a pH higher than 7.1. Thus, the compositions of the enamel fluid
and enamel crystal change during enamel formation. Direct staining of developing
bovine enamel with pH indicators demonstrated that the enamel matrix has alternate
acidic (pH5.8–6.0) and neutral (pH7.0–7.2) areas [71] at certain locations and times
during enamel HAP formation.

During enamel HAP formation, Ca2C ions are actively transported from the
ameloblasts into the enamel matrix, and the amount and timing of the Ca2C
inflow are strictly controlled by the ameloblasts (2.2). The inflow of the Ca2C
increases rapidly during the maturation stage [10]. This could increase the total
Ca2C concentration in the matrix. However, the aCa is decreased due to the chemical
equilibrium of the ionic components in the enamel fluid. These components include
lactate, H2PO4

�, HPO4
2�, PO4

3�, HCO3
�, and CO3

2�.
The aCa is also controlled by the surrounding amelogenins. The 25 kDa amel-

ogenins are cleaved by enzymes step-by-step during enamel formation, forming
20, 13, 11, and 6 kDa fragments. The cleaved fragments show different binding
abilities with Ca2C and the developing crystal. The concentration of 13 and 11 kDa
fragments is 2.8 w/v% in the secretory stage of porcine enamel matrix [23]. This
corresponds to a 2 mM protein concentration when calculated using a molecular
weight of 13 kDa. This is several times higher than the concentration of Ca2C in the
enamel fluid (0.3–0.5 mM). The binding coefficient of the proteins and Ca2C ions is
of the order of 104 M [72], strongly suggesting that the fragments work as a Ca2C
reserve.

5.3 Mineral Component of Tooth Enamel

5.3.1 Composition and Solubility of Enamel HAP

Enamel HAP contains several impurity ions, vacancies, and structural water [73].
The chemical composition solubility of porcine enamel in the early and late
secretory stage and maturation stage has been determined [74, 75]. The chemical
formula for the thin ribbon-like crystals in the early stage of maturation is
(Ca)4.155(Mg)0.034(Na)0.191(K)0.004(HPO4)0.35(CO3)0.357(PO4)2.384(OH)0.007.

That for erupted mature enamel is (Ca)4.568(Mg)0.032(Na)0.11(K)0.002(HPO4)0.143

(CO3)0.256(PO4)2.712(OH)0.378.
The relatively large decrease in HPO4 during enamel formation is ascribed to the

OCP-to-HAP phase transition [76]. The amount of Mg2C substituted for the Ca2C
is almost constant, 0.7–0.8% of the Ca2C, among developing enamel crystals.

The solubility products (Ksp) of developing enamel crystals at different stages
were determined on the basis of the chemical composition (Ca)5-x(Mg)q(Na)u

(HPO4)v(CO3)w(PO4)3-y(OH)1-z. The average ion activity product (IAPeq)1/N (N is
the sum of the valences for each ion comprising the solid phase; for details, see
1.3.1) had a level of 4.41 � 10�6 in the early secretory stage, 1.80 � 10�6 in the
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early maturation stage, and 1.45 � 10�6 in erupted enamel [77]. Thus, the solubility
of the enamel crystals decreases as maturation proceeds; in other words, the stability
of enamel crystals increases with maturation.

The solubility of F-HAp with different F� contents is minimum (6.55 � 10�63)
when almost half the OH� has been replaced with F� (Ca5(PO4)3(OH)0.43F0.57)
[78]. The relationship between the F� content in enamel and HAP stability
gives important information about the formation and prevention of caries and the
remineralization of tooth enamel. Much information about the composition of
apatites and their properties is readily available (for example, [79–81]).

5.3.2 CO3-HAp and Properties of CO3
2� in CO3-HAp

The mineral component of mammalian tooth enamel is generally described as
CO3-HAp. The CO3

2� is an important lattice component because it regulates
the solubility, morphology, and size of biological HAP [82, 83]. Whether CO3

2�
can replace OH� in the HAP lattice was a controversial issue because of the
geometric restrictions caused by the form and size of PO4

3� (regular tetrahedron),
CO3

2� (equilateral triangles), and OH� (linear). Strict analysis of CO3-HAp
(Ca10(PO4)5.99(CO3)0.86(PO4)2.384(OH)0.26O0.02) showed that one CO3

