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Biominerals are impressive composite materials because of their complex organization
and perfect adaptation to the demands of living organisms. Structure and development of
human teeth are compared to similar composite systems that develop in vitro under
biomimetic conditions without the controlling influence of cells.

Introduction

The formation of calcified tissues in living organisms
is controlled by complex processes, which are subjects
of constant scientific interest. A typical feature of
biominerals is usually represented by the composite
nature of the materials containing inorganic and organic
components. In general, the formation of these biological
composite materials involve the in vivo synthesis and
extracellular assembly of an organic framework, which
is followed by nucleation and mineralization processes
within this matrix. Special interest has been devoted
to the human hard tissues bone and teeth, which are
composites of apatite and proteins. Enamel is unique
in the respect that the inorganic crystals are tens of
micrometers in length while only a few tens of nanom-
eters wide. These needles form typical arrangements
that are highly oriented. Enamel is a tissue that, once
formed and matured, can remain nearly unchanged for
a lifetime because the cells that segregate the inorganic
component die off when the crown formation is com-
pleted. In contrast to this, bone is a living tissue that is
remodeled by being resorbed and formed again by
different types of cells. The dynamic nature of continu-
ous bone reforming hampers investigations of the
involved processes to such an extent that no clear
picture of the formation is obtained up to now. Thus,
the structures of enamel seem to be easier to understand
than those of bone. Concerning the mechanisms of the
biological control over morphogenesis and structure of
teeth, some aspects are known, but a complete picture
of the processes involved has not emerged up to now.
To simplify and reduce the enormous complexity of the
problem, the role of genetic effects, chemical interac-
tions, and cell activity in the organization of the
composites has to be separated in a first step. Aiming
to study the aspects of composite self-organization and
the influence of growth conditions on morphogenesis
and microstructure, mineralization of fluorapatite—
gelatine composites was performed in vitro under bio-
mimetic conditions. Thereby, the system apatite—
gelatine is regarded as a simplified model for teeth
formation because of its close chemical correspondence
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and remarkable analogy to structural aspects of dentine
and enamel composites.

Organization of Human Teeth

Teeth are known to be the hardest calcium-phosphate-
based biomineral produced by the organisms of human
beings. Moreover, they show an impressive high elastic-
ity (elastic modulus: 131 GPa[19 x 10° PSi]), although
their tensile strength is rather low! (76 MPa [11 x 108
PSi]). The reason for this high mechanical stability is
their inorganic—organic composite nature and the hier-
achically structured, complex organization of minute
apatite crystals together with protein molecules. Human
teeth are heterodont, which means that each tooth is
individually shaped, in contrast to those of fish or
reptiles.2 Most morphological characteristics such as
form, size, or number of roots are genetically controlled.?
Because of the different shapes, teeth are perfectly
adaptable to different tasks depending on their position
in the mouth.

Every human tooth consists of a crown (corona
dentis), which is visible in the mouth, and one or more
roots (radix dentis), which fix the tooth in the alveoli
mechanically (see Figure 1). The pulp cavity (cavitas
dentis) is situated inside the tooth, containing pure
organic connective tissue with incorporated nerves and
vessels. Dentine-forming cells, which are called odon-
toblasts, are located on the surface of the pulp. The hard
connective tissue of teeth can be subdivided into enamel,
dentine, and tooth cement. Enamel, the outer layer of
the crown, is the hardest part of the tooth (200—500
KHN Knoop scale?) and contains no living cells. Its
density decreases from the outside to the inside from
3.00 to 2.84 g/cms3. After the ripening process has
finished, enamel consists of 95 wt % apatite, ~3 wt %
protein and lipid and 2 wt % water.5~7 It consists of
highly ordered crystal bundles, the so-called enamel
prisms, which continue more or less twisted from the
enamel—dentine junction to the surface of the tooth. As
the prism diameter stays constant through the entire
enamel, the expansion of the volume from the enamel—
dentine junction toward the tooth surface can be ex-
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Figure 1. Schematic representation of a molar and the
surrounding jaw. The tooth is fixed via the periodontium to
the bone. The part that is visible in the mouth is called the
crown and covered with enamel, whereas the root is situated
inside the bone and the tooth.

plained by an increasing oblique orientation of the
prisms.8

The main part of a tooth consists of dentine, which is
still a living tissue. It can recover after damage as it
contains appendices of dentine-forming cells (odonto-
blasts). In contrast to enamel, the apatite crystals are
smaller and less ordered. Except for at least two
proteins, which are unique in dentine,® the organic
components are similar to bone and amount together
with water up to 40 wt %. Because of its high similarity
to ivory in terms of physical and optical properties,
dentine is also called substancia eburnea. The roots are
covered by tooth cementum, which is of a bone-like
structure and composition. Three different cell types are
involved in the development of this mineralized con-
nective tissue and four to five different cement types
are distinguished, which will not be discussed here.10.11
Via the periodontium, which is a tough cell-rich con-
nective tissue, the cement is connected elastically with
the maxilla (upper jaw) and mandible (lower jaw),
respectively (see Figure 1). The periodontium prevents
resorption of the root by the organism. Replantations
of lost teeth, e.g., after an accident, are only successful
when this special tissue is still on the root. Cleaning
before replantation leads to root resorption and rejection
of the crown.10.12

