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Preface

In nature, biological organisms produce mineralized tissues such as bone,
teeth, diatoms, and shells. Biomineralization is the sophisticated process of
production of these inorganic minerals by living organisms. Construction of
organic–inorganic hybrid materials with controlled mineralization analogous
to those produced by nature has recently received much attention because it
can aid in understanding the mechanisms of the biomineralization process
and development of biomimetic materials processing. The biomineralization
processes use aqueous solutions at temperatures below 100 ◦C and no toxic
intermediates are produced in these systems. From a serious global envi-
ronmental problem point of view, the development of processes inspired by
biomineralization would offer valuable insights into material science and engi-
neering to reduce energy consumption and environmental impact. One of the
most challenging scientific problems is to gain greater insight into the molec-
ular interactions occurring at the interface between the inorganic mineral
and the macromolecular organic matrix. Model systems are often regarded as
a straight-forward experimental approach toward biomimetic crystallization.
Hierarchical architectures consisting of small building blocks of inorganic crys-
tals are often found in biominerals. Studies of nanocrystal self-organization in
solution systems would also be helpful for understanding biomineralization.

In these volumes, we focus on construction of organic–inorganic hybrid ma-
terials with controlled mineralization inspired by natural biomineralization. In
the first volume, the reader will find contributions providing a basic scope of the
mineralization process in aqueous solution. The first chapter by Marc Fricke
and Dirk Volkmer introduce Mollusk shell formation, crystallization of CaCO3
underneath monolayer via epitaxial and non-epitaxial growth. Hiroaki Imai
describes hierarchically structured crystals formed through self-organization
in solution systems. A wide variety of complex morphologies including frac-
tals, dendrites, and self-similar structures are reviewed. Fluoratite-gelatine
nanocomposites, reviewed by Rüdiger Kniep and Paul Simon, are suited to
obtaining deeper insight into processes of self-organization, and can help to
learn about essentials in the formation of inorganic–organic nanocomposites
of biological relevance. There is considerable academic and commercial inter-
est in the development of hydroxyapatite (HAp) bioceramics and HAp-loaded
polymer for bone replacement. Kimiyasu Sato summarized inorganic–organic
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interfacial interactions in hydroxyapatite mineralization process. Biominer-
als are most often considered in either their more traditional roles as critical
structural components of organisms. The biominerals are also important ion
reservoirs for cellular function. It is becoming apparent that biominerals act as
critical detoxification sinks within certain organisms. In the final chapter of the
first volume, David Wright and his co-workers explain that the detoxification
process make noble metal nanoparticles.

In the mineralized tissues, crystal morphology, size, and orientation are
determined by local conditions and, in particular, the presence of “matrix”
proteins or other macromolecules. Because the proteins that have been found
to be associated with biominerals are usually highly acidic macromolecules,
several water-soluble polyelectrolytes have been examined for the model of
biomineralization in aqueous solution. The second volume will focus on con-
trolled mineralization by synthetic templates. We start this volume with the
latest advances in hydrophilic polymer controlled morphosynthesis and bio-
inspired mineralization of crystals reviewed by Helmut Cölfen. He also sum-
marizes classical crystallization pathways as well as non-classical nanoparticle
mediated crystallization routes. These basic overviews will be very useful for
the reader to understand this field. Shu-Hong Yu reviews controlled mineral-
ization by synthetic additives and templates, not only with simple water-soluble
polymers, but also artificial interfaces and matrixes including monolayers and
synthetic polymer matrix. In the next chapter, I will introduce delayed ac-
tion of polymeric additives as a new method for controlled mineralization by
synthetic polymers. Finally, Norikazu Ueyama and his co-workers describe
the detailed chemistry of the interface between the inorganic mineral and the
macromolecular organic matrix by their designed polymer ligands. Coordina-
tion information on synthetic Ca carboxylate complexes is important for the
elucidation of the Ca–O bond on the surface of Ca-based biominerals.

It was my great pleasure to invite leading international scientists to con-
tribute to this issue and write excellent and detailed reviews of recent de-
velopments in the field of biomineralization. Although several books about
biomineralization have been published, those books focused on the progress
of biomineralization in biology and molecular biology. No book about biomin-
eralization has focused on the viewpoint of constructing the bio-inspired
organic–inorganic hybrid materials. The continuous cooperation of organic
and polymer chemists with inorganic and biochemists for the field of biomin-
eralization is desirable for discovering new concepts and method for producing
composite materials and crystalline forms analogous to those produced by na-
ture.

Kyoto, September 2006 Kensuke Naka
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Abstract The growth of inorganic materials below negatively charged monolayers is fre-
quently considered to be a suitable model system for biomineralization processes. The
fact that some monolayers give rise to oriented overgrowth of calcium carbonate crys-
tals has been interpreted in terms of a geometrical and stereochemical complementarity
between the arrangement of headgroups in the monolayer and the position of Ca ions
in the crystal plane that attaches to the monolayer. However, comparative investigations
of the growth of calcium carbonate beneath monolayers of macrocyclic polyacids have
demonstrated that non-directional electrostatic parameters, such as the average charge
density or the mean dipole moment of the monolayer, determine the orientation and
the polymorph of the overgrowing crystals. The results show that it is possible to con-
trol the surface charge densities in monolayers by the appropriate design of amphiphilic
molecules. A switch in polymorph occurs above a critical monolayer charge density at
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which aragonite or vaterite nucleation takes place, presumably via a kinetically controlled
precipitation process.

Keywords Calcium carbonate · Biomineralization · Mollusc shell · Nacre · Monolayers ·
Template mechanism · Epitaxy

1
Introduction

Many organisms have developed sophisticated strategies for directing the
growth of the inorganic constituents of their mineralized tissues. Active con-
trol mechanisms are effective at almost all levels of structural hierarchy,
ranging from the nanoscopic regime (the nucleation of a crystallite at a spe-
cific site) up to the macroscopic regime, where the biophysical properties
of the mineralized tissue are matched to certain functions [1]. Among the
many open questions, one of the most challenging scientific problems is to
gain greater insight into the molecular interactions occurring at the inter-
face between the inorganic mineral and the macromolecular organic matrix.
Biogenic crystals often express exceptional habits that are seemingly unre-
lated to the morphology of the same type of crystals grown under equilibrium
conditions.

The morphology of the calcified tissue is ultimately encoded in the genome
governing the biosynthesis of required materials at the cellular level of
structural hierarchy. Therefore, biomineralization, as a highly complex phe-
nomenon involving living organisms, cannot be reduced to a single mechan-
istic aspect (Fig. 1). The following representation of CaCO3 mineralization in
molluscs, and its mimesis by simple model systems, is admittedly a crude
simplification that concentrates mainly on structural aspects, while at the
same time ignoring the dynamic character of the biological process. Spe-
cial emphasis here is placed on CaCO3 crystal nucleation, i.e., the early
stages of crystal growth where the system properties might be described by
(supra-)molecular recognition events occurring at the mineral–matrix inter-
face. At this level, a common feature seems to exist for many mineralizing
organisms: the interaction of highly specialized acidic macromolecules with
different surfaces of the growing single crystal [4, 5]. For the most widespread
calcified tissues it is frequently assumed that a structurally rigid composite
matrix consisting of fibrous proteins and acidic macromolecules adsorbed
thereon acts as a “supramolecular blueprint” that templates nucleation of
the inorganic phase. Subsequent crystal growth proceeds within a specialized
compartment enclosing a suitable aqueous microenvironment. The particu-
lar composition of solutes, which is often comprised of a complex mixture
of dissolved electrolytes and macromolecules, has a strong influence on the
morphology of the crystals. In the course of mineral deposition, growth mod-
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Fig. 1 Examples of biologically produced highly oriented calcerous structures exempli-
fying the astonishing degree of sophistication with which certain organisms can control
the growth of inorganic crystals. a SEM of the calcerous test (“coccosphere”) produced
by a coccolithophorid, a unicellular marine photosynthetic alga. Note the interlocked
arrangement of minute calcite plates that cover the cell. Shown here is a combination
coccosphere with both hetero- and holococcoliths (Calcidiscus leptoporus & Syracolithus
quadriperforatus). Combination coccospheres are thought to represent a transitional state
between heterococcolithophorid and holococcolithophorid phases of the life cycle [2].
(Micrograph courtesy of J. Young, Natural History Museum, London and M. Geisen,
AWI Bremerhaven). b Freshly fractured shell of a Devonian brachiopod (Pholidostrophia
nacrea) showing a crisscrossed pattern of calcite crystals that acts as a natural optical
diffraction grating. This pattern gives rise to a nacreous luster and pearly iridescence that
is unusual for calcite [3]. (Single-stage platinum-carbon replica. Approximately 20 000×.
TEM photo courtesy of K.M. Towe, Smithsonian Institution). c SEM of a fractured shell of
Anodonta cygnea showing the transition from the prismatic to the nacreous layer (prisms
bottom, nacre top). Note that in this species both morphologically distinct layers consist
of aragonite, whereas in most mollusc shells the prisms are normally made of calcite.
(Micrograph courtesy of F. Marin, Université de Bourgogne)
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ifiers may interact with the maturing crystal in different ways: dissolved
macromolecules may be adsorbed onto specific crystal faces, thus slowing
down or inhibiting deposition rates along certain crystallographic directions.
Adsorbed macromolecules may be completely overgrown by the mineral to
produce lattice defects or to introduce discontinuities in the crystal texture.
Current research efforts of biologists and biochemists are focused on the
isolation and characterization of macromolecules from calcified tissues, and
the functional properties of isolated macromolecules or fractions of macro-
molecules are systematically investigated regarding their ability to influence
CaCO3 nucleation, growth, and polymorphism. Biologically inspired syn-
thetic strategies attempt to assemble artificial matrices in order to mimic
structural and functional properties of mineralizing tissues.

Special emphasis in this review is laid upon the crystallization of calcium
carbonate underneath insoluble monolayers – a model system that is often
regarded as a straight-forward experimental approach toward biomimetic
crystallization. A summary of the most important experimental data gained
from such monolayer investigations is presented here, with particular em-
phasis placed on our own work in this field. As will be shown, the nu-
merous enthusiastic early reports of epitaxial growth of inorganic crystals
beneath membrane-like monolayers might require some profound revision
of the suggested mechanisms. Evidence from recent investigations suggests
that the commonly held view of a structure-directing organic template matrix
represents an oversimplified concept of the complex crystallization process.
The current debate on the various roles of amorphous inorganic precursors,
which were recently identified in biological specimen and biomimetic crys-
tallization assays, reflects the many contradictory experimental findings and
statements concerning this topic. An updated view on the putative crystalliza-
tion stages taking place at the mineral/organic matrix interface is presented in
the final chapter, which highlights the dynamic cooperative character of the
process.

2
Crystallochemical Aspects of CaCO3 Biomineralization

CaCO3, together with amorphous silica, is the most abundant biomineral.
There exist three CaCO3 polymorphs – calcite, aragonite, and vaterite – all
of which occur in calcified tissues. A monohydrate (monohydrocalcite) and
a hexahydrate form (ikaite) of CaCO3 have been characterized as metastable
precursor phases during the incipient stages of crystal formation (Table 1).

At ambient conditions, calcite is the thermodynamically most stable
CaCO3 polymorph. However, from supersaturated aqueous solutions con-
taining Mg2+ at a molar ratio Mg/Ca > 4 (comparable to the composition of
seawater), the only observed crystalline phase is aragonite, while at high su-
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Table 1 Characteristics of the most important CaCO3 mineral phases

Mineral Crystal system Spec. density Solubility Biologic Crystal
(formula) (space group) [g/cm3] [– log Ksp] occurrence data ref.

Calcite Trigonal 2.71 8.48 Very common [6]
(CaCO3) (R3c)
Aragonite Orthorhombic 2.93 8.34 Very common [7]
(CaCO3) (Pmcn)
Vaterite Hexagonal 2.54 7.91 Rare [8]
(CaCO3) (P63/mmc)

Monohydrocalcite Trigonal 2.43 7.60 Very rare [9]
(CaCO3 ·H2O) (P3121)
Ikaite Monoclinic 1.77 7.12 Unknown [10]
(CaCO3 ·6H2O) (C2/c)

Data adapted in part from [11]

persaturation the metastable polymorph vaterite precipitates from solution.
The arrangement of the ions in crystalline CaCO3 can be described in terms
of separate layers of cations and anions. Coordination environments for Ca2+

ions (CO3
2–, respectively) in the polymorphs differ from each other, as a re-

sult of different successions of layers, as well as different crystallographic
orientations of the planar carbonate groups in the crystal lattices (Fig. 2). In
calcite, each single densely packed Ca layer parallel to the ab plane is situated
between single layers of CO3

2–, with each layer containing anions oriented in
opposite directions. Each Ca2+ ion is situated in a distorted octahedral coor-
dination environment of six CO3

2– anions. In aragonite, the positions of the

Fig. 2 Ion packing arrangement in the crystal structures of a calcite and b aragonite. The
coordinative bonds between CO3

2– anions (black sticks) and one of the Ca2+ ions (open
circles) are emphasized with open lines. The minimum distances of Ca2+ ions in the ab
planes for both crystal lattices are indicated at the bottom. (Reprinted from [18] with
permission)
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Ca2+ ions in the ab plane are nearly identical to those in the calcite struc-
ture. In contrast, the CO3

2– anions below and above the Ca layer are separated
into two layers, which are lifted by 0.98 Å along the c direction, leading to an
overall ninefold coordination of Ca2+ ions [12].

Single crystals (regardless of crystal system, space group symmetry, and
chemical composition) are intrinsically anisotropic, that is, most physical
properties depend strongly on direction. For ionic crystals, such as calcium
carbonate, this leads to a pronounced brittleness and cleavability along spe-
cial directions of the crystal lattice. Typical cleavage planes of calcite are the
six symmetry equivalent {10.4} crystal faces of the trigonal lattice, which
leads to the rhombohedral shape of single crystals grown from supersaturated
solution. The primary reason for the high stability and easy cleavage of the
{10.4} crystal faces of calcite is that they consist of a close-packed, non-polar
arrangement of calcium and carbonate ions (Fig. 3). In contrast, many low-
index cleavage planes of the calcite lattice (such as (00.1) or (01.2)) represent

Fig. 3 Crystal planes resulting from cutting a calcite single crystal along different crystal-
lographic directions. Calcite crystallographic indices are presented in the Miller–Bravais
four-index system hkil for planes and faces. The graphical schemes are based on the hex-
agonal unit cell for calcite (unit cell parameters: a = 4.989 Å, c = 17.062 Å). The displayed
shape of the calcite crystal corresponds to its {10.4} crystal form, i.e., the single crystal is
enclosed by a set of symmetry-equivalent {10.4} crystal faces. Note that for the trigonal
crystal system of calcite, four-membered (“Miller–Bravais”) indices of the common form
{hkil} are frequently used, however the index “i” is redundant and can be calculated from
h+k+i = 0 or i = –(h+k). Therefore, in the literature the fourth index i is often omitted
or symbolized by a dot. Lower part: Three different cleavage planes of the calcite crystal
lattice are shown. Note that the resulting 2-D tilings differ by their plane crystallographic
(“wallpaper symmetry”) groups, of which a total of 17 exist. Another distinction is the
separation of ionic groups into different layers. Cleaving a calcite crystal along (00.1) or
(01.2), as opposed to (01.4), leads to the formation of highly polar crystal faces, which are
energetically unfavorable
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highly polar crystal faces, that is, each sort of ion is situated in a separate
layer, leading to a macroscopic dipole moment. Polar crystal faces are nor-
mally not expressed in the equilibrium growth form of crystals. However,
crystal growth from strongly polar solvents or the presence of (charged) in-
hibitors may result in slowing down the growth rate in a particular direction.