2� replaces
two OH� and the plane of CO3

2� triangles is almost parallel to the c-axis [81].
This parallel orientation creates much less steric interference than the perpendicular
orientation. When CO3

2� has replaced OH�, it is defined as A-type CO3; when it
has replaced PO4

3�, it is B-type CO3; and when it has replaced OH� and PO4
3�, it

is AB-type CO3.
In developing enamel HAP, not only the CO3

2� content, but also the ratio
of the replacement sites, i.e., PO4

3� or OH�, changes during maturation [74].
In young and immature enamel HAP, substitution for PO4

3� is favored, and then, as
maturation progresses, substitution for OH� is increasingly favored. Incorporation
of CO3

2� in HAP increases with an increase in the CO3
2� concentration of the

surrounding fluid, and substitution for PO4
3� is favored under neutral pH conditions

[84]. Such diversity in substitution and site occupancy of CO3
2� in enamel crystal

has been ascribed to changes in the enamel fluid composition and the pH conditions
during the formation process.

5.3.3 Crystal Structure of HAP

The crystal structure of synthesized H-Ap was described initially as an F-Ap type,
e.g., hexagonal, P63/m, with the O of the OH� at (0,0,0.25) [85]. Later analysis
using mineral H-Ap (Holly Spring, United States) by both X-ray and neutron
diffraction technique [86] showed that the O is at (0,0,0.201) and that the H is at
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(0,0,0.062). Because the OH� is slightly displaced from the mirror plane (z D 0.25
and 0.75), the stability of H-Ap is slightly lower than that of F-Ap [87]. The crystal
structure of human enamel was determined using the powdered enamel fraction with
a density higher than 2.95 g cm�3 and the Rietveld method [88]. Enamel HAP has
almost the same structure as H-Ap and structural water, and Cl� (about 0.3 wt%) is
located on the hexagonal axis between z D 0.11 and 0.14. Structural water is defined
as water in the lattice that is removed by heating at 400ıC. The lattice dimensions are
a D 0.9441(2) and c D 0.6878(1)nm. The loss of water from enamel HAP decreases
the a-axial dimension by 0.02 nm [89]. Structural aspects of HAP are also described
in Chap. 3.2.

As described in Chap. 3.2, H-Ap has two possible symmetries, hexagonal and
monoclinic. It has been noted that a small number of impurity ions, e.g., F�,
stabilizes the hexagonal structure [90]. Therefore, strictly speaking, any HAP,
including enamel HAP, that contains impurity ions is not genuinely hexagonal but
pseudohexagonal with its hexagonal symmetry stabilized by the ions.

5.4 Mechanisms of Enamel Crystal Formation

5.4.1 Regulatory Roles of Amelogenin and Enamelin

How does enamel crystal formation start? Dentin at the DEJ was once thought
to be the nucleation site on the basis of transmission electron microscopy (TEM)
observations of the dentin and enamel crystallites at the DEJ [91]. However, there
is little other evidence supporting the nucleation of enamel crystal on dentin crystal
at the DEJ. Direct epitaxial growth of enamel crystals onto dentin crystallites has
not been observed [42, 92]. Along with ultrastructural studies of developing enamel
crystals, in vitro HAP formation studies have shown that amelogenin accelerates the
nucleation kinetics and controls the crystal morphology, indicating that the crystal
formation mechanism involves amelogenin [93–96]. Nuclear magnetic resonance
(NMR) studies showed that the C-terminus of amelogenin, with four –COO� groups
and three -NHC groups, directly binds with the HAP crystal surface [97]. In vitro
nucleation and growth of OCP are promoted by recombinant amelogenin (rP179)
with the C-terminus [98]. Promotion of OCP nucleation is ascribed to the –NHC
and –COO� groups in the charged C-terminal region exposed on the surface, which
could reduce the nucleation energy. A role of rP179 in the OCP formation is also
discussed in Chap. 4.4.

The adsorption behavior varies with the molecular weight [24]. Intact amelo-
genin (25 kDa for porcine) adsorbs strongly on HAP while the 20 kDa fragments
adsorb less strongly [23]. The 13 kDa fragments adsorb less than the nascent
25 kDa amelogenin molecules. Ultrastructural studies of developing enamel crystals
have shown that amelogenin nanospheres are on and between the developing
enamel crystals [61]. Chemical force microscopy observations [99] demonstrated
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that amelogenin nanospheres preferentially bind to positively charged domains of
enamel crystal. Thus, functional control of crystal size, morphology, orientation,
and growth rate has been ascribed to amelogenin.