Genesis of Human Teeth

With the development of the histological technique,
the first chronological order of the human dental germ
development was detected and formulated in 1794.13
Until the beginning of the 20th century, knowledge
about the processes of the odontogenesis was widely
complete on a light microscopic level and the body of
acquired knowledge was summarized in 1936.4 The
introduction of electron microscopy shed new light on
cellular structures and the knowledge increased notice-
ably. However, until today many questions remain
unsolved, especially those related to the storage and
transport of the ionic inorganic components. The forma-
tion of dental germ starts in embryos at the end of the
fourth week?!® and follows the same biological principals
as the formation of successive and permanent teeth. The
germs form, at the latest, a few years after birth and
their development can take as long as 15 years.10
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Teeth development covers the period from the forma-
tion of growth centers of milk teeth until the break-
through of the permanent teeth. In human embryos, the
formation of lips presumably changes the growth direc-
tion of the germ cells and, thus, induces a proliferation.16
In the case of the dental germs, local growth limitations
lead to elongations of the epithelial cells and, thus, to a
proliferation and movement of the epithelium into the
underlying embryonic connective tissue (mesenchyme).
Thus, the early developmental stages of the dental ridge
can be described as a folding of the outer oral cavity
cell layer. By further folding and proliferation of the
epithelium, five equidistant roundish thickenings are
formed in each of the two parts of the jaw. These are
called tooth buds and represent regional point shaped
proliferations of the epithelium tissue and develop via
the bell stage into an envelope of the future teeth. The
shape is formed by the epithelial and mesenchyme cells
and the resulting cavity is filled with embryonic con-
nective tissue. The four different tooth types can be
identified by their shape in the bell stage (100 days old
foetus corresponding to a crown-rump-length of 70 mm).
Figure 2 shows light microscopic images of histological
cuts of dental germs of (a) an incisor and (b) a deciduous
molar to visualize different forms of crowns that are
already well-defined in this early developmental stage.
These pure organic tissues represent templates for the
later mineralization.

Mineralization of the Teeth

In the dental germ epithelial cells and mesenchyme
cells are arranged directly opposite each other. The
future enamel—dentin junction is located between the
two cell types. The outer mesenchyme cells differentiate
to odontoblasts and produce predentine, an organic
matrix consisting mainly of collagen fibrils. This ini-
tiates the differentiation of the epithelial cells into
ameloblasts. These ameloblasts are a part of the enamel
organ, which consists of four different cell layers and
secrete an organic matrix of complex composition that
has the consistency of a gel.l” During secretion the
ameloblasts move in the direction of the later tooth
surface. The secretorial ends have a typical asymmetric,
noselike shape (Tomes’ processes)!” and leave a relief
in the matrix that is similar to the pattern of the later
formed enamel. The orientation of the long axis of the
enamel prisms reflects the retraction of the ameloblasts
from the enamel—dentine junction to the surface of the
tooth. Moreover, the diameters of enamel prisms and
ameloblasts are identical and of the order 4—6 um. SEM
images of different enamel structures in primates have
been collected systematically.1® The principle of enamel
mineralization is visualized in Figure 3.

The form of the Tomes’ processes undergoes an aging
process that is reflected in the enamel structure.
Therefore, the transverse sections of enamel prisms
realize key-hole, horseshoe, or hexagonal shapes.'®
Figure 4 shows typical details of human teeth enamel
as SEM images in (a) transverse and (b) parallel
orientation relative to the long axis of the prisms.2® A
TEM image of an ultrathin section through an enamel
prism is shown in Figure 5 to visualize the parallel
orientation of the enamel crystals within the prisms.2!
As the depths of the pits are reduced with prolonged
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Figure 2. (a) Histological cut through the germ of a deciduous molar in the beginning bell stage. The sample was taken from a
foetus with a crown-rump length of 68 mm. The morphology of the developing tooth is clearly visible. Scale bar: 125 um. (b)
Histological cut through the germ of an incisor in the bell stage. The material stems from a foetus with a crown-rump length of
95 mm. In this stage the form of the crown is fully developed. Scale bar: 250 um. (Reproduced with friendly permission of the

Quintessence Verlag?).
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Figure 3. Schematic drawing of the principles during enamel
mineralization: The ameloblasts secrete proteins and inor-
ganic ions. Because of their retraction and the ionotropy of
the gel, the protein molecules are oriented parallel. They offer
nucleation sites for the first mineralization. It is assumed that
an enamel crystal is the result of the coalescence of many small
nucleation centers (Reproduction?’).

extruded
protein

secretion of matrix molecules and retardation, the
peripherical layers of human enamel are prism-free and
consist of parallel crystals with an orientation perpen-
dicular to the surface.??

During the formation period of teeth, more than 10
different proteins have been identified in samples of
enamel in addition to some lipids and fatty acids?® that
make up about half of the organic matrix in enamel. Of
these proteins, especially the hydrophobic amelogenin
and the acidic enamelin have been investigated.