Since a cleavage plane of an ionic crystal is uniquely defined by its plane
crystallographic symmetry and its polarity, it should in principle be pos-
sible to define a kind of “blueprint”, i.e., a planar arrangement of ions or
molecules that perfectly mirrors the geometrical and stereochemical prop-
erties of the mineral surface. If the developing single crystals grow totally
co-aligned with respect to oriented domains of the organic matrix, the growth
process is termed heteroepitaxy. As illustrated in Fig. 4, different epitaxial
growth modes are distinguishable, depending on the structural similarity of
the substrate and its overgrowing phase.

Layer-by-layer growth (Frank van der Merwe mode) is typically observed
if a strict epitaxial relationship exists between the overgrowing film and the
substrate. Island (Volmer–Weber) growth is observed when the attraction be-
tween molecules of the film is stronger than that between the film and the
substrate, such that the film tends to coalesce as 3-D islands rather than wet-
ting the substrate. An intermediate case between these two growth modes is
also encountered – Stranski–Krastanov growth – which is described by the
initial formation of a film layer followed by island growth on that layer. This
can result if there is a slight lattice mismatch, but still favorable interaction,
between the film and substrate [14].

If calcifying organisms were able to produce such “blueprints”, and to
expose them at defined sites of their soft tissues, inorganic crystals would
be expected to grow epitaxially there, much as they do on inorganic sub-
strates providing similar lattice constants and surface energies. This Ansatz
represents in short the commonly held view of templated or epitaxial crystal
growth as a fundamental characteristic of many biomineralizing organisms.
In fact, some (but not all) calcifying organisms are able to produce highly or-
ganized crystal architectures with an astonishing degree of perfection (some
prominent examples are shown in Fig. 1). However, the occurrence of highly
regular and oriented biogenic crystal textures does not automatically imply

Fig. 4 Schematic representation of different epitaxial growth modes. The 3-D alignment of
the over-growing phase relative to the substrate is primarily dependent on the matching
of the two different lattices. The structural similarity is most pronounced in the layer-by-
layer growth mode. (Adapted from [13])
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the validity of epitaxy as a control mechanism involved in biomineral forma-
tion, since there are many periodic tilings and patterns in nature made of
organic (macromolecular and cellular) materials (e.g., epithelial surface re-
liefs and color patterns) [15, 16], that can hardly be presumed to form by
virtue of epitaxy.

In fact there are many puzzling details of the growth characteristics of bio-
genic crystals that cannot be explained by epitaxy models, i.e., by a structural
commensurability between the organic template surface and the overgrowing
crystals. Some of these contradictory facts will be discussed in the following
chapters.

3
Mollusc Shell Formation

Molluscs, which are among the most thoroughly investigated organisms in
biomineralization studies, build concrete shells from CaCO3 [17]. The mol-
lusc shell may be regarded as a microlaminate composite consisting of layers
of highly oriented CaCO3 crystals interspersed with thin sheets of an organic
matrix. Crystals within separate shell layers usually consist of either pure
aragonite or pure calcite. Vaterite, when present, is usually associated with
shell repair. Shell formation occurs in two principal phases. The first involves
the cellular processes of ion transport and organic matrix synthesis, which
occur in different compartments of the molluscan mineralizing system. The
second phase consists of a series of crystal nucleation and growth processes
taking place in a specialized mineralization compartment, the extrapallial
space (Fig. 5, left) [18].

In the past, special attention has been paid to the microstructure of nacre
(the iridescent inner layer of mollusc shells) which exhibits an exceptionally
regular arrangement of tabular aragonite crystals (Fig. 5, right). In order to
grow crystals into a highly regular brickwork-like pattern, numerous nucle-
ation events would have to be synchronized to each other at distant locations.
An alternative growth mechanism was proposed recently to explain the pre-
cision by which aragonite platelets are uniformly co-aligned within the same
and consecutive layers. According to this model, nacre may be assembled
from extended, continuous single-crystalline domains of aragonite platelets
that are interconnected by mineral bridges through perforated sheets of an
organic matrix [19].

Considered as a whole, the physiological processes that ultimately lead to
the formation of a complete mineralized mollusc shell are largely unknown.
However, the general consensus is that the crystal nucleation and growth
events are strictly regulated by a number of highly specialized organic macro-
molecules. Unfortunately, a deeper understanding of the biomineralization
processes at the molecular level of structural hierarchy is hampered by our
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Fig. 5 Left: Transverse section of the mantle edge of a bivalve showing the system of
compartments. Right: Fractured surface of the nacreous layer of the bivalve mollusc
Atrina rigida. The inset shows the inner nacreous layer of tabular aragonite crystals
(top) and the outer prismatic layer of columnar calcite crystals (bottom). (SEM micro-
graphs, scale bar denotes 1 µm). Note that the particular crystal morphologies in different
layers are not stringently linked to a single CaCO3 polymorph: some organisms build
up crystal textures similar to nacre (so-called semi-nacre) from calcite instead of arag-
onite, whereas others deposit a prismatic layer consisting entirely of aragonite (Fig. 1).
(Reprinted from [18] with permission)

lack of knowledge of the 3-D structures of macromolecules that are directly
associated with the mineral layer.

A recent literature search yielded very few examples in which complete
or partial information about the primary structure of the macromolecules
directly involved in mineralization was obtained (Tables 2 and 3). Tradition-
ally, macromolecules isolated from mollusc tissues have been distinguished
into two different classes based on solubility properties [20]. Chemical an-
alysis showed that the water-insoluble fraction consists mainly of fibrous
proteins (collagen, chitin) and/or polysaccharides. These macromolecules to-
gether build a rigid framework upon which specific macromolecules from the
soluble fraction may become adsorbed. The primary function of the insolu-
ble organic matrix is to subdivide the mineralization compartment into an
organized network of microcompartments and thus to delimit the available
space for crystal growth and/or to constrain the crystal packing arrangement
to a certain extent. The surface of this macromolecular assembly may serve
as a supramolecular template for oriented nucleation of single crystals, and
in fact crystallization experiments employing reconstructed matrices of pu-
rified mollusc shell macromolecules have shown that it is possible to switch
between different CaCO3 polymorphs [21, 22] and to rebuild in vitro the gross
structural features of the nacreous layer [23].

The macromolecules present in the soluble fraction share common se-
quence motifs consisting of repeating oligomeric units of acidic residues.
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Table 3 contains the available data of fully characterized water-soluble pro-
teins isolated from morphologically different locations of calcified mollusc
tissues. However, the heterogeneity of sources/organisms for isolating these
macromolecules, their different chemical natures, and their association with
different mineral phases clearly rule out a uniform function.

For the induction of calcite and aragonite nucleation, systematic investiga-
tions on biological and suitably assembled artificial systems have shed some
light on the structural requirements of a putative nucleation site, especially
in mollusc shells [39–41]. The model proposes the existence of structurally
pre-organized domains of acidic residues, which could serve as a supramo-
lecular template for oriented crystal nucleation. Such highly ordered domains
could result from acidic macromolecules being adsorbed on a rigid scaffold of
insoluble matrix proteins (Fig. 6).

In fact, investigations of demineralized mollusc shells have shown that
the interlamellar organic sheets of nacre consist of thin layers of β-chitin
(β-chitin is a water-insoluble (1 → 4)-linked 2-acetamido-2-deoxy β-d-
glucan) [42] sandwiched between thicker layers of silk fibroin-like proteins
(Table 2) [43]. Silk fibroin itself possesses microcrystalline domains of repeat-
ing [Gly–Ala–Gly–Ala–Gly–Ser]n units that adopt an antiparallel β-pleated
sheet conformation. These domains have a highly regular and hydrophobic
surface upon which acidic macromolecules are adsorbed from solution. In
the course of adsorption, the acidic macromolecule must fold into the appro-
priate conformation in order to maximize its hydrophobic interactions with
the silk fibroin surface. Possible candidates for acidic macromolecules that

Fig. 6 Left: Schematic representation of the organic matrix in the nacreous layer of Atrina
according to Weiner and Addadi. (Reprinted from [43] with permission.) The β-chitin
lamellae are interspersed in a highly hydrated silk fibroin gel. The gel contains soluble
Asp-rich glycoproteins, which can bind to the β-chitin surface by means of hydropho-
bic or electrostatic interactions. Right: Structure model of a putative nucleation site in
molluscan tissues. The sulfate groups, linked to flexible oligosaccharide side chains, con-
centrate Ca2+ ions on an Asp-rich oligopeptide domain that is assumed to adapt a highly
regular β-sheet conformation. A first layer of Ca2+ ions may thus be fixed and oriented in
space upon which further mineral growth ensues. (Reprinted from [39] with permission)
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interact with silk fibroin in the described way are oligopeptides containing
sequence motifs of [Asp-X]n, (X = Gly, Ser), which have a strong tendency to
fold into a β-sheet conformation in the presence of Ca2+ ions [44]. As a conse-
quence, the aspartic acid residues of [Asp-X]n sequences would be positioned
at only one side of the β-pleated sheet, resulting in an organized 2-D array of
carboxylate ligands.

It is tempting to assume that carboxylate residues coordinate a first layer of
Ca2+ ions, which would in turn become the first layer of an epitaxially grow-
ing CaCO3 crystal. However, studies have so far failed to provide evidence
for an epitaxial growth mechanism or a close stereochemical complementar-
ity between the nucleating macromolecules and the incipient CaCO3 crystal
surface. Rather, some properties of the mollusc shell ultrastructure point to
less-sophisticated nucleation strategies: examination of the common crystal
orientations in a variety of calcifying organisms reveals that aragonite and
calcite single crystals most frequently nucleate from the ab planes. The ar-
rangement of Ca2+ ions in this plane (the shortest distance between Ca2+

ions is 4.99 Å in calcite and 4.69 Å in aragonite, Fig. 2) is geometrically not
commensurate with the period of amino acid residues in a protein β-strand
(approx. 6.9 Å). Moreover – pointing more or less perpendicular to the Ca2+

ions in the ab plane – the carboxylate residues of the β-pleated sheet cannot
continue the parallel arrangement of planar carbonate anions in the underly-
ing layer(s). The current nucleation model thus does not support the picture
of a calcite or aragonite single crystal being nucleated from (00.1) crystal
faces by virtue of stereochemical selection principles and epitaxial crystal
growth [45–47].

Despite the similar positioning of Ca2+ ions in the ab planes of cal-
cite and aragonite, mollusc shells discriminate between the two polymorphs
by secreting them separately in different layers (e.g., prismatic layer and
nacre). This suggests that additional factors participate in nucleation. One
possibility is that different Mg2+ concentrations in the fluids of arago-
nitic and calcitic layers may be present that could help to shift the bal-
ance between the two polymorphs. Another possibility is the presence of
polymorph-specific macromolecules that interact with more than one face
of the nascent crystal. For a valid explanation of selective nucleation of ei-
ther polymorph, the current, essentially geometric model will have to be
refined. Much is expected to be learned from the first 3-D structure of a “crys-
tal nucleating” macromolecule, although its “active” conformation may de-
pend on the accompanying insoluble organic matrix in the biological tis-
sues. It is worth mentioning that there exists a (genealogically unrelated)
group of crystallization-inhibiting proteins, the so-called antifreeze proteins
(AFPs) [48, 49], for some of which precise X-ray structural data are now
available. Some of these proteins assume rigid molecular conformations and
prevent ice crystal nuclei from growing into larger crystals by specific ad-
sorption to specific crystal faces. However, as Evans pointed out in a critical
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review [50], the structural aspects of AFPs and proteins involved in biominer-
alization processes are quite different: in contrast to ice-interaction proteins,
which typically adopt stable secondary structures (α-helix, β-sheet, β-helix,
etc.), biomineral-interaction proteins typically adopt unfolded, open con-
formations, and, where mineral binding motifs have been identified, these
sequences exhibit structural trends toward extended, random coil, or other
unstable secondary structures.

It should also be noted that molluscs show a much wider variety of textures
than indicated so far (other typological crystal textures include cross-lamellar
or foliated shell structures) [51–53]. In many (but not all!) molluscs the
outer shell is composed of calcite and the inner shell of aragonite displays
a brick-like microstructure. Crystallographic texture analysis indicates that
in the nacre of most molluscs, c-axes are oriented more or less perpendicu-
lar to the surface of the shell, but a-axis orientations display characteristic
patterns. In some species (e.g., the shells of most land snails) the a-axes of
the aragonitic platelets all have the same orientation, or they display a tex-
ture pattern with {110} twinning as in Nautilus, or they spin randomly about
the c-axis with a [001] fiber texture as in Haliotis (Abalone). Chateigner
et al. surveyed a large number of mollusc species and concluded that the di-
verse texture patterns are related to phylogeny and presumably to the protein
type [54].

From a materials scientist’s point of view, nacre can be regarded as a hier-
archical biological nanocomposite [56]. Though nacre is mainly composed of
a brittle inorganic material, its highly organized design (Fig. 7) leads to ex-
traordinary mechanical performance owing to an excellent combination of
stiffness, strength, impact resistance, and toughness [57–59]. The structure
of nacre has been reviewed repeatedly [60–62], and numerous reports in-
dicate that nacre is composed of pseudo-hexagonal, polygonal, or rounded
aragonite tablets having lateral dimensions of ∼ 5–20 µm and a thickness of
∼ 0.3–1.5 µm (as shown in Fig. 7). For gastropod nacre, SEM micrographs
suggest that each aragonite tablet is subdivided by radial vertical organic
membranes into a varying number of sectors (Fig. 7c), which have been
interpreted to be polysynthetically twinned crystalline lamellae [63]; this
interpretation, however, has been at least partly refuted by subsequent inves-
tigations [64].