Since enamelin has a strong affinity for enamel crystal (2.2), it is considered
to induce nucleation and to regulate the growth rate through interaction with the
crystal. The 32 kDa fragment, one of the series of cleavage products, is the most
stable one. It has been shown to promote nucleation of apatite [100] and to change its
conformation from ’-helix to “-sheet, which interacts with Ca2C in HAP, depending
on the Ca2C concentration [101].

Cooperative regulation of enamelin and amelogenin through their interaction has
been suggested [102]. The hypothesis that amelogenin and enamelin jointly control
the elongated crystal growth of OCP was examined [103] using a dual membrane
experimental device in which a cation-selective membrane and a dialysis membrane
form a tiny reaction chamber, and Ca2C and PO4

3� ions flow into the chamber
in a controlled manner. OCP was chosen as a model crystal for the post-secretory
growth on the basis of the evidence described in 4.6 and 4.7. A mixture of 10w/v%
recombinant porcine amelogenin (rP148) and 32 kDa porcine enamelin fragments
was used as a crystal growth medium at 37ıC and a pH of 6.5. The aspect ratio of the
OCP crystals was substantially higher at a certain ratio of amelogenin to enamelin.
Thus, the co-assembly of amelogenin and 32 kDa enamelin was suggested as a
mechanism regulating the morphology of OCP crystal.

5.4.2 ACP Formation and Stability in Enamel Fluid

As described in Chap. 3.2, there is no general agreement yet on the solubility
product of ACP, which is required to evaluate the driving force (��) needed to
precipitate ACP. Several solubility products, ranging from 24.8 to 28.3, have been
proposed for ACP and amorphous tricalcium phosphate (ATCP). ACP slurry (for
which a large solid/solution ratio is the best experimental approach) has a nearly
constant IAP of 1.6 � 10�25 in the pH range 7.4–9.25 when the formula is given
as Ca3(PO4)1.87(HPO4)0.2 [104]. Accordingly, “the minimum IAP needed to form
ACP de novo in physiological solution at pH7.4 is considerably greater than that
calculated for serum” [105]. In general, the spontaneous formation of ACP is
attained by mixing Ca2C and PO4

3� solutions with rather high concentrations of
Ca2C and PO4

3�. The Ca2C and PO4
3� immediately co-aggregate into clusters

large enough to be separated from the solution. However, the Ca2C and PO4
3�

concentrations of the enamel fluid are too low to form ACP spontaneously (2.5, 3.1).
Therefore, “it would appear unlikely that ACP could form in vivo” [105] without a
mechanism to increase the local Ca2C and PO4

3� concentrations or a reasonable
process to form nuclei. As described in 4.4, the mechanism could be the stepwise
construction of growth units by amelogenin and pre-nucleated CaP clusters.

Although ACP is not very stable and transforms into crystalline phase in pure
calcium phosphate solution, in vitro studies have shown that CO3

2�, Mg2C, F�,
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and P2O7
4� stabilize ACP [83, 106, 107]. The potential role of a PO4

3� group of
amelogenin in ACP stabilization was demonstrated: P148 with a PO4

3� group on
serine-16 stabilized ACP for more than one day while non-phosphorylated rP172
did not [108]. ACP, once formed, could be stabilized in the enamel matrix for some
period.

5.4.3 Organization of ACP into Crystals

Supramolecules composed of amelogenin and ACP have been formed in vitro [51].
The unanswered question is, “what controls the arrangement and fusion of the
supramolecules and transformation into crystallines with their c-axes parallel to
each other?” Since there are charged domains on developing enamel crystal surfaces
[99], the domain structure of the enamel crystals is thought to be formed by the
organized fusion of the crystallites in the c-axis direction. HAP crystal formation by
stepwise fusion of the protein/mineral nanoparticles into long crystals was proposed
[109]: initially formed fine granules align in rows and form chains by fusion; the
chains fuse into plates, and the plates fuse along the c-axis direction, forming long
crystals.