Because enamelin can only be detected after the
inorganic component of enamel has been dissolved, a
strong binding of this protein to the inorganic material
of the enamel is assumed.?* Amelogenin is presumably
not fixed to the inorganic part of the compound, but its
share of the organic enamel proteins amounts to about
90 wt %.28 The protein assembly is hierarchically

Figure 4. Scanning electron microscopy images of typical
enamel prism structures. (a) Key-hole type patterns of a slice
that is cut perpendicular to the long axis and etched with 50%
phosphoric acid (scale bar: 1 um) and (b) view on the long
axis? (scale bar: 10 um).

structured by building ordered nanosphere aggregates.?®
Thus, it is speculated that amelogenin serves primarily
as a framework substance. Immunohystochemical in-
vestigations indicate, however, that amelogenin and
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Figure 5. TEM image of an ultrathin slice of tooth enamel.
Notice the regional high parallel orientation of the enamel
crystals. Scale bar corresponds to 100 nm (Reproduced with
friendly permission of the Quintessence Verlag?').

enamelin are also located in the prism cores.?6 Recent
in vitro studies of the influence of amelogenin on the
morphology of octacalciumphosphate showed a remark-
able effect on the crystal habitus. It is assumed that
the interaction of this protein with OCP crystals is
stronger on (010) faces than on (100) faces as the habitus
changes from a platelike shape to elongated prisms
when amelogenin is present.?” These investigations are
of special importance for tooth formation because it is
assumed that OCP serves as a precursor of enamel
apatite.2829

Enamel undergoes a ripening process that is associ-
ated with the disappearance of the ameloblasts and
leads to a reduction of the protein content from 15 to
26 wt % to about 0.6—1 wt %.56 Especially the unstable
amelogenin is degraded and removed. The remaining
cavities are first filled with water and later with growing
apatite. In contrast to dentine, enamel does not contain
type | collagen, but it was recently shown that type X
collagen is present in the developing tooth germs® and
contains collagenous and noncollagenous domains.3!

The organic dentine matrix, essentially collagen in the
form of an irregular network, is extruded by odonto-
blasts, which move opposite to the enamel-forming
ameloblasts toward the pulp. In contrast to the amelo-
blasts, the odontoblasts leave their appendices (tubuli
dentinales) in the matrix, which later will be mineral-
ized. These tubuli reflect the movement of the cells and
start at the enamel—dentine junction, continue through
the entire dentine, and finally reach the surface of the
pulp where the odontoblasts are aligned. A non-collagen-
associated mineralization starts in the so-called matrix
vesicles, which are collagen-free, membrane-surrounded
entities with a diameter of 0.1 um. Mineralization
originates in these vesicles and spreads out in all
directions until large compartments become calcified.1”
Early nucleation is also observed in the gap regions of
the collagen fibrills. A specific dentine phosphoprotein
that is secreted at the mineralization front binds to
collagen fibrils in the gap region and is supposed to
initiate the mineralization.®

With eruption of the teeth, the ameloblasts die off.
Nevertheless, maturation of the enamel continues in the
posteruptive phase by replacement of water and organic
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components by apatite.® This posteruptive maturation
can lead to an enhanced translucency of the enamel and
the tooth color turns more yellowish because the color
of dentine shines through.??

Caries

The erupted teeth are covered with a noncellular
membrane, the dental cuticle, which is made of gluco-
proteins of the saliva. Microorganisms populate the
tooth surface and build a dense lawn called plaque.t® It
contains different proteins, calcium, phosphate, and
fluoride ions and its mineralization leads to the forma-
tion of dental calculus.

It is without doubt that the consumption of sugar can
initiate caries as some microorganisms are able to
degrade sugar to acids that dissolve the teeth and there
is experimental evidence that the presence of these
bacteria is essential. In an animal experiment it was
shown that rats fed with a sugar diet did not show caries
when they were kept under sterile conditions. On the
other hand, inoculation of special types of acid-forming
streptococci produces caries lesions.3233 Furthermore,
it was shown that acid-producing bacteria that are
located in the dental plaque are able to synthesize and
store polysaccharides.’® These are degraded to organic
acids, leading to a decalcification of subsurface enamel
parts. Dissolution of individual enamel crystals starts
in their cores and proceeds preferentially along the c
axis.3* Because of these lesions, the crystallites turn to
be permeable for fluids without losing their shape.

The principle of subsurface demineralization is not
restricted to enamel because it can be imitated in
synthesized and subsequently sintered hydroxyapa-
tite.22% |t is assumed that the outer crystals are
dissolved in a first step. While the dissolution proceeds
toward the inside, the surface remineralizes. The newly
formed crystals in the outer layers are less soluble than
the original mineral because the defect concentration
is lower. A similar process is assumed for the early
stages of enamel caries. When the lesion proceeds to the
enamel—dentine junction, enamel loses its surface
continuity and the hole spreads out into the softer
dentine, as the microorganisms can penetrate through
the dentine tubuli very quickly. Caries lesions reaching
the pulp lead to a loss of tooth vitality.

The Inorganic Component of Human Teeth

The name apatite goes back to the Greek word
“apate”, which means deception. The name was given
because apatite was frequently confused with other
minerals of rodlike hexagonal habitus, e.g., beryll and
turmaline. As a biomineral, apatite is of importance as
a main component of fish scales, bone, and teeth.