The surface of nacre tablets (Fig. 7c) from California red abalone (Halio-
tis rufescens) possesses nanoasperities (∼ 30–100 nm diameter and ∼ 10 nm
in height) [57, 65] and mineral “bridges” (Fig. 7b) (∼ 25–34 nm in size,
∼ 91–116 µm–2 surface density) between sheets that pass through the or-
ganic intertablet layers [19, 66]. The organic matrix constitutes the remaining
∼ 5 wt % of the material. The intertabular polymer layer has a thickness vary-
ing between ∼ 30 and 300 nm [67], with pores that allow the mineral bridges
to pass through [66], and intracrystalline proteins present within the tablets
themselves [21, 22].
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Fig. 7 Schematic illustration of the multiscale hierarchical structure of nacre: a 10 µm
length scale, b, c 2 µm length scale, showing individual tablet features at a 200 nm length
scale consisting of assemblies of nanoasperities. (Scheme redrawn after [55]). In “colum-
nar” nacre, the tablets are relatively uniform in size and stacked vertically along the c-axis
direction (with a slightly staggered arrangement laterally), thereby forming microlam-
inate sheets and tessellated bands. A domain structure has been found parallel to the
c-axis direction consisting of 3–10 tablets with a-axes parallel to each other, while in the
plane of the sheet, the a-axis orientation is variable

A natural adhesive protein (Lustrin A) has been isolated from the organic
matrix of California red abalone nacre and was found to have a “modular”
structure, i.e., a multidomain architecture composed of folded, nanometer-
sized modules, covalently linked together in series along a single macro-
molecular chain [27]. While the primary structure of Lustrin A has approxi-
mately ten alternating Cys- and Pro-rich domains, it contains only a very
short polyelectrolyte (“acidic”) segment that could be responsible for attach-
ment to the mineral surface [68]. It is not yet clear whether Lustrin A has
a functional role similar to the acidic water-soluble proteins summarized in
Table 3. However, a biophysical model of its elastic properties has been pro-
posed that relates its modular structure to the mechanical toughness and
fracture resistance of nacre [69].

This short summary of mollusc shell formation and the morphological
properties of nacre indicates that the biological growth processes involved are
much more complex than the seemingly primitive, brickwork-like structure
might at first glance suggest. Nevertheless, scientists have sought out different
kinds of bottom-up approaches to mimic different aspects of the molluscan
mineralization system [70]. Especially, the quest for a possible epitaxial rela-
tion between the organic matrix and the overgrowing inorganic crystals has
been subject of many experimental studies.
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4
Crystallization of CaCO3 Beneath Monolayers

4.1
Experimental Setup for the Growth of Inorganic Crystals
Beneath Monolayers

Several studies have been devoted to the putative mechanisms underlying
the formation of highly organized mineral structures in molluscs and similar
organisms. Due to the various experimental difficulties of observing crystal
growth in living molluscs, scientists have sought out suitable model systems
for biomineralization processes reflecting the mineral/matrix interactions ac-
tive at the atomic or molecular level of structural complexity. Seminal con-
tributions were made by Mann and Heywood, who studied the influence
of charged monolayers on crystal nucleation [71]. The group made use of
a Langmuir film balance that allows for the spreading of surfactant molecules
as a water-insoluble monolayer at the air–water interface. The basic prin-
ciple of the experimental setup is shown in Fig. 8, in which the surfactant
molecules are symbolized by a wire-model of hydrocarbon chains and the
charged head groups (symbolized by triangles) point toward the aqueous
subphase.

In studies relating to the biomimetic crystallization of CaCO3, a freshly
prepared ∼ 9–10 mM aqueous solution of Ca(HCO3)2 is often used, which
becomes instable with respect to the dissociation of bicarbonate anions into
carbon dioxide and carbonate anions. Due to slow decomposition of the in-
termediate carbonic acid – yielding carbon dioxide and a water molecule
– CaCO3 precipitation is relatively slow (in the optical microscope, the first

Fig. 8 a Illustration of a Langmuir film balance used for biomimetic crystallization
of CaCO3 and other inorganic phases beneath insoluble monolayers of amphiphilic
molecules. b Computer-controlled miniature film balance replacing the stage of an opti-
cal microscope. The balance is equipped with two mechanically coupled barriers used for
compression of the monolayer and a sapphire window, which permits the observation of
crystal growth with transmitted light
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macroscopic crystals become visible within some minutes to hours, depend-
ing on the experimental conditions). The slowness of crystal formation allows
for adjustment of the compression state of the monolayer, i.e., to limit the
average surface area available for a single molecule in the monolayer and/or
to induce a monolayer phase transformation [72, 73].

The monolayer crystallization method has both technical advantages and
disadvantages. As a general advantage, the use of a Langmuir film balance
allows for creating a smooth and clean interface and for depositing a meas-
ured quantity of amphiphilic molecules in a controlled way. The average
area per molecule is adjusted by a movable barrier, and the surface pres-
sure or tension is monitored by a pressure sensor. The simple technical setup
can be augmented by various analytical characterization methods, e.g., by
Brewster-angle or fluorescence microscopy for imaging domain structures of
the monolayer, or by surface potential measurements, to name just a few [72,
73]. In many cases it is straightforward to obtain a first-approximation model
of the arrangement and packing of molecules in the monolayer. Over many
years this technique has been used, mainly by the group of Leiserowitz and
Lahav, to investigate epitaxy and chiral discrimination of molecular (non-
ionic) crystals growing beneath specially designed monolayers [74, 75].

A technical disadvantage of the Langmuir setup is the mobility and the
thinness of the monolayer, which renders structural investigations at high
resolution (i.e., at the atomic or molecular level) a difficult task. In princi-
ple, it is possible to deposit a monolayer as a Langmuir–Blodgett film on
a substrate surface and to employ surface analytical techniques, such as scan-
ning force or tunneling microscopy, in order to obtain high resolution images
of the interface structure. This strategy, however, has rarely been utilized in
studies related to biomimetic crystallization [76].

A particular advantage of crystallizing calcium carbonate beneath mono-
layers is that the three main crystal polymorphs (i.e., calcite, aragonite, and
vaterite) can be distinguished easily by their characteristic crystal habits.
While aragonite and vaterite crystals normally adopt complex acicular or
floret-type morphologies (see examples shown later in Fig. 20), calcite crys-
tals often appear as sharply defined single crystals displaying the shape of
a (truncated) {10.4} cleavage rhombohedron (Fig. 9).

The orientations of calcite crystals with respect to the monolayer can
be deduced from optical or scanning electron micrographs. A projection
of rhombohedral faces onto the image plane yields characteristic interfacial
angles, based upon which crystal orientations can be determined by com-
paring the measured angles and the general outline evident in micrograph
images to computer-generated crystal models cleaved along various crystallo-
graphic planes (Fig. 9c). This procedure, however, strictly requires the sample
to be aligned perpendicular to the viewing direction, while at the same time
perspective aberrations of the optical system must be kept to a minimum.
Owing to the fact that only a very limited number of crystal specimen can be
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Fig. 9 a In situ optical micrograph of calcite crystals attaching to a monolayer. The inset
shows the model of a truncated calcite {10.4} rhombohedron cut along its (01.2) plane.
The displayed numbers represent interfacial angles of crystal edges projected onto the
image plane. (Crystallographic angles between the edges of the {10.4} crystal face are
101.90◦ and 78.10◦, respectively). b Model of a calcite crystal bounded by six symmetry-
equivalent {10.4} faces. The overlay shows the orientation of the hexagonal unit cell of
calcite with respect to the crystal edges. Lattice vectors ai and c are sketched as red ar-
rows. c Outlines of calcite single crystals cleaved along various crystallographic planes
(specified by their Miller–Bravais indices). Models of crystals are oriented such that their
cleavage planes coincide with the image plane

analyzed in this manner within a reasonable timeframe, the method suffers
from the inherent disadvantage that crystals tend to be neglected when their
orientations are difficult to determine (e.g., because the crystals are small)
or when the crystals grow as polycrystalline aggregates. Unfortunately, there
are no simple-to-use analytical techniques for simultaneously determining
the phase composition, average crystallite size, and orientation distribution
function (ODF) of the loose assembly of macroscopic crystals that is typic-
ally encountered in monolayer investigations. There are dedicated methods
for these tasks, such as X-ray pole-figure measurements or automated an-
alysis of Kikuchi line patterns using electron backscatter diffraction (EBSD)
systems [77]. These methods, however, are not readily available for in situ
measurements of crystal growth beneath monolayers, and they normally im-
pose strict requirements on sample preparation, such as a uniform sample
thickness or a flat (= polished) sample surface. Given the technical difficul-
ties described above, any statements in the literature referring to the epitaxial
growth of inorganic crystals beneath monolayers should be interpreted with
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caution, since the presentation and evaluation of crystal orientation data are
somewhat arbitrary. Moreover, many studies describing the heteroepitaxy
of calcite crystals focus explicitly on the particular crystal texture of nacre,
which, however, consists of aragonite and not calcite. The reason for the latter
contradiction might lie in the fact that aragonite single crystals are diffi-
cult to prepare at ambient conditions [78–80], and they rarely manifest the
pseudohexagonal shape of the tabular aragonite crystals that constitute the
brick-and-mortar structure of nacre (Fig. 7).

4.2
Crystallization of CaCO3 Beneath Monolayers of Simple Aliphatic Surfactants

Nucleation of calcite single crystals was observed with monolayers of
aliphatic monocarboxylic acids, sulfates, or phosphonates as summarized
in [81]. In general, the crystals that grew beneath monolayers showed a sig-
nificantly narrower size distribution and reduced nucleation time in compar-
ison to calcite crystals precipitated spontaneously from supersaturated solu-
tions. Moreover, the crystals grew with preferential orientations relative to the
monolayer. Calcite single crystals nucleated predominantly from the {10.0}
face underneath compressed monolayers of monofunctional amphiphilic car-
boxylic acids [82], while monolayers of alkylsulfates and -phosphonates led
to calcite single crystals that nucleated from the {00.1} face [83]. In contrast,
monolayers of octadecylamine induced the precipitation of vaterite crystals,
and monolayers of octadecanol inhibited crystal growth. Detailed schemes
were proposed for rationalizing the different modes of interaction between
the different head groups of amphiphiles in the monolayers and the corres-
ponding faces from which the crystals were nucleated [84]. It was suggested
that the orientation of calcite crystals growing below a monolayer is dictated
by geometric and stereochemical complementarity between the (charged)
headgroups of the monolayer and the ionic constituents of the nucleated crys-
tal face. The outcome of these investigations was regarded as experimental
justification for the “template model of biomineralization” discussed in the
previous chapter. The seemingly clear and unequivocal interpretation of the
crystal growth mechanism as an epitaxial phenomenon has stimulated a host
of subsequent model investigations of the biologically inspired crystallization
of inorganic solids beneath Langmuir monolayers. Many of the latter stud-
ies provided further impetus to the notion of the “molecular blueprinting” of
inorganic materials by a pre-organized organic matrix.

Crystallization underneath monolayers of stearic acid (1) spread on aque-
ous calcium bicarbonate solution (9 mM), for instance, yielded two sets
of morphologically distinct forms of calcite, termed type I and type II
(Fig. 10) [82]. Both crystal morphologies nucleated from a (10.0) plane. The
plate-like crystal habit at early growth stages changed into capped rhombo-
hedral plates of type I crystals in mature crystals and a related triangular
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Fig. 10 Scanning electron micrographs of type I and type II calcite crystals nucleated from
a {10.0} face beneath monolayers of 1. Scale bars denote 10 µm. (Reprinted from [82]
with permission)

morphology of type II crystals. When the Ca ion concentration of the sub-
phase was reduced (4.5 mM), only vaterite crystals were observed, which is
a quite remarkable result, since one would ordinarily expect the thermody-
namically less stable crystal polymorph to form at higher supersaturation,
rather than vice versa.

The preferential orientation of calcite crystals with respect to the mono-
layer plane was discussed in terms of a geometrical and stereochemical match
between the stearic acid monolayer and the nucleated crystal face. It was
argued that the spacing of the carboxylate headgroups in the monolayer
matches the spacing of carbonate ions in the {10.0} face of calcite. Stereo-
chemical complementarity was suggested to exist between rows of anions in
the {10.0} face of calcite – where the C2v axis of the carbonate moieties is
perpendicular to the cleavage plane of the crystal – and the arrangement of
carboxylate head groups in the monolayer (Fig. 11).

Uniformly oriented calcite crystals were also produced underneath mono-
layers of eicosyl sulfate (2) and eicosyl phosphonate (3), but in contrast
to stearate monolayers, the calcite crystals exposed their {00.1} face to
the monolayer and developed an equilateral triangular shape. In contrast
to stearic acid, the headgroups of eicosyl sulfate and eicosyl phosphonate
exhibit trigonal symmetry, which could mirror the planar arrangement of
carbonate ions in the {00.1} face of calcite. It was proposed that in this
case the stereochemical complementarity overrides the approximate geo-
metrical match between the monolayer and the nucleated crystal plane
(Fig. 12) [83].

The dynamic behavior of fatty acids with different hydrocarbon chain
lengths was characterized by Brewster-angle microscopy (BAM) and cor-
related to changes in crystal growth behavior [85]. While palmitic acid
(C15H31COOH, 4) simultaneously induced the growth of aragonite, vaterite,
and non-oriented calcite crystals, tricontanoic acid (C29H59COOH, 5) almost
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Fig. 11 a Schematic diagram showing the geometrical match between the headgroup
spacing in the monolayer of stearic acid (1) and the carbonate–carbonate spacing in the
{10.0} face of calcite. (Gray dots calcium ions, white dots carboxylate ions.) b Schematic
diagram showing the stereochemical complementarity between the orientation of car-
boxylate groups of the monolayer molecules of 1 and the carbonate ions in the {10.0}
face of calcite. (Redrawn after [82])

Fig. 12 Orientation of (00.1) oriented calcite crystal relative to monolayers of eicosyl
sulfate or eicosyl phosphonate, according to Heywood and Mann [83]. Close-up of the
interface between the monolayer of an anionic surfactant with a C3v-symmetric head-
group (here: a sulfonate) and the (00.1) plane of the calcite crystal lattice. The selection
of the (00.1) plane is dictated by a stereochemical and geometrical match between sul-
fonate groups and the underlying first layer of Ca ions. In the displayed µ3-tridentate
coordination mode, each sulfonate group replaces a CO3

2– anion at a crystallographically
equivalent position. Note, however, that the proposed isostructural replacement of CO3

2–

by R – SO3
– ions should lead to an unbalanced accumulation of charges, which constitutes

an energetically unfavorable situation

exclusively led to the growth of uniformly (10.0) oriented calcite crystals hav-
ing a triangular shape.

Polymorph selectivity was attributed to changes in the rate of carbon diox-
ide diffusion through the monolayer, indicating a kinetic effect. BAM analysis
showed that the crystals preferentially nucleated under condensed monolayer
domains and at domain boundaries, which was related to relaxation of the
ordered monolayer structure. The size of condensed phase domains and the
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amount of uniformly oriented calcite crystals grown beneath such domains
increased with the chain length. Therefore, changes in crystal morphology
were attributed to changes in the monolayer structure as a function of chain
length.