In the absence of a structural framework or functional materials, it would be
hard to control the assembly of ACP and the final morphology of the crystalline
phase derived from ACP. ACP particles formed in solution frequently aggregate into
irregularly shaped branching clusters, and de novo crystallization yields crystals
with a rectilinear morphology [105]. Since a spherical-shaped ACP particle has
no long-range order in its structure, there must be mechanisms that organize
the assembly of ACP particles and their successive growth into crystals with
morphology specific to the hard tissue. Beniash et al. noted that partially ordered
structure formed in ACP particle could dictate the direction of assembly [44].

5.4.4 CaP-Cluster Models

The formation models postulated by Wang et al. and Yang et al. ascribe this function
to amelogenin and explain the process specifically [95, 96]. Both of them studied the
effect of amelogenin (rP172) on nucleation and growth of HAP under strict control
of the degree of supersaturation with respect to the precipitating phases using a
constant composition technique [110].

Wang et al. used solutions supersaturated with respect to OCP (�OCP D1.45 and
2.32) with pH 6.8 and 37ıC to examine whether enamel HAP forms with OCP
as an intermediate phase [95]. Figure 5.3 illustrates the step-by-step mechanism
of the assembly of CaP clusters and amelogenin nanospheres into HAP crystal.
In the presence of amelogenin, the induction time is less. Nucleation clusters
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Fig. 5.3 Model of crystal formation in solution supersaturated with OCP: (a) without amelogenin,
random aggregates of OCP form. (b) With amelogenin, organized microstructures form: (1)
assembly of CaP clusters (red balls) and amelogenin oligomers (small nanospheres, gray ball);
(2) formation of amelogenin-CaP nanocrystallites as building units; (3) organized assembly of
building units into HAP nanocrystallites. (Reproduced with permission from ref. [95]) (Copyright
2007, American Chemical Society)

(CaP clusters) bind with amelogenin nanospheres and form amelogenin (amel)-
CaP clusters as basic building units. These clusters form amel-CaP nanocrystallites,
which subsequently assemble and form HAP nanocrystallites. The specific binding
is ascribed to the charged COOH-terminal region. An important point is that amel-
CaP nanocrystallites find the low-energy configurations needed to bind with the
adjacent crystallite. An NMR study revealed a direct amelogenin-HAP interaction
through the C-terminal region that oriented the C-terminal region on the HAP crystal
[97]. Without amelogenin, spherical aggregates of OCP nanocrystallite formed.

Yang et al. used a solution with H-Ap stoichiometry and undersaturated with
respect to OCP to analyze the nucleation process: �HAP D 15.1, pH 7.4, 37 ıC, ionic
strength D 0.15 M, with rP172 of 25 �g/mL [96]. The reactions in solution with
lower supersaturation revealed the initial nucleation process. The newly observed
crystal formation process comprises five steps: (1) CaP clusters pre-nucleate with
a diameter of less than 1 nm. (2) The pre-nucleated clusters are captured by
amelogenin, causing them to form amel-nano-CaP clusters, 2–10 nm in size, which
in turn form nanoparticles, 30–50 nm in size. The amel-CaP nanocluster compos-
ites transform into amel-ACP nanospherical building blocks. (3) The amel-ACP
nanospherules gradually assemble into nanochains. (4) The nanochains co-assemble
into nanorods or nanoribbons. (5) Ostwald ripening leads to elongated HAP.

Without amelogenin, random-sized CaP clusters formed and assembled into
globular ACP with an irregular size distribution. This globular ACP aggregated
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and partially transformed into crystalline HAP although remaining ACP in the
final product. In this process, the induction time is reduced by the amelogenin,
indicating that amelogenin promotes the formation of pre-nucleated CaP and amel-
CaP clusters. The postulated roles of amelogenin are (1) capturing and stabilizing
the pre-nucleated CaP clusters, (2) controlling the aggregation of primary-composite
nanoclusters into the initial building blocks, and (3) controlling the sequential
assembly of the building blocks in the post-nucleation crystal growth stage.

Thus, the size of the initial CaP clusters and the growth unit are determined at
the atomic level by amelogenin and the solution conditions. The spherules formed in
the Ca-PO4 solution with rP172 were mainly 0.8–1.4 nm, while the rP172 spherules
were larger than 10 nm. This strongly suggests that the initially formed phase is CaP
clusters (pre-nucleated), which are stabilized by rP172 [108], enabling them to serve
as building blocks for the nanocluster composites. Note that the size of 0.8–1.4 nm
is comparable to a hydrodynamic radius of aggregates (about 0.5 nm) detected in
pseudo-body fluid [111, 112] (see 3.4.7 in Chap. 3).