All three mineralized tissues of human teeth comprise
composites of crystalline, partly substituted hydroxya-
patite, and organic matrixes. As a model compound for
the mineral component, we will use a crystalline phase
of the idealized composition Cas(PO4)30H as a first
approximation. Pure hydroxyapatite crystallizes either
in space group P63/m with two formula units in the unit
cell®® or in the monoclinic space group P2:/b.37:38 This
nonstandard setting of the space group P2;/c (No. 14)
was chosen to emphasize the similarity of the hexagonal
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Figure 6. Hexagonal crystal structure of hydroxyapatite in
a view along the ¢ axis. In this presentation all OH~ ions
within the same channel are oriented in the same direction;
ions in neighboring channels are in opposite directions.

and monoclinic cell parameters. Thus, the lowering of
the symmetry causes mainly a doubling of one of the
hexagonal a axes and a slight deviation of the mono-
clinic angle from 120°. Figure 6 shows the hexagonal
structure of hydroxyapatite. The main difference be-
tween the two forms is the arrangement of hydroxyl ions
in the channels (see below). Because of composition
differences of the investigated natural and synthesized
samples, which will be discussed in some detail later,
the published lattice parameters of abiogen hydroxy-
apatite show variations of the lattice parameters from
a = 942.4 pm to a = 943.2 pm and for ¢ in the range
from 687.9 to 688.1 pm.36:39.40

In both modifications of hydroxyapatite, the OH™ ions
are arranged along [001], that is, in columns parallel
to the c axis. These columns pass through the centers
of calcium triangles that are located on mirror planes
perpendicular to the ¢ axis with triangles of adjacent
layers rotated by 60° with respect to each other. The
oxygen atoms of the OH™ groups are displaced from the
center of gravity of the calcium ions by 3 pm.3¢ Because
equivalent oxygen positions in the hexagonal modifica-
tion have a distance of only 6 pm, which result in
unreasonably short oxygen—oxygen distances, these
positions are occupied at only 50%. Both different
orientations of the oxygen atom are equally probable,
leading to a disordered arrangement of these atoms in
the crystal structure. In the monoclinic modification, all
hydroxyl ions in one type of the channels are aligned in
an upper direction while those of the other type point
downward.3” Channels with equally oriented hydroxyl
groups are contained in layers parallel to the a—c plane.
Hydroxyl groups of the adjacent layers are oriented
antiparallel. Thus, the monoclinic b axis is doubled with
respect to the a axes of the hexagonal unit cell and the
metrical relation between the two modifications can be
summarized as a,, = an, bm = 2an, and ¢y, = ¢, with the
indices m and h indicating monoclinic and hexagonal
unit cell parameters, respectively.

The triangles of the calcium atoms that are arranged
with a distance of 344 pm along [001] are surrounded
hexagonally by a another type of calcium positions.
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Figure 7. Different arrangements of OH™ and F~ ions in the
channels of apatite. (a) In fluoride-containing hydroxyapatite
the orientation of the OH™ ions can change within a channel
due to the formation of OH—F hydrogen bonds. (b) With
increasing fluoride content the presence of neighboring F~ ions
becomes more probable and leads to repeated changes of the
OH™ orientation. (c) In OH™-containing fluorapatite most OH~
ions have two F~ neighbors. The fluoride that forms the OH—F
hydrogen bond is shifted out of the center of the calcium
triangles.4’

These calcium atoms, that are labeled as type I, form
tubes that are oriented parallel to [001] and, thus, to
the screw axes. The type | calcium positions are
coordinated by six slightly distorted phosphate tetra-
hedra. The phosphorus atom and two oxygen atoms are
located on the same plane as the type | calcium atoms.
The other two oxygen atoms are equidistant to the type
Il calcium atoms, which form triangles.

Replacing at least 85 mol % of the OH™ groups with
chloride leads to the monoclinic chlorapatite.*! Here, the
chloride ions are displaced by 38 pm from the plane of
the calcium ion triangles. When a high voltage of 5000
V/mm is applied in direction [001], the monoclinic
arrangement of atoms in chlorapatite can be trans-
formed and the atomic arrangement realizes the acen-
tric space group P63. Under these conditions, all chloride
ions are displaced from the planes in the same direction
and the material becomes polar and ferroelectric.*2

Pure fluoroapatite is hexagonal because the fluoride
ions are located exactly within the plane of the calcium
triangles.*344 Fluorapatite and hydroxyapatite form
continuous solid solutions. In the case of mixed occupa-
tion of the channel positions, that is, the apatite
contains OH~ as well as F~, the fluoride ions can be
displaced from the center of gravity by about 1 pm
because of the formation of OH—F hydrogen bonds.*>46
Figure 7 shows three different arrangements of the
column ions in apatites, which contain both fluoride and
hydroxide.*’

In human teeth, the composition of apatite is different
from the prototypes because its constituents can be
replaced by a number of ions; for example, in tooth
enamel more than 30 elements have been detected, and
calcium is partly substituted by sodium, potassium, and
other cations.*® With regard to the anions, approxi-
mately every tenth phosphate group is replaced by
hydrogen phosphate, resulting in the composition Cag-
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(PO4)5_4(HPO4)0_5(OH).49 Additionally, 2-4 wt % of the
phosphate is substituted by carbonate. Finally, part of
the hydroxyl groups are replaced by fluoride, small
amounts of chloride, and carbonate. Thus, carbonate
replaces PO,3~ groups in the framework and to a minor
extent OH™ groups in the channels. Within these tubes,
the CO32~ group is tilted against the 6-fold axis by about
30°.%0 The replacement of PO43~ by HPO42~ and OH~
with CI-, respectively, increases mainly the lattice
parameter a of hydroxyapatite**5! whereas an exchange
of OH™ by F~ leads to a contraction of the lattice
parameter a.#94452 Thus, substitutions of ions within
the channels lead to changes that are much smaller for
¢ than the alterations of a; for example, the lattice
parameters of pure fluorapatite correspond to a = 936.4-
(5) pm and ¢ = 687.9(5) pm whereas hydroxyapatite
realizes a = 942.2(3) pm and ¢ = 688.3(3).#® Because
ion replacements induce both increases and decreases
of the lattice parameters, it is not possible to deduce
the composition of multiply substituted apatite from the
metric alone.