Prior to these studies, monolayers of N-(10,12-pentacosadiynoyl)glycine
(6) were analyzed by BAM [86]. Calcite crystals were found to grow beneath
a monolayer of 6 at low surface pressure (π = 0–5 mN/m), where the BAM
image of the monolayer indicated smectic domains. At high surface pressure
(π = 20 mN/m), where the micrographs revealed a pseudo-focal-tonic mono-
layer texture, only vaterite was observed. It was pointed out that the distance
between the foci of the monolayer texture almost exactly corresponds to the
separation of the vaterite crystals, suggesting a spatial correlation between
the monolayer and the crystals. In addition, it was argued that the mono-
layer packing density seems to play an important role in polymorph selection,
since vaterite nucleation predominates at high surface pressure.

A well-defined alignment of CaCO3 crystals was further achieved with
polymeric Langmuir–Schaefer films of 10,12-pentacosadiyonic acid (7) [87].

Fig. 13 Schematic diagram showing a potential geometric relationship between monolay-
ers of 7 and the {01.2} face of calcite, according to [87]. Left: View along the a axis of
calcite, down the polymer backbone direction and edge-on the (01.2) plane. Alternating
calcium and tilted carbonate layers of the (01.2) plane of calcite are depicted. The calcite
unit cell is shown as the dashed, truncated rectangle. Right: Schematic diagram of (01.2)
oriented calcite single crystal with respect to the polymer backbone direction, indicating
the dihedral angles
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Langmuir monolayers of the monomeric 10,12 pentacosadiyonic acid first
were polymerized with ultraviolet light and then transferred horizontally
onto hydrophobized solid supports. Crystallization of CaCO3 was performed
by adding a drop of supersaturated CaCO3 solution to the polymer film where
the carboxylic headgroups were exposed to air. Calcite crystals nucleated
from a {01.2} face and, moreover, in each single domain of the film of 7 they
became co-aligned to each other with the crystals’ a-axes oriented parallel to
the polymer backbone. Along this direction both the (01.2) crystal plane and
the polymer have a periodicity of about 5 Å, and a close geometric match be-
tween the carboxylate groups and the calcite crystal structure was proposed.
To explain the nucleation of calcite from the {01.2} crystal face, a stereo-
chemical complementarity between the monolayer and the crystal surface
was suggested: in the {01.2} face of calcite, the carbonate ions are tilted 28◦
with respect to the normal of the (01.2) plane, a spatial arrangement that is
matched by the 30◦ tilt of the side chains and carboxylate groups in the poly-
mer (Fig. 13). The reorientation of side groups of the monolayer molecules
upon crystallization was investigated by in situ FTIR measurements of the
Langmuir–Schaefer films and interpreted as adaptability of the monolayer for
achieving a stereochemical match [88].

4.3
Hydrogen Bonded Systems

Control over polymorph selection and calcium carbonate crystal orienta-
tions was also reported for self-organized hydrogen-bonded molecular rib-
bons consisting of monolayers of N,N′-dioctadecyltriazine-2,4,6-triamine
mixed with different cyanuric acid derivatives as soluble component (8,
Scheme 1) [89]. Residues of – CH2 – CH2 – R were appended to the cyanuric
acid moiety, differing in the functional groups R that point into the aque-
ous subphase. For monolayers comprised of alcohol (R = OH), amino (R

Scheme 1 Structural formula of 8a. Monolayers of N,N ′-dioctadecyltriazine-2,4,6-tri-
amine self-organize with a carboxylic acid derivative of cyanuric acid at the air–water
interface



24 M. Fricke · D. Volkmer

Scheme 2 Structural formula of disodium (–)-(2S)-3-phenoxy-2-octadecanoylamino-
propan-1-yl phosphate (9) and the corresponding methoxy derivative (9a)

= NH2), or phosphate groups (R = OPO3
2–), the observed crystal growth

results resembled those of simple aliphatic surfactants possessing the same
head group R. The carboxy-terminated derivative (8a, R = COOH) induced
formation of (01.2) oriented calcite crystals. Again, control over crystal orien-
tation was attributed to a geometrical and stereochemical matching between
the putative positions of the functional groups R in the monolayer and the
positions of ions in the adjacent calcite crystal face, although the periodicity
and arrangement of functional groups in the monolayer of 8a should differ
significantly from the positions of the carboxylate residues in the Langmuir–
Schaefer film (7) described above, which nevertheless led to the same (01.2)
orientation of the crystal specimen.

By analogy to stearic acid (1), the nucleation and growth of (10.0) oriented
calcite crystals has been reported for structurally different monolayers form-
ing a network of strong intermolecular hydrogen bonds, such as (–)-(2S)-
3-phenoxy-2-octadecanoylaminopropan-1-yl phosphate (9) or dioleyl phos-
phatidyl ethanolamine modified with (Leu – Glu) octapeptides (10) [90, 91].
Monolayers of 9 induced the crystallization of oriented calcite crystals either
in a condensed liquid or in a solid monolayer phase, whereas monolayers
of the methyl-substituted derivative (9a) having a decreased charge density
yielded the same results in a solid monolayer phase only. The effect was re-
lated to geometrical lattice matching and stereochemical complementarity,
as well as to the structural reorganization of molecules of 9a arising from
the state of compression. In addition to a proposed geometrical match be-
tween lipopeptide 10 and the {10.0} face of calcite, the observed epitaxy was
attributed to the ability of the flexible monolayer to adapt to geometric con-
straints of the nucleated inorganic phase.

4.4
Aragonite Crystallization Induced by Monolayers of Bifunctional Surfactants

Monolayers of 5-hexadecyloxyisophthalic acid (11) induced the formation
of acicular aragonite crystal aggregates at medium surface pressure (π =
10 mN/m) and at an ionic composition of the aqueous subphase that would
normally yield the thermodynamically more stable calcite [92]. It was pos-
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Fig. 14 Diagram showing the geometrical match between the headgroup spacing in the
monolayer of 11 and the spacing of Ca2+ ions (gray circles) in the c direction of arago-
nite, according to [92]

tulated that the molecules (11) form a periodic arrangement on the aqueous
subphase in such a way that the carboxylate groups are displaced by 4.4 Å
in the a direction and 5.5 Å in the c direction, which corresponds geomet-
rically to the position of Ca ions in the ac face of aragonite (Fig. 14). It was
furthermore proposed that a bidentate coordination motif of the carboxy-
late substituents could complement the stereochemical arrangement of the
carbonate groups in the ac face.

4.5
Crystallization of CaCO3 beneath Monolayers of Macrocyclic Amphiphiles

The partially contradictory experimental findings reported for the growth
of calcium carbonate beneath structurally different insoluble monolayers led
us to design a small library of macrocyclic amphiphiles, which we based on
calix[n]arene (n = 4,6,8) and resorc[4]arene moieties, respectively.

Scheme 3 Structural diagrams of calixarene (a, i = 0, 2, or 4), and resorcarene macrocy-
cles (b, c) used in monolayer investigations, where R represents a strongly hydrophobic
residue, and A represents an acidic (= metal ion coordinating) group. Although many
different ring sizes and substitution patterns might be realized experimentally, few
derivatives can be synthesized efficiently, due to their amphiphilic and multifunctional
nature and the existence of different interchanging conformers
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The use of these particular compounds might be rationalized in terms of
their modular structure, which allowed us to synthesize amphiphilic com-
pounds of different sizes and shapes, varying charge distributions and stereo-
chemical arrangements of the coordinating head groups A (Scheme 3). In
order to distinguish as much as possible between the various physical param-
eters that are known to influence the epitaxial growth of inorganic crystalline
materials, we defined several working hypotheses that we tested in compara-
tive crystal growth studies.

In a first set of experiments, the growth of calcite crystals beneath
monolayers of the tetracarboxy-calix[4]arenes – namely, 5,11,17,23-tetrakis-
(1,1,3,3-tetramethylbutyl)-25,26,27,28-tetra(carboxymethoxy)calix[4]arene
(12) and 5,11,17,23-tetra-t-butyl-25,26,27,28-tetrakis(carboxymethoxy)calix

Scheme 4 Structural formulae of tetracarboxy-calix[4]arenes (12, 13) bearing different hy-
drophobic substituents. The average area/molecule of 12 in a compressed monolayer is
more than 15% larger than the corresponding value of 13 (at equal surface pressure)

Fig. 15 Left: Optical micrograph (bright field) of (01.2) oriented calcite single crys-
tals grown under a monolayer of 12 and 13, respectively, after 3 h (π = 0.1 mN m–1,
[Ca(HCO3)2]t=0 = 9 mM). Right: Same crystal specimen observed in plane polarized light.
The viewing direction is parallel to the monolayer surface normal, and crystals are ob-
served from below the aqueous subphase. (Reprinted from [93] with permission)
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[4]arene (13) – were investigated, which differ from each other by the bulki-
ness of hydrophobic substituents at the upper-rim of the macrocyclic backbone
(Scheme 4).

Crystal growth experiments have shown that the same uniformly (01.2)
oriented calcite single crystals grow beneath monolayers of 12 as well as 13
(Fig. 15) [93, 94]. The fact that identically oriented calcite crystals are ob-
tained under monolayers of differently sized calix[4]arenes gives a strong
indication against the assumption that an epitaxial match between the mono-
layer and the juxtaposed crystal surface is required for inducing a certain
crystal growth behavior. However, according to these results it was still pos-
sible that the calix[4]arene ligands 12, 13 might afford a common, highly
specific coordination motif by which they could bind to the {01.2} crystal face
of the overgrown calcite crystals.

4.6
Influence of Coordination Geometry

In order to answer this critical question, a second type of macrocyclic ligands,
the tetracarboxy-resorc[4]arene rccc-5,11,17,23-tetracarboxy-4,6,10,12,16,18,
22,24-octa-O-methyl-2,8,14,20-tetra(n-undecyl)resorc[4]arene (14; Scheme 5),
was designed and used in crystallization assays [95].

The single crystal X-ray structure analysis of a number of Ca2+ complexes
of 12, 13 and 14 showed that the typical Ca2+ coordination motifs of these
ligands are largely different (Fig. 16) [93–95]. However, in spite of these fun-
damental differences in molecular structure, crystallization assays employing
monolayers of 14 gave (01.2) oriented calcite crystals that were virtually in-
distinguishable from those that grew beneath monolayers of 12 or 13.

This unexpected experimental observation led us to examine the phase
behavior of 12, 13 and 14 monolayers in more detail, for which we simultan-
eously recorded Langmuir and surface potential isotherms. Brewster-angle
microscopy (BAM) images were taken for monolayers at different compres-
sion states.

Scheme 5 Left: Typical arrangements of carboxylate moieties in calix[4]arene-type (12,
13) and resorc[4]arene-type (14) ligands (R′ tert-butyl or tert-octyl, R′′ n-undecyl). Right:
Structural formula of tetracarboxy-resorc[4]arene 14, which according to X-ray analytical
investigations and NMR studies assumes a C2v-symmetric boat conformation [95]
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Fig. 16 Wire model of the coordination polymer of the calcium complex of 12 showing
the packing arrangement of the one-dimensional polymeric strands in the crystal lattice.
Solvent DMSO molecules occluded in the crystal lattice and hydrogen atoms are omit-
ted for clarity. Coordination polyhedrons are displayed for interconnecting Ca ions only.
(Reprinted from [93] with permission)

In summary, the results of these investigations demonstrated that nei-
ther calixarene nor resorcarene derivatives have a tendency to form highly
ordered liquid-crystalline phases during compression. Moreover, the growth
of (01.2) oriented calcite crystals exclusively occurred at low surface pres-
sure (π = 0.1–1 mN m–1), where the monolayers show a transition from the
liquid-expanded to the liquid-condensed state of matter. The morphology of

Fig. 17 Typical BAM micrographs of monolayers of 12 at 24 ◦C on 10 mM CaCl2. Mono-
layer domains appear as light regions. All micrographs were recorded at identical surface
pressure (π = 0.1 mN m–1) within a period of 5 min. (Scanned image area 450×400 µm.)
(Reprinted from [93] with permission)
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the monolayer in this pressure regime is characterized by a high mobility of
the molecules, as can be concluded from the typical foamy texture observed
in BAM micrographs (Fig. 17).

4.7
Influence of Surface Charge Density

In order to gain additional insight into the interactions between mono-
layers and hydrated calcium and carbonate ions, the non-charged am-
phiphilic alcohol 5,11,17,23-tetrakis-(1,1,3,3-tetramethylbutyl)-25,26,27,28-
tetra(2-hydroxyethoxy)calix[4]arene (15) was employed. Monolayers of 15
were found to strongly inhibit heterogeneous nucleation of CaCO3 crys-
tals [96]. The surface potential of a monolayer arises from the dipole mo-
ment of the constituent molecules, from the change of orientation of water
molecules, and also from interactions between the headgroups and elec-
trolytes dissolved in the subphase [97–99]. In this study electrostatic inter-
actions between monolayers of structurally related amphiphilic calix[4]arene
derivatives 12 and 15 and subphase ions was examined. In the low pressure
region (π = 0.0–0.5 mN/m) of the monolayer phase diagram, the experimen-
tal surface potential values for monolayers of 12 and 15 on H2O are almost
identical. On a Ca-containing subphase (10 mM CaCl2) the surface potential
shows a significant increase only for monolayers of 12, which clearly demon-
strates that the calix[4]arene derivative 15 is unable to bind Ca ions by virtue
of electrostatic and/or coordinative interactions. Furthermore, the experi-
mental results indicated that a low surface pressure (π = 0.1–0.5 mN/m) is
a necessary condition for the growth of uniformly (01.2) oriented calcite crys-
tals. The phase diagram of 12 and previous investigations of the monolayer
structure show no indication for long-range order in the monolayer – that
is, the x and y-components of the molecular dipole moments are laterally
uncorrelated.

The growth of calcite single crystals showing a preferential (01.2) orien-
tation has been reported for other monolayer systems, including the poly-
meric Langmuir–Schaefer films of 10,12-pentacosadiynoic acid (7) men-
tioned above, as well as hydrogen-bonded molecular ribbons (8). Much effort
has been spent in correlating the periodicity of the calcite {01.2} cleavage
plane with the proposed monolayer structures (although experimental ev-
idence, such as crystallographic investigations of characteristic molecular
packing arrangements and Ca ion coordination motifs, has not been pre-
sented). However, it is hard to believe that the coincident growth of (01.2)
oriented calcite crystals beneath structurally highly dissimilar monolayers is
a consequence of a strict geometrical or even a stereochemical matching.
In fact, this coincidence (that we laxly designate the “012-syndrome” in our
group), indicated to us that non-directional interactions between the mono-
layer and the juxtaposed crystal face might be the most important factor.
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To further support this hypothesis the crystallization of CaCO3 below
monolayers of two structurally different macrocyclic octacarboxylic acids,
rccc-4,6,10,12,16,18,22,24-octakis-O-(carboxymethyl)-2,8,14,20-tetra(n-unde-
cyl)resorc[4]arene (16) and 5,11,17,23,29,35,41,47-octakis-(1,1,3,3-tetramethyl-
butyl)-49,50,51,52,53,54,55,56-octa(carboxymethoxy)-calix[8]arene (17), were
investigated (Scheme 6) [100]. Compounds 16 and 17 were chosen for these
investigations because they differ by a factor of two in molecular surface area.
It is thus possible to adjust the surface charge density underneath monolayers
by a proper molecular design.