5.4.5 Transformation from ACP to HAP and Intermediate OCP

The phase transformation from ACP to HAP was extensively investigated by
thermodynamic analysis in the 1970s [113–115]. These studies postulated that the
transition involves OCP and the transition usually starts before all the ACP has
transformed into OCP because OCP is a very unstable intermediate of H-Ap. The
lifetime of OCP is remarkably reduced in the presence of a small amount of F�,
in a basic solution, and at a higher Ca/PO4 molar ratio. This makes it difficult
to detect the intermediate phase. Therefore, OCP has been recognized as a labile
intermediate. However, even when OCP was not detected as an identifiable solid
phase, solution chemistry has shown that when OCP is forming in solution, the
IAP of the solution is larger than the solubility product of OCP [115]. This is
thermodynamic evidence for the existence of OCP. For detail in this area, review
is available [116].

In the transformation from ACP to HAP, OCP is usually observed as the
first crystal in close contact with the surfaces of ACP particles [117, 118]. The
subsequent transformation from OCP to H-Ap appears to be in situ, whereby the
OCP undergoes a solid-state rearrangement into an H-Ap structure [45]. The first
crystalline phase detected usually gives an apatitic X-ray diffraction (XRD) pattern
with the a-axial dimension larger than that of HAP. This indicates that there is an
OCP-like structure in the crystal [119]. For the transformation from ACP to H-Ap,
review is available [105].
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5.4.6 Possibility of OCP Involvement in Enamel HAP
Formation

In the mechanisms of extremely long and well-crystallized enamel crystal for-
mation, Brown et al. recognized the importance of OCP and theorized that OCP
is a precursor of enamel HAP [45, 119]. They considered it to be a precursor
because (1) OCP has a thin and platy morphology, while HAP has a hexagonal
one; (2) OCP grows more rapidly than HAP; (3) OCP is a metastable phase of
HAP; (4) unstable OCP readily transforms into stable-phase HAP, and (5) OCP
is structurally similar to HAP. HAP formation via OCP occurs in three stages:
(1) nucleus formation, (2) two-dimensional growth of OCP into a single unit-cell
thickness of OCP, and (3) precipitation of a unit-cell thickness of OCP on the
two-dimensional crystal and its hydrolysis. Since the transformation from OCP to
HAP is topotaxial, the crystallographic axes of the OCP are preserved after the
transformation. The phase transformation from OCP to HAP has been proposed as
the mechanism incorporating impurity ions, water, and vacancies into HAP [119].
Although many HRTEM studies of enamel in the early formation stage caught
images of OCP in the first-formed enamel crystals [52, 120–122], Brown et al.’s
OCP precursor theory has not been generally accepted due to the difficulty of
detecting a transient mineral phase.

HPO4
2� is another indicator that supports the involvement of the acidic precursor

phase [79, 123]. As described in 3.1, HPO4
2� is a substantial lattice component of

developing enamel crystals. Fourier transform infrared spectroscopy (FTIR) studies
have shown that the HPO4

2� group is a lattice component of the enamel crystals
[74]. The amount of HPO4

2� decreases with the progress of crystal maturation [76].
The higher content of HPO4

2� in the early secretory enamel is consistent with the
formation of an OCP-like phase.

Micro-Raman spectroscopy, which is very sensitive to the atomic order of the
phase, revealed the presence of OCP in living murine calvarial tissue [124]. This
was the first direct evidence without the artifact of dehydration. Moreover, there
was an indication that ACP may form prior to OCP. Thus, in the case of murine
calvarial tissue, bone HAP formation could include the transition of ACP to OCP.