In enamel, a gradient of the fluoride concentration
has been experimentally evidenced.5® The decrease of
the fluoride content from the outer layers toward the
inner parts of enamel is attributed to an uptake of F~
from oral fluids superimposed on a baseline value due
to the concentration differences ingested during tooth
development.5354 The resulting formation of weak OH—F
hydrogen bonds leads to diffusion blocking, which
reduces the solubility of apatite in acids and, thus,
causes a decreased probability of caries formation.*®

Microscopic Models of Biological Apatite
Formation

It is generally accepted that the activity product
[Ca?™] x [PO437] of physiological fluids is in a metastable
region above the theoretical saturation level®® of 5.5 x
107118 (mol*® I-18), The prevention of mineralization is
the result of numerous inhibitors, for example, pyro-
phosphates, intermediary metabolites such as citrate,
and complexing proteins.56=5% All these molecules ex-
hibit inhibitory effects in in vitro experiments. It is
assumed that cells form the apatite—protein composite
by pumping calcium and phosphate ions into a freshly
extruded gel matrix. This model is supported by the
experimental finding that calcium pumps (Ca-ATPase)
are found in the Tomes’ processes.®® For the mineraliza-
tion of cartilage it is proposed that the phosphate
concentration is locally increased within the zone of
calcification due to a phosphate release and due to a
proteoglycan dispensation of calcium ions by ion-
exchange effects.5® This assumption is in agreement
with the experimental finding that the phosphate level
inside the cells is high whereas the matrix of precalcified
cartilage is nearly free of phosphate.6 However, the
importance of this observation for the enamel mineral-
ization remains to be investigated.

The retardation of the ameloblasts in combination
with the influx of inorganic ions is supposed to induce
a parallel orientation of the protein macromolecules due
to an ionotropic effect.>62-64 Calcium ions are supposed
to bind onto the negatively charged amino acid residues
while phosphate ions bind to the positively charged
amino acid residues or at the calcium ions. The miner-
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alization of apatite starts in the direct vicinity of the
ameloblasts. It was proposed that further growth of
these nucleation sites leads to the formation of dotlike
islands of amorphous or highly disordered apatite,
which is bonded to the protein chains (see Figure 3).
With proceeding growth the islands coalesce in the form
of needles and the original dotlike substructure is
obliterated.®* In a next step the macromolecules are
mainly decomposed and transported back to the amelo-
blasts whereas the needles grow in diameter and
coalesce with neighboring particles. An alternative
hypothesis concerning enamel formation claims that
first very tiny platelike crystals form in the vicinity of
the ameloblasts, which predominantly grow in the a—c
plane. At the end of the embryonic stage they have a
width-to thickness-ratio of about 3.9. In a second growth
mechanism the flat plates fuse to mature aggregates
with a width-to length ratio of 2.6.5566 New studies
verify that initial mineralization products in the secre-
tory stage appear as thin ribbons, which are probably
octacalciumphosphate-like precursors?82° with spherical
substructures and diameters ranging from 20 to 30
nm.23 These ribbons are overgrown by apatite, and thus,
they increase in width and thickness during the matu-
ration stage. Enamel units as long as 100 um but <30
nm in diameter have been isolated from developing
teeth.%” It is conceptually possible that some tooth
enamel fibers are longer than 3 mm, which corresponds
to the maximum thickness of the layer.??

As explained in the preceding parts, the factors
leading to the formation of teeth are very complex and
are based essentially on genetics, cell intelligence, and
self-organization. At present, the precise function and
the interactions of all the participating factors are not
completely understood.?® Thus, approaches aiming to
imitate in vitro the formation of the biominerals dentine
or enamel by maintaining the complex chemical com-
position of the biological system are forced to fail.
Instead, it seems more promising to reduce the sophis-
ticated biological system to only a few relevant factors.

Biomimetic Synthesis of Fluorapatite—Gelatine
Composites

The basic approach of biomimetic synthesis tries to
imitate the special building mechanisms of biological
systems to obtain composites that are ordered from the
nanometer to the mesoscopic length scale.®® This new
class of materials is interesting not only in terms of basic
research and a deeper understanding of biomineraliza-
tion but also with respect to expected special physical
properties, for example, hardness and reduced brittle-
ness or high porosity and, therefore, low weight in
combination with high stability.5° A first step in this
field represents the examination of the influence of
organic molecules on crystallization. These model sys-
tems can be nonbiological systems such as bicontinuous
microemulsions,’®71 self-assembled monolayers,’? am-
phiphiles,”® polyglyccolides,”* and biological systems
such as collagen,” glycosaminglycane,”® and noncolla-
genous proteins.”” Thus, it is important to study the
effect of inorganic ions in the enamel matrix on the
calcium phosphate mineralization. To simulate the tooth
enamel formation, a cation selective membrane was
used to separate calcium and phosphate ions. Addition-
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ally, the influence of fluoride, magnesium, and carbon-
ate ions on the crystal habitus of octacalciumphosphate
was investigated.”® With increasing inhibitory effect on
the crystal growth (F > Mg > CO327) the crystal
morphology changes from ribbonlike to flakelike par-
ticles. This result is in contrast to the observation that
the morphology of early formed enamel crystals is more
ribbonlike. The addition of 1 ppm fluoride leads to the
formation of lamellar composites of OCP and apatite.”
It is assumed that enamel and dentine contain OCP as
well because crystals of both biominerals exibit a typical
central dark line that can be observed in high-resolution
electron microscopical investigations. The same dark
line is observed for larger in vitro synthesized lamellar
OCP crystals, which have been analyzed by transmis-
sion electron microscopical methods. Unfortunately, the
size of the presumable OCP region in enamel and
dentine is too small to be analyzed with X-ray diffraction
methods.