Interestingly, CaCO3 crystallization beneath monolayers of 17 led to the
formation of (01.2) oriented calcite crystals, despite the fact that the mono-
layer of 16 manifests a completely different growth characteristic: namely, the
formation of acicular aragonite crystal aggregates at high surface pressure
and at an ionic composition of the aqueous subphase that would normally
yield the thermodynamically more stable calcite (Fig. 18).

In summary, these investigations provide compelling experimental evi-
dence that the crystallization of CaCO3 below monolayers of amphiphilic
polyacids is largely controlled by the surface charge density that accumu-
lates underneath the monolayer. Unfortunately, this functional correlation
is difficult to confirm, since there exists (to the best of our knowledge)
no analytical technique for measuring the absolute value of the surface charge
density beneath the monolayer. The measurable surface potential of a mono-
layer is dependent on many factors, including the molecular structure of
the surfactant, the packing arrangement and the composition of the aque-
ous subphase [97–99]. Moreover, it is not clear whether control over crystal
nucleation by an increased surface charge density is gained through polar-
ity matching between the surface monolayer and the incipient crystal sur-
face, or if crystal nucleation and growth processes are kinetically controlled,

Scheme 6 Structural formulae of octacarboxy-resorc[4]arene (16) and octacarboxy-
calix[8]arene (17) having the same number (= 8) of carboxylate residues but differing
largely in molecular size
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Fig. 18 Left: Bright-field optical micrograph of aragonite crystals grown beneath a mono-
layer of 16 after 3 h (π = 20 mN m–1, CaCl2/NaHCO3 9/18 mM)). Right: Scanning electron
micrographs (crystals collected after 6 h) of crystals grown under a monolayer of 16.
(Reprinted from [100] with permission)

Scheme 7 Structural formula of the amphilic dendron-calix[4]arene (18) comprised of 18
carboxylic acid residues

or if both factors are equally important. In order to test whether mono-
layers generating a sufficiently high surface charge density are able to in-
duce and stabilize metastable crystal phases at the air–water interface, the
highly charged amphiphilic dendron-calix[4]arene, 5,17-di[(2-carboxyacetyl)
amino]-11,23-di(tert-butyl)-25,26,27,28-tetradodecyloxycalix[4]arene [2]:(2-
aza-3-oxopentylidyn):propanacid (18) was employed [101]. Indeed, crystal-
lization of CaCO3 beneath monolayers of 18 selectively led to growth of
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the metastable polymorph vaterite at low surface pressure. Monolayers of
18 induce the formation of vaterite at a surface charge density correspond-
ing to 6.7–7.2 COO–/nm2. On the other hand, surface charge densities in
the range of 4.65–5.00 COO–/nm2 led to selective crystallization of arago-
nite, as was shown for monolayers of 16 and 5-hexadecyloxy-isophthalic acid
(11), respectively. The formation of uniformly oriented calcite crystals with
the highly polar {01.2} face oriented toward the monolayer was observed
on many structurally different monolayers, all sharing similar charge den-
sities of 2.0–2.4 COO–/nm2. A complete summary of the various carboxylic
amphiphiles that have been used as crystallization templates and the CaCO3
growth morphologies that they induce is given in Table 4.

Table 4 Correlation between area/molecule of amphiphiles used as crystallization tem-
plates and the CaCO3 growth morphologies that they induce

Com- Area/molecule Area/molecule Charges in Polymorph Refs.
pound at which headgroup/ (pref.

Monolayer Crystal CaCO3 crystals nm2 orientation,
data data were grown if any)
[nm2] [nm2] [nm2]

1 0.23–0.24 b n.d. 0.22–0.23 4.35–4.44 Calcite (10.0), [82]
vaterite

2 0.26 b n.d. n.p. (00.1) [83]
3 0.23 b n.d. n.p. (00.1) [83]
6 n.p. n.d. π = 0–5 mN m–1 Calcite [86]

π = 20–25 mN m–1 vaterite
8 0.50 a n.d. 0.43–0.50 2.00–2.33 Calcite (01.2) [89]
9 0.50 b n.d. 0.60 3.33 Calcite (10.0) [90]
9a 0.45 b n.d. 0.40 2.50 Calcite (10.0)

10 2.50 b n.d. 1.90–2.00 Calcite (01.2), [91]
Calcite (10.0)

11 n.p. 0.43 π = 10 mN m–1 4.65 Aragonite, vaterite [92]
12 1.70–1.75 b 1.70 1.75–1.80 2.22–2.29 Calcite (01.2) [93]
13 1.30–1.40 b 1.70 1.70–1.80 2.35–2.42 Calcite (01.2) [94]
14 1.70–1.75 b 1.83 2.00–2.10 1.90–2.00 Calcite (01.2) [95]
16 1.65–1.70 a 1.71 [100]

1.80–1.85 b n.d. 1.60–1.70 4.71–5.00 Aragonite, vaterite

17 2.75–2.80 b n.d. 3.30–3.50 2.29–2.44 Calcite (01.2) [100]
2.60–2.70 2.96–3.08 Calcite, vaterite

18 1.95–2.05 b n.d. 2.50–2.70 6.70–7.20 Vaterite [101]

n.d. not determined, n.p. not published
a H2O: doubly deionized water, resistance 18.2 MΩ · cm
b CaCO3, 9 mM
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5
Formation of Tabular Aragonite Crystals
via a Non-Epitaxial Growth Mechanism

As the number of investigations targeting the molecular blueprinting be-
neath monolayers steadily increased, a notable change of the current template
model of biomineralization took place, such that the vital role of amorph-
ous precursors in biologically induced mineralization processes was empha-
sized [102, 103]. This change in paradigm was stimulated by the discovery of
thin layers of amorphous calcium carbonate preceding the formation of crys-
talline materials in different organisms [104, 105]. These reports – together
with the fact that, to date, no monolayer model system has been able to pro-
duce the specific crystal morphology of pseudohexagonal tabular aragonite
crystals found in nacre – has led us to modify the experimental conditions in
monolayer investigations.

Previous studies performed using arachidic acid (19) or amphiphilic tri-
carboxyphenylporphyrin iron (III) µ-oxo dimers (20) had already shown that

Fig. 19 a Polarization optical micrograph of polycrystalline calcium carbonate crystals
grown from an amorphous thin film that forms beneath a monolayer of 14 when the
aqueous subphase contains a growth inhibitor (polyacrylate). Holes inside the crystals are
presumably due to the evolution of CO2 bubbles from the aqueous subphase. b Close-up
of two crystal specimens. The intact hexagonal platelet manifests sectors that might re-
sult from interpenetration twinning. The upper crystal has disintegrated into triangular
sectors, the breakage presumably originating in the twinned contact planes of the crystal.
Note that the pseudohexagonal shape and the twinning pattern are quite similar to those
of the aragonitic platelets in biogenic nacre (Amos et al, submitted for publication)
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a thin film of amorphous calcium carbonate might form below the monolayer
if the subphase contains a soluble polyelectrolyte that acts as (non-specific)
crystal growth inhibitor [106]. In the presence of polyacrylic acid, the fatty
acid per calcium ratio is about 14–25, according to grazing-incidence X-ray
diffraction measurements, and tablet morphologies of CaCO3 most often re-
sulted in the formation of calcite films [107].

Recently, the formation of single-crystalline aragonite (as well as calcite)
tablets and films was accomplished by precipitating an amorphous precur-
sor under conditions exploiting the synergistic effects of a monolayer of
tetracarboxy-resorc[4]arene (14) and water-soluble additives, such as poly-
acrylic acid and/or magnesium ions (Amos et al, submitted for publication).
Using appropriate concentrations of the latter, an initially amorphous film
can be deposited beneath the monolayer that later crystallizes into poly-
crystalline films with either single-crystalline mosaic or spherulitic structure
(Fig. 19a). Of particular importance is the synthesis of single-crystalline mo-
saic films of aragonite, which resemble the tablets of aragonite crystals in the
nacreous layer of mollusc shells (Fig. 19b).

6
Conclusions

In the literature, the growth of inorganic materials below negatively charged
monolayers is frequently considered to be a suitable model system for
biomineralization processes. The fact that some monolayers give rise to ori-
ented overgrowth of calcium carbonate crystals has been interpreted in terms
of a geometrical and stereochemical complementarity between the arrange-
ment of headgroups in the monolayer and the position of Ca ions in the
crystal plane that attaches to the monolayer. The concept of the “molecular
blueprinting” of ionic solids has partly arisen from the numerous astonish-
ingly perfect crystal architectures found in biomineralizing organisms, the
most prominent example of which is certainly provided by the “brick-and-
mortar” structure of nacre. Until recently, the most widely accepted model
for the emergence of nacre has suggested an epitaxy mechanism, accord-
ing to which a highly ordered composite of crystal-nucleating acidic proteins
and structural framework macromolecules (mostly chitin) acts as a supramo-
lecular template matrix governing the site-selective and orientation-selective
nucleation of the inorganic crystals. However, recent investigations of the
structure of nacre provide strong evidence against this simple template hy-
pothesis [108]. It turns out that the biosynthesis of an amorphous calcium
carbonate precursor precedes formation of aragonite crystals. The mech-
anisms by which the amorphous phase is switched into a specific calcium
carbonate polymorph and into crystals of particular shape are still largely
unknown. However, by adapting model systems to this new paradigm, spe-



Crystallization of Calcium Carbonate Beneath Insoluble Monolayers 35

cific aspects of the complex biological growth processes might be suitably
addressed.

Comparative investigations of the growth of calcium carbonate beneath
monolayers of macrocyclic polyacids, for instance, have demonstrated that
non-directional electrostatic parameters, such as the average charge density
or the mean dipole moment of the monolayer, determine the orientation and
the polymorph of the overgrowing crystals. A summary of the monolayer sys-
tems we have employed so far and the crystal morphologies they induce is
given in Fig. 20.

Our results show that it is possible to control the surface charge densities
in monolayers by the appropriate design of amphiphilic molecules. A poly-
morph switch occurs above a critical monolayer charge density at which arag-
onite or vaterite nucleation ensues, presumably due to a kinetically controlled
precipitation process (Fig. 21a). Below this critical charge density value (for
which, based on numerous monolayer investigations (Table 4), we may tenta-
tively assign a value range of 3.5–4.5 COO–/nm2), calcite single crystals form.
The sharply defined rhombohedral shape of these crystals and the fact that
they show an island-like distribution beneath the monolayer provide a strong
indication against epitaxial lattice correlations between the monolayer matrix
and the incipient crystal face. Moreover, monolayers consisting of structurally

Fig. 20 Overview of macrocyclic polyacids employed in previous investigations of the
growth of calcium carbonate beneath monolayers. Polyacids are arranged according to in-
creasing (negative) charge density, which is expressed here as the number of carboxylate
residues per unit area. Experimental ranges of charge density leading to a characteristic
calcium carbonate crystal habit or orientation are indicated with braces. (Charge density
values are directly gained from Langmuir isotherms)
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Fig. 21 a Scheme of charge density controlling the inorganic crystal polymorph that forms
beneath the monolayer. For calcium carbonate, a switch from thermodynamically sta-
ble calcite to less-stable aragonite or vaterite occurs at a charge density ranging from
3.5–4.5 COO–/nm2. b Formation of polycrystalline thin films comprised of tabular pseu-
dohexagonal calcium carbonate crystals via transformation of an amorphous precursor
thin film. Recent investigations indicate that a similar phase transition occurs during the
biological formation of nacre

very dissimilar amphiphiles often lead to identical crystal orientations, for
which nucleation from the {01.2} crystal face of calcite is most often ob-
served. We suggest that crystal nucleation occurs preferentially from this
particular face because of charge density/polarity matching at the interface,
considering that the {01.2} face is the most strongly polar (low-index) crys-
tal face of the calcite crystal lattice. This hypothesis is further supported by
recent modeling studies, which question the idea of stereochemical or geo-
metrical complementarity between the monolayer and the nucleated crystal
face [109, 110].

There are notable exceptions, such as monolayers of simple monofunc-
tional surfactants, which lead to exceptional crystal growth orientations (e.g.,
alkyl sulfates leading to nucleation from the {00.1} crystal face or alkyl car-
boxylates nucleating calcite from a {11.0} face (Table 4)). However, more
in-depth studies employing these simple surfactants once again have chal-
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lenged the simple picture of interfacial complementarity. To give an example,
the crystallization of CaCO3 beneath fatty acid monolayers was studied by
in-situ grazing incidence X-ray diffraction [111]. It was found that in mono-
layer systems of stearic acid (1) or arachidic acid (19), spread on 4.5 or 9 mM
calcium carbonate solutions, there are only some four to eight surfactant
molecules per calcium ion. A strict epitaxial correlation between the mono-
layer and the nucleated crystal would require a 1 : 1 or 2 : 1 ratio. This result
demonstrates that the structure of the monolayer/crystal interface is very
likely not as simple as suggested in preceding reports. Thus, it is safe to pre-
dict that there will be many more investigations in the near future targeting
the fundamental mechanisms of crystal nucleation and growth beneath struc-
turally mobile monolayers (without having to emphasize any model character
that such systems may have for biomineralization processes!).

On the other hand, one of the most annoying and puzzling aspects of
monolayer studies claimed as biomimetic model systems has been the fact
that until very recently none of the systems has produced crystal morpholo-
gies reminiscent of aragonitic nacre, although this was implicit in the motiva-
tion of numerous studies. As we have stressed in this review, the main reason
for this discrepancy is most likely an imperfect working hypothesis regard-
ing the biological process of nacre formation itself. In fact, in recent model
systems explicitly taking into account the multistepped formation process of
biogenic nacre, including a phase transition from an amorphous precursor to
a solid phase, many characteristic features of nacre could be reproduced in
quite simple model systems [112].