5.4.7 Epitaxial Overgrowth of Apatite on OCP Template

CO3-HAp crystals with central planar defects were synthesized for the first time by
Nelson et al. (Fig. 5.4a1) [125]. The cross-sectional HRTEM images of the crystals
resemble those of enamel HAP crystals with a central dark line (CDL) [50, 126,
127]. Fourier filtering analysis of lattice images of the CO3-HAp crystals showed
that the defects were a one- or two-unit cell thickness of two-dimensional OCP
(Fig. 5.4a2) [128]. The two-dimensional OCP was parallel to the (100) plane of the
CO3-HAp. A growth model, epitaxial overgrowth of apatite on the OCP template,
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Fig. 5.4 (a1) Cross-sectional lattice image of synthesized CO3-HAp crystal with central planar
defect; (a2) higher magnification image of defect region. Central, one-unit-cell-thick OCP region
is labeled; white markings show expansion of apatite lattice across defect. (Reproduced with
permission from ref. [128]) (Copyright 1989, John Wiley and Sons) (b) Ap/OCP/Ap lamellar
mixed crystals grown on a cation-selective membrane in the presence of 1 ppm F. (Reproduced
with permission from ref. [135]) (Copyright 2001, S. Karger AG) (c1) Puffer enamel crystals in
early overgrowth stage. (Reproduced with permission from ref. [130]) (Copyright 1991, Springer)
(c2) Carp enameloid crystal in maturation stage. (Reproduced with permission from ref. [131])
(Copyright 1991, Springer) Horizontal bar corresponds to 10 nm. (d) Model of lateral epitaxial
overgrowth of enamel crystals: (A) epitaxial growth of apatite on OCP template with one-unit-
cell thickness; (B) lateral growth of isolated apatite units on template and fusion of neighboring
units; (C) thickening of apatite crystals by acquisition of apatite unit cells on their prism plane.
(Reproduced with permission from ref. [120]) (Copyright 1993, Springer)
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was postulated to explain the central planar inclusion. Briefly, a primordial thin plate
of OCP crystal works as a template for successive epitaxial growth of HAP on the
(100) face, with the template embedded at the center of the HAP crystal. This model
well explains the formation mechanism of the CDL, which is observed in the cross-
section of enamel HAP.

A series of Ap/OCP/Ap lamella mixed crystals ([129a]) (Fig. 5.4b), developing
porcine enamel crystals [120], puffer enamel HAP [130] (Fig. 5.4c1), and carp
enameloid HAP [131] (Fig. 5.4c2) ensure HAP overgrowth on an OCP template
in vivo and in vitro. In the Ap/OCP/Ap mixed crystals, the thickness of the OCP at
the center decreased while that of the apatite overgrowth increased with an increase
in the concentration of F� from 0.1 to 1 ppm. In the presence of 1 ppm F�, HAP
with a central planar defect was obtained; cross-sectional HRTEM images of these
Ap/OCP/Ap lamella mixed crystals (Fig. 5.4b) were similar to those of Nelson’s
CO3-HAp crystal, carp enameloid crystals [131] and of porcine enamel crystals
[120]. TEM observation has shown that the OCP template grew to its critical size,
and then HAP overgrowth on the template crystal commenced [129b]. The critical
size of the template depended on the solution conditions (pH, ion concentration,
etc.). Interestingly, crystals with the Ap/OCP/Ap structure have been found in
human dental calculus [132].

On the basis of HRTEM observation of developing fish enameloid, porcine
enamel HAP, and synthesized CO3-HAp crystals, the epitaxial overgrowth mecha-
nism was modeled at the atomic level [120] (Fig. 5.4d): (1) two-dimensional growth
of an OCP-like precursor with a one- or two-unit cell thickness and a ribbon-like
morphology; (2) epitaxial overgrowth of apatite on the thin ribbon in which small,
regular triangles and trapezoid crystals form as building units and are deposited on
screw dislocations of the precursor crystal; (3) lateral growth of the small triangles
on the template and fusion of the neighboring units; and (4) thickening of the
template crystal by two-dimensional growth on the prism plane. Screw dislocations,
which initiate HAP overgrowth, have been observed in both synthetic CO3-HAp
[125] and human fetal enamel crystals [127].

5.4.8 Control of Morphology and Orientation
by One-Directional Ca2C Diffusion

The ameloblasts secrete enamel precursor materials in the direction of their long
axis. Osborn suggested that the crystal orientation is controlled by the secretory
force generated by the ameloblasts [133]. This suggestion led to the supposition
that one-directional Ca2C ion supply from the ameloblasts causes the lengthwise
and oriented growth during the initial crystalline phase, which was assumed to be
OCP [134]. A model system constructed for this uses a cation-selective membrane
to create one-directional diffusion of Ca2C ions, thereby simulating the flow of Ca2C
ions in the enamel matrix. OCP crystals elongated in the c-axis direction grow on
the membrane with the c-axes parallel to each other. Details are reviewed by Iijima
[135].
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The formation of OCP usually starts with deposition of granules about 100 nm in
size on a membrane [136]. These granules do not show any distinctive XRD reflec-
tion, suggesting that they are ACP-like precipitates. They deposit on the membrane
and assemble into irregularly shaped branching clusters, which subsequently grow
into bank-like structures and then flake-like crystals. The flake-like crystals increase
in height perpendicular to the membrane and eventually grow into OCP crystals
elongated in the c-axis direction. The transition from amorphous to crystalline phase
is speculated to be a de novo rearrangement of the internal structures.