A promising experiment to elucidate some basic
principles of biomineralization by strongly reducing the
biological active factors to pure self-organization of
inorganic ions and polypeptide molecules is described
in some detail & The extracellular matrix for the enamel
formation is simulated by a gelatine gel with a high
bloom value,®' which is the criterion for high gel
tightness and, therefore, a high content of intact a-he-
lices, which are also present in the original collagen.
However, the amino acid composition of gelatine is quite
different from the that of the biological organic matrix
responsible for the enamel crystallization. Nevertheless,
it can be assumed that gelatine can offer nucleation sites
that are quite similar to the biological matrix because
there is a strong chemical resemblance to collagen,
which is the main part of the extracellular bone ma-
trix.%® In accordance with the ameloblastic secretion
product, gelatine is a mixture of polypeptides with
different chain lengths, which shows properties of an
ionotropic gel, for example, thermoreversible gel-
ling.6263 lonotropic behavior is the requirement for
orientating the organic molecules by inorganic ions that
enter the experimental setup via diffusion into a gel.
To avoid a fast precipitation of calcium phosphates, the
buffered calcium and phosphate solutions are diffused
from opposite sites into the acidified gel by means of a
double-diffusion chamber.8? The fluoride, which is nec-
essary for fluorapatite formation, is added to the
phosphate solution. The advantage of the synthesized
fluorapatite in comparison to carbonate-containing hy-
droxyapatite, a material that is closer to natural enamel
concerning chemical composition, is its higher acid
resistance. Moreover, the shape of the fluorapatite units
developing under the chosen biomimetic conditions are
more similar to “enamel crystals” than to hydroxy-
apatite.?0 The fluoride content and the regular hexago-
nal habitus in the resulting fluorapatite aggregates
closely resembles that of the enameloid of shark
teeth.248 The growth temperature is chosen to be 25
°C, which is rather close to the physiologic temperature
of humans and low enough to prevent melting of
gelatine. As a conclusion, a rather simple experimental
setup enables studies of the development of a hierarchi-
cally ordered composite structure consisting of fluora-
patite—gelatine nanoparticles.
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Figure 8. Successive development stages of the morphogen-
esis of a fluorapatite—gelatine composite visualized as a
superposition. For clarity the image of each stage is sur-
rounded by a black line. (a) Hexagonal seed, (b) dumbbell,
and (c) closed sphere.®! The size of the sphere corresponds to
100 um.

Development and Morphogenesis of
Fluorapatite Composite Structures

Within the gel that contains gelatine, calcium, phos-
phate, and fluoride ions, composite aggregates form
within a few days. They are arranged in so-called
Liesegang bands® and the first precipitation zone is
located at the gel—liquid border with further bands
forming within the gel. The aggregates continue to grow
over a period of weeks. Particles located in a band lying
near the phosphate solution show a specific growth
mechanism (see below). For an optimal investigation of
the small crystal aggreates, the gelatine is removed from
the central part of the U-tube and is subdivided into
the various bands. Repeated washing with hot water
removes adherent gelatine from the particles and
cleaned in this manner they can be investigated with
scanning electron microscopical techniques (SEM). Ob-
servation of particles belonging to the same region of
the gel but being different with regard to the time they
remained in the diffusion chamber before they were
washed out evidences a special growth mechanism. The
formation of new seed crystals occurs randomly within
the first weeks, and thus, there is always a mixture of
different growth stages present in the gel. In principle,
the morphogenesis starts with elongated hexagonal
prismatic seeds with a perfect hexagonal habit. The
sizes depend on the conditions of the reaction and are
observed to reach maximum values of 30 x 5 x 5 um.?0
Progressive stages of self-assembled needle-shaped
prisms at both ends of the seed lead to dumbbell-shaped
aggregates, which complete their morphology by suc-
cessive and self-similar upgrowth processes that finally
result in equatorially notched spheres. Typical develop-
ment stages are visualized in a superposition (see Figure
8) to give an impression of the observed growth. After
the spheres are closed, a second, radial growth proceeds
the mineralization, which leads to spheres with a
maximum diameter of ~1 mm.2°

Summing up, by static diffusion of buffered calcium
and mixed phosphate/fluoride solutions in an acidified
gelatine gel, it is possible to observe the transformation
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of special morphologies (hexagonal prisms) into com-
pletely different shapes (spheres). This growth process
is obviously controlled by means of diffusion and self-
organization only.