Again, model systems employing monolayers as crystal growth matrices
may provide novel insights into such transformations, as we have shown very
recently when the aqueous phase contains a soluble polyelectrolyte (poly-
acrylate) and the Ca to Mg ion concentration ratio is adjusted appropriately.
This system produces tabular pseudohexagonal calcium carbonate platelets,
which occasionally show the characteristic crystal twinning pattern that is
frequently reported for aragonite crystal platelets stemming from bivalve
nacre. A shortcoming of the strategy for producing highly regular polycrys-
talline thin films according to Fig. 21b is the fact that the crystal texture of the
film manifests significant variation from experiment to experiment (at least
in our laboratory). Thus, the process requires further improvement if it is ever
to be translated into a technically reliable production scheme for artificial
nacre. A major leap towards this goal is certainly the development of process-
ing strategies that lead to the deposition of multilayered crystal architectures.
Recent progress in understanding natural biomineralization processes as well
as experimental advances gained from model studies give rise to the hope that
novel composite materials reminiscent of their biological counterparts might
be produced at an industrial scale in the near future. It is very likely that some
of these bionic materials will be constructed from totally different materials,
since there is no urgent need to stick to calcium carbonate, chitin, or pep-
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tides once the basic principles of biomineralization are clearly understood.
The competition for attractive products has just begun [113].
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Abstract Hierarchical architectures consisting of small building blocks of inorganic
crystals are widely found in biominerals. Crystal growth mimicking biomineralization
has been studied using various kinds of organic molecules and molecular assembly.
The emergence of complex organization of inorganic crystals was observed through
biomimetic approaches in aqueous solution. A wide variety of hierarchical architectures
including fractals, dendrites, self-similar and helical structures were achieved in the arti-
ficial systems. Self-organized formation, with exquisite control of mass transport and the
variation of surface energy with organic molecules, is essential for versatile morphogen-
esis of inorganic crystals similar to biominerals.

Keywords Biomineral · Nanocrystal · Self-assembly · Self-organization · Self-similarity

1
Introduction: The Hierarchy of Biominerals

Hexagonal prisms of quartz and cubic particles of table salt are typical sin-
gle crystals exhibiting simple, flat surfaces. We can observe no structures
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on an intermediate scale between the macroscopic geometric forms and the
microscopic atomic arrays. On the other hand, dendrites, like snowflakes,
have periodic branches depending on their environment in the intermedi-
ate region. In this sense, the complex forms could be defined as hierarchical
structures consisting of units on various scales.

The fascinating structural design of biominerals has attracted the inter-
est of researchers in a broad range of chemistry disciplines [1–3]. Hier-
archical architectures consisting of small building blocks of inorganic crys-
tals are often found in biominerals [4, 5]. Hard tissues of vertebrates, such
as bones and teeth, usually have a three-dimensional (3D) complex struc-
ture that is hierarchically organized with hydroxyapatite nanocrystals and
organic matrices, such as collagen fibers. The biosilica of a hexactinel-
lid sponge was reported to be remarkably designed with nanometer-scaled
silica that was hierarchically arranged from nanometers to macroscopic
lengths [4]. Since the elaborate forms of biominerals are spontaneously pro-
duced in a living organism, biomineralization is a typical self-organized for-
mation of hierarchical structures in an aqueous solution system at ambient
atmosphere.

Recently, bridged nanocrystals with the incorporation of organic poly-
mers were found to reside in real biominerals [6–11]. Specific macroscopic
morphologies in biominerals of seashells, corals, echinoderms, and eggshells
consist of the oriented architecture of nanocrystals 20–100 nm in size. Typ-
ical scanning electron microscope (SEM) and transmission electron micro-
scope (TEM) images of a nacreous layer of Japanese pearl oyster (Pinctada
fucata) and a spine of the sea urchin (Echinometra mathaei (Blainville))
on macroscopic and microscopic scales are shown in Fig. 1. Each biomin-
eral represented the characteristic morphologies on a macroscopic scale.
The magnified SEM and TEM images reveal the presence of the assembly
of nanocrystal blocks in the microscopic structures of all the biominerals.
The sizes of aragonite in the nacreous layer and calcite in the sea urchin
spine were within a range of approximately 10–200 nm. Interestingly, the
nanocrystals resided in various morphologies and crystal structures beyond
the species barrier. These facts indicate that the integration of nanocrys-
tals could be an important process for crystal growth in biomineralization.
Moreover, nanoscale mineral bridges between two adjacent nanocrystals were
acquired in TEM images (Fig. 1e). Therefore, a biomimetic approach is at-
tracting a great deal of attention in the research fields of materials chemistry
and nanotechnology as a smart technique for the fabrication of functional
nanoscale materials.

Crystal growth mimicking biomineralization has been studied using vari-
ous kinds of organic molecules and molecular assembly [12–22]. The emer-
gence of complex and hierarchical architectures of inorganic crystals has
been observed through various types of biomimetic processing in aqueous
systems [23–26]. In this chapter, hierarchically structured crystals formed



Self-Organized Formation of Hierarchical Structures 45

Fig. 1 Typical macroscopic shapes and microscopic structures of biominerals. a,b Nacre-
ous layer and c–e sea urchin spine

through self-organization in solution systems are described. A careful re-
view of previous studies on the formation of inorganic crystals exhibiting
a wide variety of complex morphologies including fractals, dendrites, and
self-similar structures would be helpful for the understanding of biomineral-
ization and development of biomimetic materials processing.

2
A Hierarchy of Nonclassical Crystallization

Recently, many crystallization events, which are not categorized as classical
single crystals or polycrystals, have been reported [27–35]. Figure 2 illustrates
intermediate states between single crystal and polycrystal. Some of the in-
termediates, such as particle-mediated crystallizations called mesocrystals,
are a hierarchical assembly of nanocrystals to superstructures with an ion or
molecule attachment. Mesocrystals are typical examples of nonclassical crys-
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Fig. 2 Classification of intermediate states between single crystal and polycrystal. Ori-
ented attachment and bridged crystal may be categorized as single crystal. Bridged crystal
and mesocrystal are fundamentally covered with molecular species that can accept or-
ganic molecules

tallization by a modular nanobuilding-block route. They were observed as
kinetically metastable species or as intermediates in a crystallization reaction
leading to single crystals with typical defects and inclusions. For example,
a simple system of calcite was assembled with polystyrene sulfonate (PSS),
which underwent mesocrystal formation [29]. Appropriate control allows
variation of the mesocrystal morphology, exposing unusual crystal faces in
their superstructure. Subsequent crystallographic fusion of mesocrystals can
lead to single crystals with preserved shape. Direct nanoparticle fusion ac-
cording to the mechanism of oriented attachment can directly lead to single
crystals. However, the controlling forces and mechanism of mesocrystal for-
mation are largely unknown.

While the self-assembly of nanobuilding blocks into a mesocrystal may
be associated with a hierarchy of biominerals, the oriented structure of
biominerals could be interpreted as bridged architecture with incorpora-
tion of biopolymers. TEM images of the nanomineral bridge between two
adjacent nanocrystals were acquired (Fig. 1e). Schäffer and coworkers first
reported that a macroscopic mineral bridge was formed in the interlayer
of mother-of-pearl [36]. Since the daughter aragonite plate is directed on
the mother plate through the formation of a mineral bridge, the orienta-
tion of the c axis perpendicular to the plates is inherited in a late stage of
growth. According to these facts, the oriented architecture of nanocrystals in
biominerals is ascribed to the similar bridged-growth process. The complex
morphologies of biominerals can be designed by bridged nanocrystals via the
self-organized growth in association with biopolymers. A batch of bridged
nanocrystals is fundamentally assigned to be a single crystal incorporating
organic molecules. However, the crystallographic orientation gradually varies
with nonconformity or twin formation at the nanobridges. The nanocrystals,
as building blocks, realize the versatile morphological design on a macro-
scopic scale, especially in terms of complex or curved shapes with a smooth
surface.
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3
Self-Organization for Morphogenesis on Crystal Growth

Currently, “self-assembly” and “self-organization” are popularly used for
spontaneous ordering, including the formation of spatial patterns and tem-
poral oscillation [37–39]. However, the definition of these words is obscure to
the general public. Self-assembly occurs near equilibrium, and the order or
pattern formed via self-assembly exhibits the periodicity and the symmetry
derived from the components of the system. The formation of supramolecu-
les through hydrogen bonds and molecular aggregates, such as micelles, is
categorized as self-assembly. On the other hand, self-organization, which is
also called “dissipative structure”, is ordering at far-from-equilibrium, and
the scale of the resultant patterns is larger than that of the components.

Crystallization is the spontaneous formation of a microscopic periodic ar-
ray of atoms, ions, or molecules and may be categorized as self-assembly or
self-organization. The pattern formed by the crystallization is generally af-
fected by the distance between the growth condition and the equilibrium state
(i.e., the driving force for the crystallization) such as the degree of supersatu-
ration and the supercooling (Fig. 3). Polyhedral forms are obtained through
the crystal growth near the equilibrium state. Since the macroscopic shape
of the polyhedrons reflects the arrangement and the symmetry of the mi-
croscopic atomic or molecular lattice, which is a component of the system,
the crystallization would be categorized as self-assembly. The colloidal crys-
tallization associated with mesocrystals may be classified as a self-assembly

Fig. 3 Self-assembly and self-organization on morphological variation of crystals with
increasing the distance from equilibrium or the driving force of crystallization
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of the nanoscale components. As the driving force increases, the growth rate
is governed by mass diffusion or heat transfer, and then the growing sur-
face becomes unstable in a diffusion field. Under this condition, dendrite
forms with a complicated period structure are produced by the competition
between the promotion and suppression of the crystal growth. When the driv-
ing force is extremely high, the random polycrystals exhibiting spherulite
and diffusion-limited aggregate (DLA) are formed with a disappearance of
the crystallographic symmetry. The crystallization process of these various
morphologies depending on the environment, including the driving force of
the crystallization and the diffusion rate of the components, should be cat-
egorized as self-organization. Figure 4 shows the morphological transition
obtained in the Monte Carlo simulation of a crystal growth from a lattice
gas [40]. The time evolution of faceted and dendritic shapes is depicted at
different driving forces.

A systematic variation of crystal morphology was experimentally demon-
strated by varying the density of the gel matrix [41] (Fig. 5). The morpholog-
ical evolution of the inorganic crystals (Ba(NO3)2, NH4Cl, H3BO3, K2Cr2O7)
was observed in various kinds of organic gel media (agar, gelatin, pectin, and
poly(vinyl alcohol)). As the gel density increased, the morphology grown in
the gel matrix changed remarkably from polyhedral single crystals exhibiting
specific habits into dendritic forms consisting of irregularly branched poly-
crystalline aggregates, regardless of the sorts of inorganic compounds and
gelling agents. The evolution from polyhedrons into dendrites via skeletal
forms is ascribed to an increase in the influence of diffusion of the solutes on
the crystal growth. Since gel media generally suppress the mobility of ions,
densification of the media decreased the apparent diffusion rate of the solutes
and finally promoted the formation of diffusion-controlled morphologies in-
cluding skeletal, dendritic, and branched forms.

Under conditions of a low degree of supersaturation or a low gel density,
polyhedral shapes are formed through self-assembly. The morphogenesis of
the geometric shapes is restricted because they are thermodynamically stable.

Fig. 4 Morphological transition obtained in the Monte Carlo simulation of crystal growth
from a lattice gas. The morphology varied from a faceted shape (a) into dendritic form
(c,d) with increasing the driving force of the crystallization. Reproduced from [40] with
permission of the American Institute of Physics
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Fig. 5 A variation of crystal morphology demonstrated by varying the density of the
gel matrix. The morphology of Ba(NO3)2 grown in agar was changed from regular oc-
tahedron (a) into skeleton (b), regular dendrite (c), and disordered dendrite (d) with
increasing the gel density. The dendritic morphology of NH4Cl grown in agar varied from
a regular form (e) into an irregularly branched one (g) with increasing the gel density.
Reproduced from [41] with permission of the American Chemical Society

On the other hand, the orderliness and controllability of random aggregates
are quite low under conditions of a high degree of supersaturation or a high
density of gel matrix. Self-organization that is induced under an intermedi-
ate condition would produce various complex and hierarchical structures by
the integration of unit crystals with the combination of appropriate order and
flexibility. The emergence of the self-organization by a balance between the
crystal growth and the mass transport with gel matrix would be an essential
factor for the control of the morphogenesis mimicking biomineralization.

4
Self-Organization of Branching Morphologies

4.1
Diffusion-Limited Aggregate and Fractal Crystals

Hyperbranched structures of DLA are one type of hierarchical architectures
formed by self-organization under nonequilibrium conditions. The forma-
tion of DLA is, in a way, controlled by the possibility of particles reaching
the cluster. A fluffy shape with many branches like trees occurs during the
diffusion of a particle through the solution. The geometric characterization
of DLA is self-similarity, which is an aspect of fractals. For the loosely ag-
gregated clusters, these exponents form fractal numbers, somewhere between
2 (2D-areas) and 3 (dense 3D-buildings). Generally, DLA is found naturally
in nonliving (mineral deposition, snowflake growth, lightning paths, viscous
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Fig. 6 DLA-like (a) and dense branching (b) morphologies of zinc electrodeposits grown
in flat horizontal cells. Reproduced from [42] with permission of the American Institute
of Physics

fingering) or living (corals, bacteria colonies) forms. Moreover, the hierarch-
ical patterns in chemical systems are promising candidates for the design and
fabrication of new functional nanomaterials showing a distinct size, shape,
and chemical functionality. It is challenging to develop simple and novel
synthetic approaches for building hierarchically organized architectures of
various systems.

There are many experimental studies of fractal objects as aggregates of
crystals grown by electrochemical deposition in solution. As shown in Fig. 6,
zinc metal trees were obtained from an electrolyte consisting of a solution of
a metallic salt in a 2D cell [42]. The morphologies of the resultant crystals
vary, depending on the conditions such as applied voltage and ion concen-
tration. While DLA is grown with a very low voltage and low concentration,
dense radial or dense branching morphologies within a clearly defined cir-
cular envelope were deposited at low concentrations and at higher applied
voltages. These results suggest that the branching morphologies grown under
diffusion-controlled mass transport are highly sensitive to the environment of
the crystal growth.

4.2
Symmetric Dendrites

Stellar snowflakes are a typical symmetric dendrite. In a diffusion field, small
bumps on the surface of a growing crystal develop into large branches, and
bumps on the branches become side branches. When the branching instabil-
ity applies itself to a growing crystal, the result is the formation of a dendrite.
This instability plays a major role in producing the complex shapes of crys-
tals. The growth of dendritic crystals depends on a balance between faceting
and branching due to the instability. Faceting tends to make simple flat sur-
faces, while branching tends to make more complex structures. The interplay
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between faceting and branching is a delicate one, depending strongly on the
conditions of the crystal growth. Commonly, the influence of branching on
the formation of symmetric dendrites is smaller than that on the growth of
DLA and dense branching morphologies. The formation of symmetric den-
drites has focused on single-crystal growth. Phase-field simulations showed
that the perturbation of the growth forms by heterogeneities yields a rich
variety of polycrystalline growth patterns [43] (Fig. 7). Similar crystallization
patterns are also found in thin polymer films with particulate additives and
pure films with high supercooling. This fact suggests that the morphologi-
cal transition from symmetric dendrites to dense branching morphologies
is ascribed to the static and dynamic heterogeneity on the crystal growth.
The morphological variation from symmetric dendrites into random branch-
ing morphologies was experimentally demonstrated by crystal growth of
NH4Cl in agar gel media [41], as shown in Fig. 5. This variation is ascribed
to an increase in the gel density causing a decrease in the diffusion rate of
the solute.