5.4.9 Correlated Interaction of F�, Amelogenin, and Ca2C
in HAP Growth

The effects of F� on the formation and properties of HAP crystals are well
known. F� (1) increases the growth rate, (2) accelerates the hydrolysis of OCP to
HAP, (3) improves the crystallinity, (4) increases the crystal size, and (5) reduces
the solubility. In the combination of F� and amelogenin, the F� induces and
precedes F-HAp formation, and the amelogenin disturbs this reaction. Amelogenin
adsorption on the F-HAp crystals increases with the F� content. F-HAp adsorbs
more amelogenin than H-Ap. Since the F� in F-HAp interferes with protease
activity, the amelogenin on crystals is less degradable, so it is retained on the F-
HAp longer [137].

In addition, Ca2C is related to the adsorption of amelogenin on the crystals. The
higher the Ca2C concentration, the more rapidly the amelogenin is degraded and
removed from the crystal. A higher Ca2C concentration also promotes F-mediated
conversion of OCP to HAP in vitro [137]. In the secretory stage, when Ca2C
transport is limited, degradation of amelogenin progresses slowly, while early in
the maturation stage, when Ca2C transport increases dramatically, the transition
from OCP to HAP, the degradation of amelogenin, and the removal of the degraded
fractions are accelerated. The removal of the fractions enables the F� to adsorb
on the crystal, leading to formation of F-HAp. Since F-HAp enhances amelogenin
adsorption, there is an amelogenin reaction that disturbs crystal growth. Thus, F�,
Ca2C, and amelogenin interact with enamel HAP in a coordinated manner.

5.4.10 Regulation of OCP and HAP Formation by Amelogenin
and F�

Considering OCP to be another transient phase for enamel crystals, Iijima
et al. investigated the growth mechanism of elongated OCP crystals using a dual
membrane experimental device [138–140]. OCP crystals preferentially grew in
the c-axis direction on the membrane regardless of the presence of amelogenin.
Amelogenin decreased the OCP crystal size. The degree of decrease was in the
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order width < length < thickness. In other words, the degree of interaction of
amelogenin with the OCP crystal faces was in the order (010) > (001) > (100),
meaning that the interaction with the (010) face was the strongest. Thus, the aspect
ratio was increased by preferential interaction of the amelogenin with the side faces
of the OCP crystals. This was observed regardless of the presence of the hydrophilic
C-terminus and the type of amelogenin used. Therefore, the interaction between
OCP and amelogenin was ascribed to the hydrophobic core part of amelogenin.
Fluoride (1 ppm) changed the mineral phase from OCP to HAP, yielding oriented
prism-like HAP crystals with a large aspect ratio [139]. It is possible to incorporate
F� into the lattice to enhance the interaction between the amelogenin and crystal
[137].

5.4.11 Cooperative Regulation of HAP Growth by Amelogenin,
Ca2C, and Mg2C

Analysis of the adsorption of amelogenin, Ca2C, and Mg2C on growing enamel
crystals [137] revealed that amelogenins adsorb on enamel crystals more pref-
erentially than Mg2C. In the maturation stage, as the proteolytic cleaving of
amelogenin proceeds, amelogenin fragments are removed from the crystals while
Mg2C adsorption increases. Since Mg2C adsorption is suppressed by amelogenins,
the removal of amelogenin enables Mg2C to adsorb. The adsorption ability of Mg2C
is about one-third that of Ca2C, and the adsorption of Mg2C decreases with the
activity ratio (aMg)/(aCa). This means that Ca2C reduces the inhibitory effect of
Mg2C. The Mg2C adsorption rate is determined by the (aMg)/(aCa) ratio. An increase
in aCa facilitates the growth of HAP crystals with less disturbance of the amelogenin
and Mg.