The described morphogenesis of fractal structures has
not been evidenced for other composite systems, al-
though the observed final morphologies are not re-
stricted to the apatite—gelatine composites. In some
cases spherical and dumbbell-shaped apatite particles
were obtained in experiments similar to those described
before but using a polyglycolide matrix instead of
gelatine.” However, in these experiments it cannot be
ruled out that a spherical or dumbbell-like prearrange-
ment was already formed by the organic matrix before
the mineralization started, especially because related
systems such as polymerized formaldehyde show similar
structures.8! Dumbbell-shaped particles of barium sul-
fate®> and calcium carbonate® were obtained by im-
mediate precipitation using a block copolymer as an
additive, but the aggregates did not show fractal struc-
tures. Summing up, the dumbbell as well as the spheri-
cal morphology of aggregates is often observed when
organic molecules are present. However, dumbbell-
shaped species were also obtained by the preparation
of hematite by a sol—gel process in the presence of
sulfate ions.®” For the latter it was shown that the
adsorption of sulfate ions varies with the orientation of
the crystal faces relative to the long axis of the seed.88
This is expected to lead to a retarded growth of the
respective crystal planes and is therefore directly con-
nected to the development of peanut-shaped particles.
A similar mechanism is proposed for the microwave-
induced formation of peanut-shaped calcite crystals in
the presence of citrate.8®

Fractal Growth Mechanism and Simulation

Analyzing various SEM images of different growth
stages supports the interpretation that the morphogen-
esis of fluorapatite—gelatine composites is influenced by
at least two noncrystallographic parameters: The first
one is that the special morphology is the result of an
upgrowth of preceding generations. The particles of
successive generations are arranged in a way that the
angle between their long axes and the prism axis of the
mother individuum does not exceed 45° + 5°. Second,
subsequent generations of aggregates scale down by a
factor of about 0.7. Following these two rules, the
spheres should close after the 10th generation and the
diameter of the surface crystallites is expected to be
about 50 nm when the diameter of the seed is ~4 um.
The experimental findings are in excellent agreement
with the predictions from the presented model.

On the basis of these rules, calculations can be
performed based on a model that was developed by
using techniques of fractal geometry.?® The resulting
simulation reflects important structural details of the
aggregates. Figure 9 shows an image of a two-dimen-
sional model simulating the structure of a just closed
sphere.®! As a simplification, a 4-fold splitting for each
generation is assumed, although the order of noncrys-
tallographic splitting is certainly higher. The maximum
opening angle is chosen to be 48°; the scale-down factor
of each generation corresponds to 0.7. Crossing of
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Figure 9. Image of a simulation using a two-dimensional
model for the crystal growth of the fluorapatite—gelatine
composites (see text for explanation). The model reproduces
key features of the morphology of the aggregate, e.g., the
equatorial constriction and the drop-shaped transverse section
through the cavity around the seed.®*

Figure 10. (a) Computer simulation of the growth of the
fluorapatite—gelatine composite using a model that is based
upon methods of fractal geometry using simplifying assump-
tions about the particle growth (see text). The morphology of
the simulated aggregate reproduces (b) the structure of the
synthesized spheres almost perfectly. To show more details of
the calculated and the synthesized particles, the spheres have
been cleft perpendicular to the seed axis.?° Scale bar corre-
sponds to 10 um.

individuals is suppressed and the diffusion inhibition
inside the growing dumbbell is taken into account by
removing individuals growing up with an angle greater
than 160° relative to the long axis of the seed. The model
reflects the equatorial constriction as well as the drop-
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Figure 11. (a) Surface images of a synthesized fluorapatite—
gelatine composite sphere. (b) The arrangement of the elon-
gated particles in the outer shell of the spheroids that originate
from the second growth mechanism in the biomimetic synthe-
sis (see text) are almost parallel and bear a close resemblance
to the arrangement of elongated prism bundles in enamel.%*
Scale bars correspond to 1 um.

shaped transverse section through the cavity around the
seed. A more precise three-dimensional model of a
broken dumbbell in comparison with a SEM image of a
broken sphere is given in Figure 10 to clarify the
resemblance of the calculated and observed structures.®!

Relations between the Self-organized
Aggregates and Enamel

The similarities of the aggregates and the enamel
structure becomes evident when the surface layer of a
sphere (see Figure 11a) is compared to enamel prisms.
The elongated crystals that are the product of the second
growth mechanism in the biomimetic composites are
almost parallel, and thus, they closely resemble the
arrangement of elongated prism bundles in enamel (see
Figure 11b). Moreover, the crystal diameter is ap-
proximately the same for enamel (26 x 68 nm67) and
the in vitro grown composite (50—100-nm diameter).
The similarity of the white but shiny colors of both
materials is attributed to the resemblance of particle
sizes.

Figure 12. Image of a sphere after the second growth
mechanism is finished. The outer layer has been partly
removed mechanically to visualize the core—shell assembly of
the aggregate.®® Scale bar corresponds to 100 um.

Figure 13. Surface of a fluorapatite—gelatine aggregate in
the stage of a hollow sphere after EDTA attack. The surface
is softened because of partial dissolution of apatite. Analogous
to dental caries, the solvent reaches the interior of the spheres
through these channels.?® Scale bar corresponds to 10 um.

The core—shell assembly (see Figure 12) consisting
of the fractal core and the radial arrangement of crystals
of the second growth mechanism resembles the complex
organization of teeth. Although fractal structures have
not been observed in natural biominerals, the analogy
of the self-organized aggregates to the structure of
human teeth is that we observe in both systems adjacent
areas with more or less parallel arranged crystals and
an underlying core that shows a more complicated
organization. Thus, it is not surprising that the dissolu-
tion behavior of the self-organized aggregates shows
remarkable similarities to that of enamel. This observa-
tion is especially important with respect to lesions
caused by caries. Concerning chemical composition, the
fractal material closely resembles enamel because it
consists of about 95 wt % apatite, ~2 wt % of the organic
component and 3 wt % of water.2