Recent reports on particular dendritic morphologies of sulfides, oxides,
carbonates, and metal crystals formed in solution systems are described here.
Hierarchical eight-arm, star-shaped PbS single crystals were synthesized by
the controlled release of sulfide ions from thioacetamide in aqueous solu-
tions of lead acetate and acetic acid (Fig. 8a) [44]. The unique star-shaped
PbS crystals have eight symmetric arms, each of which shows a trident-
like, dendritic structure and consists of parallel PbS nanoleaflets. Novel
hierarchical HgS dendrites were synthesized by hydrothermal treatment of
a mercury–thiourea complex (Fig. 8b) [45]. The individual HgS dendrite con-
sisted of a long central trunk with secondary and tertiary sharp branches,
which preferentially grew parallel to the (001) plane. A nanoscale dendrite of
Bi2S3 was produced by a biomolecule-assisted approach under microwave–
hydrothermal conditions (Fig. 8c,d) [46]. Dendritic nanostructures of mag-
netic Fe2O3 were synthesized by the hydrothermal reaction of K3[Fe(CN)6]
in an aqueous solution at suitable temperatures (Fig. 8e) [47]. Single crys-
tals of calcite exhibiting a morphology of well-defined eight-armed stars,
which evolved from original rhombohedral calcite crystals, were produced

Fig. 7 Phase-field simulations of the growth forms with heterogeneities. Reproduced
from [43] with permission of Nature Publishing
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Fig. 8 A wide variety of dendritic morphologies of inorganic crystals grown in aque-
ous solutions: a star-shaped PbS [44], b hierarchical HgS dendrites [45], c,d Bi2S3 [46],
e magnetic Fe2O3 [47], and f eight-armed stars calcite [48]. Reproduced from [44–48]
with permission of the American Chemical Society, Wiley, and the Royal Society of
Chemistry

by crystallization of CaCO3 in agarose gels (Fig. 8f) [48]. The formation of
the symmetric branching morphologies generally requires appropriate con-
ditions for the achievement of a suitable balance between the mass transport
and the reaction rate.

Recently, elaborately structured dendritic crystals have been reported to
be spontaneously formed in oscillatory electrodeposition. The zinc dendrites
changed their shape periodically in synchronization with the potential os-
cillation from thick hexagonal wafers on the negative potential side to thin
maple-leaf-like wafers on the positive potential side (Fig. 9) [49–51]. Well-
ordered tin latticeworks, standing perpendicular to the substrate, are formed
through cooperation of various processes with long-range spatiotemporal
synchronization (Fig. 9) [52]. A mechanism was proposed to explain the
oscillation and the dendrite formation by taking into account coupling of au-
tocatalytic crystal growth, in close relation with the surface instability, and
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Fig. 9 A maple-leaf-like zinc wafer (a) [49–51] and well-ordered tin latticeworks (b) [52].
Reproduced from [49–52] with permission of the Chemical Society of Japan and the
American Chemical Society

autocatalytic surface oxidation at the closely packed crystal faces leading to
surface passivation. These cases elaborately controlled the branching mor-
phologies with spontaneous oscillation of the growth modes coupled with
electrochemical reactions.

4.3
Spherulites with Double Eye and Dumbbell Structures

In polymeric spherulites with the lamellae radiating from the core, the lamel-
lar orientation is globally random. However, a sheaflike structure with a so-
called dual eye-pocket has been frequently observed in the spherulitic growth
of other polymeric materials [53]. The lamellar branching and splaying can
occur from a nucleus that contains a single lamella forming the sheaflike
texture (Fig. 10a,b). The spherulites with a dual-eye structure are catego-
rized as an intermediate form between faceted crystals and dense branching
morphologies (Fig. 3). Although the main lamellae grow in some preferen-
tial crystallographic axes, the side branching in a spherulite is noncrystallo-
graphic. The initial nuclei grow into rectangular shaped lamellae, reflecting
the crystallographic axes of the crystals. These lamellae tend to be stacked
into lamellar bundles that transform into the sheaflike structure before
emerging as a dense lamellar branching morphology. Some spherulites show
anisotropic nuclei with a dual eye-pocket appearance at the core. The duel-eye
structures were also formed with an inorganic crystal in a solution system. As
shown in Fig. 10c,d, a hierarchically ordered inorganic–organic composite su-
perstructure with periodic orientation of a hexagonal primary fluoroapatite
nanocrystal was formed from an elongated, hexagonal–prismatic fluoroap-
atite in a gelatin gel. The central part of the spheres is characterized by
a torus-shaped cavity generated by the fractal growth mechanism [54–56].
Peanut and dumbbell structures are interpreted as an intermediate between
bundles of rods and spherulites with the duel-eye structure. The morpho-
genesis from rod to spherulite via dumbbell structures was observed in the
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Fig. 10 Duel eye-pocket structures or dumbbell-shaped morphologies; phase filed sim-
ulations of branching morphologies without (a) and with (b) a dual eye-pocket texture
at the core of polymer spherulite [53], dumbbell-shaped aggregate of fluorapatite-gelatin
composite (c,d) [54–56], CaCO3 (e) [57] and BaCO3 (f) [58]. Reproduced from [53–58]
with permission of the American Institute of Physics, Wiley and the American Chemical
Society

case of CaCO3 and BaCO3 under the control of double-hydrophobic block
copolymers (DHBCs) [57, 58] (Fig. 10e,f). These results show that polymer-
controlled mineralization is a versatile step toward crystal morphogenesis
between DLA and symmetric dendrites.

5
Self-Organization of Novel Morphologies

5.1
Crystals with Self-Similarity

Recently, a variety of nondendritic complex morphologies exhibiting partial
self-similarity, but not real fractals with a noninteger dimension, have been
reported. The shape which partially contains smaller copies of itself was pre-
pared in the presence of various additives, such as amphiphilic agents and
organic and inorganic polymeric species. Therefore, the specific morpho-
logical features could be ascribed to the reclusive suppression of the crystal
growth with the adsorption of the additives on different scales.
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Fig. 11 Self-similar morphologies: a,b funnel-like BaCrO4 superstructures produced by
using polyacrylate [59], c microscopic polyhedral mesophase crystals prepared from
a hybrid organic silane [60], and d multipod framework of Cu2O microcrystals [61]. Re-
produced from [59–61] with permission of the American Chemical Society and Wiley

Highly ordered funnel-like BaCrO4 superstructures with a complex form
showing a self-similar growth pattern were produced by using polyacrylate
as a structure-directing agent in the crystallization process (Fig. 11) [59]. The
hierarchical structures are deduced to be achieved through the self-organized
formation by the modulation of the crystal growth with the adsorption of
inorganic and organic soluble agents. Hierarchical crystals with an open
structure were also reported to be constructed by microscopic polyhedral
mesophase crystals prepared from a hybrid organic silane along with cationic
surfactant [60]. Novel hierarchical and self-similar crystals were sponta-
neously formed by multiple and self-similar growth based on an edge-sharing
mode (Fig. 11). A novel multipod framework of Cu2O microcrystals was pre-
pared in a solution phase [61]. Faceted microcrystal subunits with simple
cubic or face-centered cubic lattices have been organized with the creation of
intracrystal porosity and crystal self-amplification.

Hierarchical self-similar morphologies were frequently observed in the
crystal growth of carbonates in silica gel containing a high pH solution
(Fig. 12) [62]. A hierarchical calcite consisting of three-pointed stars with
sizes ranging from 100 nm to 100 µm was grown in silica gel. The self-
organized formation of calcite was attributed to the crystal growth in a super-
saturated solution with a gradual increase in the influence of silicate anions.
Symmetric dendrites of BaCO3 grown in the presence of silicate anions were
found to be composed of small hexagonal plates (∼ 10 µm) consisting of
nanoscale subunits smaller than 100 nm. These nanoscale units were covered
with silicate. Figure 13 shows the growth process of the hierarchical calcite
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Fig. 12 Self-similar morphologies of calcite CaCO3 (a–c) [62] and BaCO3 (d–f) grown in
silica gel at pH 10.5. Reproduced from [62] with permission of the Royal Society of Chem-
istry

Fig. 13 Time-dependent evolution of the self-similar morphologies of calcite CaCO3
grown in silica gel: a 1 h, b 6 h, and c 12 h. Reproduced from [62] with permission of the
Royal Society of Chemistry

in silica gel. Further growth of three-pointed stars on a rhombohedral form
produced the hierarchical architecture. It suggests that the self-organized for-
mation of the self-similar structures may be categorized as the variation of
dendritic growth mode under diffusion-controlled conditions.

5.2
Helical Crystals

Helical and spiral architectures, which are fascinating shapes exhibiting chi-
rality, are observed on various scales in nature. Macroscopic helical mor-
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phologies were observed with organic molecules [63, 64], polymers [65, 66],
and inorganic materials [67–84] without microscopic chirality. In recent
years, new families of helical shapes of inorganic crystals have been discov-
ered for barium sulfate [65, 66], calcium [69], barium and strontium car-
bonates [70–73], potassium dichromate [74–77, 83], manganese oxide [78],
boric acid [83], and potassium sulfate [84]. These helical morphologies were
categorized as hierarchical structures because the twisted architectures were
composed of smaller crystal units.

García-Ruiz and coworkers have reported a series of interesting studies on
the various strange morphologies of alkali-earth carbonate crystals formed in
silica gel [70, 71]; in particular, curved sheets and twisted ribbons of stron-
tium and barium carbonates were fantastic and different from the crystal-
lographic symmetry (Fig. 14a). They described the aggregates showing the
unusual morphologies as a composite of the carbonate crystals surrounded
by a silicate membrane. The formation of the shapes was attributed to the re-
sults of the interplay between localized crystal growth and inhibition at the
fluid–solid interface. Strontium carbonate grown in silica gel showed a var-
iety of complex morphologies including sheets and spirals associated with
biogenetic products. The noncrystallographic architecture had a hierarch-
ical structure consisting of nanoscale needle-like building blocks enveloped
with a silicate sheath. By monitoring the time-dependent growth, a spher-
ical cluster of the fibrous crystals was transformed into the highly ordered
morphologies having strange outgrowths with helical structures in the pro-

Fig. 14 Various types of helical morphologies of inorganic crystals: a BaCO3 grown in sil-
ica gel [70, 71], b polyelectrolyte-mediated CaCO3 [69], c BaCO3 nanocrystals prepared in
the presence of racemic DHBCs [73], and d K2Cr2O7 produced in gelatin [74–77]. Repro-
duced from [69–71, 73–77] with permission of Elsevier, Dr. H. Cölfen, and the Physical
Society of Japan
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Fig. 15 Time-dependent growth of SrCO3 in silica gel at pH 10.5: a 0.5 h, b 2 h c,d 72 h. En-
larged SEM (e) and TEM (f) images of fibrous units of the helical structure. Reproduced
from [72] with permission of Elsevier

gressive stages as shown in Fig. 15. The unusual morphologies were achieved
with a reduction of the subunit size and restriction of the growth direction by
selective adsorption of silicate anions on the specific crystal surfaces of the
carbonate crystals. In this sense, the helical architecture would be produced
by a preferential growth mode in branching morphologies. Similar helical
morphologies were also generated by a polyelectrolyte-mediated crystalliza-
tion of calcium carbonate [69] (Fig. 14b). The formation of helices of BaCO3
nanocrystals was performed in the presence of racemic DHBCs [73]. In this
case, a helical alignment can be induced by racemic polymers through selec-
tive adsorption on a specific face of the nanocrystals (Fig. 14c).

Matsushita et al. first found that helical potassium dichromate (K2Cr2O7)
crystals were grown in gelatin gel [74–77] (Fig. 14d). Then, helical mor-
phologies were reportedly grown with triclinic crystals (H3BO3, K2Cr2O7,
and CuSO4 ·5H2O) in various kinds of gel matrices [41, 83] (Fig. 16). The
essence of the formation of the chiral architecture from achiral components is
the rotated accumulation of tilted units under conditions of diffusion-limited
growth. Since helical morphologies consisting of tilted plates were achieved
with monoclinic potassium sulfate, the triclinic crystal structure is not always
required for the formation of a twisted assembly of tilted-growth units. The
backbone of the unique architectures was composed of twin crystals twisted
with a constant angle. DLA-like branching morphologies were obtained in
a dense gel, whereas faceted crystals were grown in loose media. Thus, the he-
lical structures were formed under an intermediate condition between faceted
crystals and DLA (Fig. 17). As shown in Fig. 15, the helical architecture of
SrCO3 was produced at the top of the projections formed by further out-
growth from a spherulite [72]. Figure 18 shows the morphological variation of
K2SO4 grown with PAA from tilted columns into helical structures with an in-
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Fig. 16 Helical morphologies of K2Cr2O7 (a,b) and H3BO3 (c,d) in gelatin and agar, re-
spectively. Reproduced from [83] with permission of the American Chemical Society

Fig. 17 Morphological variation of K2Cr2O7 grown in gelatin gel. The morphology was
changed from a regular plate (a) into helical (b), and branching structures (c) with
increasing the gel density. Reproduced from [41] with permission of the American Chem-
ical Society

crease of PAA concentration [84]. These facts suggest that the self-organized
formation of the helical structures may be categorized by the variation of den-
dritic and branching growth modes under appropriate diffusion-controlled
conditions. The emergence of the macroscopic chiral morphology from achi-
ral components is attributable to the twisted assembly of tilted units under
diffusion-controlled mass transport.

Right-handed helices were predominantly obtained in a gel matrix consist-
ing of biological macromolecules, whereas almost the same number of right-
and left-handed structures was produced in artificially synthesized polymers,
such as poly(acrylic acid) and poly(vinyl alchohol). A novel type of mor-
phological chiral tuning of inorganic helical crystals was achieved through
stereochemical recognition of organic molecules [85]. The proportion of the
right- and left-handed helices was precisely tuned with the addition of a spec-
ified amount of chiral molecules, such as d- and l-glutamic acids. The chiral
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Fig. 18 Morphological evolution of K2SO4 with increasing PAA concentration: a thin
plates, b tilted columnar assembly, c zigzag architecture, d helical morphologies. Repro-
duced from [84] with permission of the American Chemical Society

molecules recognized the enantiomeric surface of the triclinic crystal and
then changed the growth behavior of the helical morphology. As a result, the
microscopic chiral information, at a molecular level, was amplified into the
macroscopic helices consisting of inorganic achiral components.