Enamel fluid contains about 0.8 mM Mg2C and 10 mM CO3
2�. The Mg2C

inhibits the growth of HAP [79, 83], and the degree of inhibition is synergistically
increased by CO3

2� [83, 135]. Nevertheless, enamel crystal has good crystallinity.
This can be ascribed in part to the cooperative regulation by amelogenin, Ca2C, and
Mg2C, maintaining an aCa level suitable for growing HAP with good quality.

5.5 Evolution and Adopted Mineral Phase in Hard Tissue

In the evolution of animals, Lingula unguis (Brachiopoda, Inarticulata) appeared
some 500 million years ago in the Ordovician period as an ancestor of animals with
hard tissue [141]. Lingula still exists and is known as a living fossil. It has a pair of
shells that cover its soft body like a bivalve. The shell is composed of apatite and “-
chitin [142] instead of the typical CaCO3 composition of Articulata (Brachiopoda)
and Mollusca shells. Not only did species with an apatite shell appear prior to those
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with a CaCO3 shell, the c-axis of the HAP and the fiber axis of the “-chitin are
parallel to each other [143, 144]. This orientation relationship between the HAP
and organic matrix component indicates that a mechanism that organizes mineral
crystal growth is inherent in animals with hard tissues.

HAP in a dense fraction (2.5–2.7 g cm�3) of Lingula shell contains CO3
2�

(2.5 ˙ 0.2 wt%), F� (2.0 ˙ 0.04 wt%), and Mg2C (0.98 ˙ 0.01 wt%) with Cl�
as a minor component and structural water. Hydroxyl was not detected by FTIR
analysis. Lingula shell HAP was identified as CO3, F, Cl-Ap [145]. TEM [146] and
SAXS [147] studies of the shell demonstrated that mineral granules (about 50 nm
in diameter) were distributed in the marginal part of the shell, i.e., the newly formed
part. After calcination at 1,000 ıC, Lingula shell HAP produced “-TCP (about 30%)
along with HAP with improved crystallinity. Since ACP transforms into “-TCP after
being calcined [148], the existence of ACP in Lingula shell HAP is highly probable.

Chimaera phantasma (Holocephali), a relative of the shark, has a unique dental
tissue “tooth plate” instead of sharp, marginal teeth like a shark. The tooth plate
is composed of pleromin and osteodentin. The mineral phase of pleromin is
whitlockite [149], and that of osteodentin is HAP. The whitlockite crystallizes in
an oval shape, has high crystallinity, and deposits without orientation. Chimaera is
a living fossil that appeared some 400 million years ago in the Devonian period.
The lungfish (Protopterus) also has tooth plates; however, the mineral phase is HAP
[150]. Thus, only Chimaera phantasma has dental tissue composed of whitlockite.

Recently, Bentov et al. [151] reported coexistence of calcium carbonates and
calcium phosphate in the mandibles of a freshwater crayfish (the arthropod Cherax
quadricarinatus): Amorphous calcium carbonate (ACC) and ACP located in the
base of the mandible, F-Ap crystals covered the amorphose minerals, forming an
enamel-like coating, and calcite located in the incisor. The use of both carbonates
and phosphates as component of a functioning hard tissue was found, probably, for
the first time in an evolution of biominerals.

“What determines the phase and organization of mineral in hard tissues” is an
unanswered question. The higher level organizing system is thought to control
the cells so that they provide a medium in which appropriate mineral can form.
Recent advances in gene analysis and cloning techniques have made it possible
to investigate the evolution of enamel proteins. The amino acid sequences of
amelogenin have a striking level of homology among species [152, 153]. Further
progress in this field could help answer the question above.

5.6 Concluding Remarks

Nucleation and growth of enamel HAP crystal proceed in an enamel matrix, which
acts as a functional medium that changes the composition continuously, thereby
providing an optimal environment for crystal formation. The formation process is
determined by the local environment, which is determined by the tissue-specific
cells. Analyses of developing enamel HAP crystal and of the components and
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properties of the enamel matrix, along with in vitro evidence provided by advanced
technologies, have been improving our understanding of tooth enamel formation.
Further in vitro studies should enable us to better explain the mechanisms and fine-
tune the formation scenario and new findings, like the coexistence of phosphates and
carbonates in the crayfish mandibles, might require reconstruction of a phylogenic
perspective of biominerals.
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