Dissolution Behavior of the Inorganic
Component of the Aggregates

The composite character as well as the relevance of
the aggregates as a model material for enamel can be
demonstrated by dissolving the fluorapatite in complex-
forming agents such as neutral EDTA solution. It was
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Figure 14. Light microscopic image of a typical (a) synthesized fluorapatite—gelatine composite sphere and (b) a completely
decalcified gelatine residue of 125-um diameter using a polarization microscope (crossed polarizers).?® Scale bars correspond to

20 um.

shown that the effect of EDTA on enamel is similar to
weak acids® as its corrosive effects on extracted teeth
produced caries-like lesions. In the case of spherocrys-
tals, the dissolution is rather similar: First, the spheres
lose their opalescence and turn pale white. This process
corresponds to the formation of white spots in enamel'®
and the reason for this behavior is the development of
small channels in the apatite surface that is accompa-
nied by an alteration of the optical behavior and a
“softening” of the material. The dissolution of the
fluorapatite spherocrystals proceeds via different stages
of hollow spheres and corresponds to the undermining
activity of caries attacks. Figure 13 shows a typical SEM
image of the surface of a hollow sphere illustrating the
“softening” of the material. Finally, the complete sphere
is dissolved and an exact copy of the original morphology
remains in the form of the gelatine residue. These
gelatine residues show basically the same anisotropic
optical behavior (Brewster cross) as primary composites
(see Figure 14), with the only difference being the lack
of interference colors in the case of the gelatine sphere
due to the loss of the inorganic material. As a conclusion,
the observation of similar optical properties is taken as
an indication that there is an interdependence of the
orientation of apatite particles and the alignment of
polypeptide molecules in the composite.

Possible Reasons for the Development of
Fractal Structures

The optical isotropy of gelatine gels indicates that
there is no macroscopic ordering before the diffusion
starts. Thus, the aggregates do not represent the result
of a mineralization of a preformed matrix. In contrast,
during diffusion, nucleation, and mineralization a con-
tinuous interplay between gelatine molecules and the

forming apatite takes place and the fractal structures
are a result of a mutual interaction of the participating
components. Just as it is assumed for the enamel
formation, the ionotropy of gelatine leads to a reorienta-
tion of molecules due to the diffusion of inorganic ions.
The inorganic and organic components interact because
gelatine offers nucleation sites for the mineralization
and the growing mineral particles change the orienta-
tion of neighboring polypeptides. In this context, the role
of electric fields upon aggregate growth has to be
clarified. The polarity of collagen and the structural
properties of apatite, crystallizing either in a cen-
trosymmetric or an acentric space group dependent on
which ions are located in the channels of the crystal
structure,*? support the idea that the particle growth
might be influenced by local electrical fields. Moreover,
the arrangements of crystals in the fractal aggregates
show a remarkable coincidence with the orientation of
electrical field lines around a permanent dipole.® We
would like to note here that bones as well as dentine
show a piezoelectric and pyroelectric effect due to their
polar components,®~9%7 and the piezoelectric effect be-
comes stronger with increasing amounts of the organic
component.®® However, there is no experimental evi-
dence for a strong permanent intrinsic electric field of
the fractal aggregates as the claim of pyroelectric
behavior has not been experimentally established until
today.°t

Concluding Remarks

The “chemistry of form™ is one of the most challeng-
ing fields in materials science and inorganic chemistry.
In biological systems with complex compositions, a
variety of different organic molecules is involved in the
different steps of the morphogenesis. Their functions in
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Figure 15. SEM image showing the central region of a
spherocrystal that has been cleft perpendicular to the long axis
of the seed to visualize the typical radiating pattern of the cross
section of the seed, which is taken as an indication of the
nanocomposite character of the aggregates.'® Scale bar cor-
responds to 10 xm.

the course of the formation of biominerals can include
the formation of precursors, the development of seeds
(nucleation), and a stabilization of the growing mineral
phase. Interaction of the organic molecules with the
growing surface of the inorganic component induces
specific changes of the crystal growth rate and, thus, of
particle size and morphology. Models have been pro-
posed to develop a picture of the mechanisms that are
involved when an organic component controls the
growth in its ultrastructural regions and organizes
hierarchically arranged structures such as enamel
prisms. It is expected that parallel to further experi-
mental investigations of the interactions between or-
ganic and inorganic components, theoretical modeling
will be of increasing importance in the development of
a clear picture on an atomic scale. In this context,
guestions upon the composite character of biominerals
and biomimetically grown aggregates will stay in the
focus of interest. As shown in Figure 15, a cross section
of the hexagonal seed perpendicular to the long axis,
realized by bisectioning of a just closed sphere along the
equatorial constriction, exhibits an unusual radial pat-
tern that does not correspond to the cleavage properties
of abiogen apatite and, thus, is attributed to be the
result of the special nanocomposite situation in the seed.
We assume that in accordance with the rules of self-
similarity the hexagonal shape of the seed is the result
of a periodic orientation of hexagonal nanoapatite
crystals and that this arrangement corresponds to the
organization of enamel prisms!® in human teeth.

The formation of fractal structures in our model
system strongly supports the idea that specific interac-
tions of the organic and the inorganic component
stabilize aggregates with unusually high surface areas.
The use of relatively simple systems such as fluorapa-
tite—gelatine justifies expectations to gain a deeper
understanding of self-organization in organic—inorganic
composite systems that are not affected by cell activities.
Moreover, the remarkable structural similarities of the
composite aggregates and teeth enamel open a new field
for basic research activities that aim to study the
possibility of reconstructing human teeth by induced
remineralization.
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