6
Oriented Architectures Consisting of Small Building Blocks

6.1
Calcium Carbonate

As mentioned in the previous section, biominerals are fundamentally con-
structed with building blocks on several scales. The oriented architecture
in biominerals is ascribed to bridged nanocrystals with the incorporation
of biopolymers. The crystal growth mimicking biomineralization would be
achieved by self-organized formation of bridged nanocrystals using various
kinds of organic molecules. Since calcium carbonate (CaCO3) is one of the
most popular biominerals, a wide variety of morphologies of the carbonate
crystals have been demonstrated using various organic molecules and tem-
plates. A typical approach is habit modification leading to the morphological
evolution of precipitates using polyelectrolytes [86]. The rigid templates and
patterned molds are used for the production of a porous carbonate mimick-
ing biogenic structures [87–89]. This section reviews recent research on the
self-organization of hierarchical structures of CaCO3 using various organic
molecules.
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Various kinds of hierarchical calcium carbonate crystals have been pre-
pared in the presence of organic additives, as shown in Fig. 19. Macroscop-
ically faceted morphologies were found to be composed of small grains
(Fig. 19a) [90]. Hexagonal forms of vaterite with intracrystalline gelatin were
obtained from the hydrothermal reaction between calcium nitrate and urea
in the presence of gelatin (Fig. 19b) [91]. Although the overall morphology

Fig. 19 Wide variety of oriented architectures consisting of CaCO3 nanocrystals:
a faceted morphologies composed of small grains [90], b hexagonal forms of vaterite
with intracrystalline gelatin [91], c hierarchical calcite grown in the presence of acidic
glycoproteins [92], d barrel-shaped calcite particles obtained in gelatin [90], e star-
shaped CaCO3 crystals with phosphotungstic acid [93], f calcite pancakes formed using
DHBCs [94], g,h regular surface-relief structures of CaCO3 on a hydrophobically modified
polysaccharide in the presence of PAA [95]. Reproduced from [90–95] with permission of
the American Chemical Society, Wiley and the Royal Society of Chemistry
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obeys the single-crystal nature, the hexagonal forms consisted of a nanocrys-
tal aggregation. Hierarchical calcite was grown in the presence of acidic
glycoproteins isolated from adult spines of sea urchin (Fig. 19c) [91]. Barrel-
shaped calcite particles showing submicron terraces assigned to the {10–14}
planes were obtained in gelatin gel although the concentric structure was
formed through a radial growth from a central nucleation site (Fig. 19d) [90].
Star-shaped CaCO3 crystals were created by the reaction of an aqueous
solution of phosphotungstic acid and Ca2+ ions with CO2 (Fig. 19e) [93].
Calcite pancakes were formed using a double-hydrophilic block copolymer
(Fig. 19f) [94]. Regular surface-relief structures of CaCO3 crystals with sub-
micrometerscale periodicity were formed from solution on the thin matrix
of a hydrophobically modified polysaccharide in the presence of poly(acrylic
acid) (PAA) (Fig. 19g,h) [95]. These hierarchical structures are attributable
to polymer- or complex-mediated self-organization. On the other hand, the
morphogenesis in gelatin gel was attributed to the physical growth environ-
ment on the basis of our previous work and the results of other groups.
Moreover, hierarchical structures were reported in the absence of organic
molecules [96]. The formation mechanism of the elaborate structures in so-
lution systems is still a mystery.

The influence of the concentration and the molecular weight of PAA on the
morphological evolution of CaCO3 was systematically investigated in order to
clarify the performance of the polymeric molecules [97]. While the addition
of a small amount of low molecular weight PAA resulted in the formation of
faceted calcite surrounded by rough surfaces (Fig. 20a), round crystals were
obtained with increasing the concentration of the PAA molecule (Fig. 20b).
Small triangular calcite grains of less than 1 µm, which were arranged with
the same orientation, were found on the round crystals. The similarity of
the nanostructures and biominerals was investigated as a prime example of
biomineralization [8]. Planar films were formed on a glass substrate with
a large amount of high molecular weight PAAs. Especially, the combination
of low and high molecular weight PAAs produced lozenge-shaped calcite
films with definite edges obtained in a solution (Fig. 20c,d). Although the
lozenge-shaped films exhibited regular crystallographic habits, small grains
less than 100 nm were observed on the surface. Low molecular weight PAA
weakly suppressed the regular crystal growth and miniaturized calcite grains
as a capping agent. The specific interaction is ascribed to the similarity of
the distance of carboxy groups of a PAA molecule to that of carbonate an-
ions on the {10–14} plane of CaCO3. The oriented architectures are suggested
to be composed of bridged crystals. High molecular weight PAA drastically
decreased the grain size as a strong capping agent and promoted the forma-
tion of thin films. The array of PAA on the solid surface induced 2D growth
of CaCO3 crystals. Subsequent overgrowth of PAA-mediated CaCO3 films was
performed in a freshly prepared calcium chloride aqueous solution without
PAA [98]. The planar morphology of the films evolved into 3D forms with
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Fig. 20 Wide variety of oriented architectures consisting of CaCO3 nanocrystals with PAA:
a faceted calcite with rough faces and b round calcite grown with a low molecular weight
PAA, c,d lozenge-shaped films consisting of oriented nanocrystals grown with the combi-
nation of low and high molecular weight PAAs, the array of rhombohedral calcite blocks
(e) and high-aspect thin walls of vaterite (f). Reproduced from [97] with permission of
the American Chemical Society

the subsequent growth. The evolution of the morphology was clearly depen-
dent on the polymorphs and crystallographic orientation of the base films, as
shown in Fig. 20e,f. The array of rhombohedral calcite blocks and high-aspect
thin walls of vaterite were produced on the specific basal films. Fundamen-
tally, the crystal structure of the daughter crystals was inherited from the
basal films, regardless of the condition of the precursor solution.

Hollow morphologies of CaCO3 were reported to be composed of small
units. Crystallization of calcium carbonate in the presence of a polycarboxy-
late in the formation of microtrumpets was composed of nanocrystalline
calcite (Fig. 21a) [99]. Since DHBCs temporarily stabilize CaCO3 nanocrys-
tals, tunable complex shuttlecock and other superstructures are formed,
which are aggregates of CaCO3 vaterite nanoparticles (Fig. 21b) [100]. Sim-
ple templates such as gas bubbles can already be used to generate complex
crystal aggregate morphologies in a crystallization reaction occurring at the
air–solution interface. Porous CaCO3 microparticles were synthesized using
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Fig. 21 Hollow and porous morphologies of CaCO3 consisting of small units: a micro-
trumpet [99], b shuttlecock [100], c porous microparticles synthesized with polyelec-
trolyte layer-by-layer assembly [101], d hollow particles consisted of the calcite rhombo-
hedral subunits grown with DHBCs [58]. Reproduced from [58, 99–101] with permission
of the American Chemical Society and the Royal Society of Chemistry

polyelectrolyte layer-by-layer assembly of two oppositely charged polyelec-
trolytes (Fig. 21c) [101]. Calcium carbonate core dissolution resulted in the
formation of polyelectrolyte microcapsules with an internal matrix consist-
ing of a polyelectrolyte complex. Well-defined crystals with sizes ranging
from microscale to mesoscale and complex higher-order superstructures,
such as hollow spheres, were obtained by different strategies for various metal
carbonate minerals such as CaCO3, BaCO3, CdCO3, MnCO3, and PbCO3
using DHBCs (Fig. 21d) [58]. The polymer-controlled mineralization, with
a strong selective interaction between the functional groups of DHBCs and
crystals, is a versatile step toward crystal morphogenesis. Complex BaCO3 su-
perstructures were generated by using poly(sodium 4-styrenesulfonate) and
poly(allylamine hydrochloride) as structure-directing agents in the mineral-
ization process [102]. More complex macroporous superstructures could be
generated by cooperative templating effects of the molecular template and
a foreign static template such as air bubbles.

Aragonite occasionally precipitated in silica gel, whereas calcite was dom-
inantly produced under this condition. Although hexagonal rods, which are
a regular form of aragonite, were obtained in the absence of silicate, coral-
like porous morphologies with a nanoscale cellular framework (Fig. 22) were
found in the presence of silicate anions at pH 10.5 [103]. Platy units of
aragonite in the porous structures were individually covered with silicate en-
velopes. These results suggest that various morphologies were constructed by
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Fig. 22 Coral-like porous morphologies with nanoscale cellular framework found in
the presence of silicate anions at pH 10.5. An enlarged SEM (b) image of a projection
of a coral morphology (a). The particular shape was formed from a dumbbell-shaped
spherulite (c) via intermediate morphologies (d,e). Reproduced from [103] with permis-
sion of Elsevier

Fig. 23 Calcite spines (a,b) and cones (c,d) composed of small PAA-mediated grains with
a preferred crystallographic orientation were obtained in a binary system of low and
high molecular weight PAAs. Reproduced from [104] with permission of the American
Chemical Society

sequential, bridged growth of carbonate crystals in cooperation with inor-
ganic polymeric anions. The presence of silica gel could exhibit a matrix effect
for a diffusion-controlled mass transport.
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Structural analogs of biominerals (such as calcite spines and cones) com-
posed of small PAA-mediated grains with a preferred crystallographic orien-
tation, were obtained in a binary system of low and high molecular weight
PAAs [104]. Spines were grown on the previously deposited pedestals in the
latter stage (Fig. 23). According to SEM and TEM observations, the spines
were found to consist of small bridged grains of 10–20 nm in diameter.
Various types of tapering morphologies, such as cones and hollow horns,
were produced under similar conditions. These tapering structures also con-
sisted of small oriented grains. Although similar morphologies have report-
edly been produced by self-assembly of BaCrO4 and BaSO4 nanofibers [59,
105–109], the formation mechanism is still unclear. Tentatively, the bridged
growth of the oriented grains is suggested to require the presence of a spe-
cific diffusion field around the basal crystals. The formation of tapering
morphologies is attributable to the preferential 3D assembly of the small
building units along the specific directions under diffusion-controlled mass
transport.

6.2
Other Materials

Hard tissues in vertebrates, such as bones and teeth, are a three-dimensionally
oriented assembly of nanoscale hidroxyapatite (HAp) with a hierarchical ar-
chitecture. As a first step towards the design and fabrication of biomimetic
bonelike composite materials, a template-driven nucleation and mineral
growth process was developed for the high-affinity integration of hydrox-
yapatite with a poly(2-hydroxyethyl methacrylate) (pHEMA) hydrogel scaf-
fold [110]. A mineralization technique was developed that exposes carboxy-
late groups on the surface of cross-linked pHEMA, promoting high-affinity
nucleation and growth of calcium phosphate on the surface. A designed
hierarchical structure was made by the self-assembly of nanofibrils of miner-
alized collagen resembling an extracellular matrix [111]. The collagen fibrils
were formed by the self-assembly of collagen triple helices. HAp crystals
grew on the surface of these fibrils in such a way that their c axes were ori-
ented along the longitudinal axes of the fibrils. The mineralized collagen
fibrils aligned parallel to each other to form mineralized collagen fibers. This
template-driven mineralization technique provides an efficient approach to-
ward bonelike composites with high mineral–hydrogel interfacial adhesion
strength. Hierarchically organized nanostructures of HAp were produced
using a novel preparation route through the topotactic transition of dical-
cium phosphate dihydrate (DCPD) prepared in gelatin gel (Fig. 24) [112].
A nanoscale texture of dicalcium phosphate (DCP) was formed by the dehy-
dration of DCPD. A three-dimensionally oriented framework of HAp consist-
ing of ca. 20 nm grains was prepared by rapid hydrolysis of the nanotextured
DCP with a sodium hydroxide solution.
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Fig. 24 Hierarchically organized dicalcium phosphate (DCP): an optical micrograph (a),
SEM images (b,c,d) and TEM images (e,f). The inset of e is an electron diffraction pattern
for the rectangle area. Reproduced from [112] with permission of the American Chemical
Society

A novel type of hierarchically organized superstructure emerged from an
exquisite association of inorganic crystals and organic polymers through sim-
ple biomimetic crystallization. Potassium sulfate (K2SO4) was prepared in
an aqueous solution containing PAA with evaporation of water [113]. The
resultant superstructure consisting of K2SO4 and PAA was hierarchically
organized on five levels from nanoscopic to macroscopic. Figure 25 shows
a FESEM image and the schematic representation of the macroscopic lat-
tice architecture (tier 1), columns between plates (tier 2), platy units in the
columns (tier 3), granular subunits inside of a unit (tier 4), and crystallites
with the same orientation in a subunit (tier 5). A hierarchically organized ar-
chitecture on multiple scales was also generated from potassium hydrogen
phthalate crystals and PAA with an exquisite association of polymers on crys-
tallization. In accordance with these two model cases, the concept for crystal
growth can be applied to the generation of a hierarchically organized archi-
tecture regardless of whether organic or inorganic materials are used. These
findings shed light on the nature of hierarchical crystal growth in various
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Fig. 25 Hierarchical architecture of K2SO4 grown with PAA: a,b the macroscopic lattice
architecture (tier 1), c,d columns between plates (tier 2), e,f platy units in the columns
(tier 3), g,h granular subunits inside of a unit (tier 4), and i,j crystallites with the same
orientation in a subunit (tier 5). Reproduced from [113] with permission of Wiley

biominerals, such as bone and mother-of-pearl. Furthermore, tailoring the
combination of crystals and polymers could realize various hierarchically or-
ganized materials with emergent properties that are unattainable with the
individual components.

7
Conclusions: Self-Organization for Hierarchical Structures

A wide variety of examples of the formation of hierarchical architectures
in artificial systems mimicking biomineralization have been reviewed here.
The morphological evolution of inorganic crystals on several scales is funda-
mentally induced by self-assembly at the atomic level and self-organization
at microscopic and macroscopic levels. The macroscopic self-organization
of crystal growth could be achieved by a balance between the driving force
of crystallization and the surface energy of the crystals. Consequently, the
multiscale structures are precisely modulated by the combination of the cap-
ping and template effects with organic and/or polymeric species. A simi-
lar strategy would lie in bioinorganic superstructures that are directed by
controlled crystallization with the assistance of biological molecules and
polymers. In biomineralization, the macroscopic morphology could be con-
structed through the sequential growth of bridged nanocrystals with biolog-
ical polymers. In artificial systems, the bridged nanocrystals covered with
organic molecules were achieved by polymeric agents exhibiting specific in-
teraction with inorganic crystals. The properties of both single crystals and
organic–inorganic composites reside in the bridged nanocrystals having an
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oriented architecture. Furthermore, the bridged architecture may be suitable
for the formation of various types of complex morphologies, with a batch
of nanocrystals having the same crystallographic orientation. Unconformity
and twinning at the bridges could induce further morphological evolution
in the macroscopic shapes. Many types of morphogenesis were observed
under diffusion-controlled mass transport in a gel matrix. Convection-free
matrices of gel and viscous liquid easily promote self-organized growth,
with a diffusion-controlled growth mode through the suppression of mass
transport. Various hierarchical architectures exhibiting complex macroscopic
shapes, such as helical and tapering forms, can be realized when these versa-
tile effects of the organic and/or polymeric species are exquisitely combined
on the crystal growth.

Traditional technology of crystal growth has been mainly focused on the
top-down fabrication of homogeneous, large-sized single crystals. On the
other hand, the life ability inspires a bottom-up chemical approach to various
hierarchical architectures consisting of nanomaterials and nanostructures. In
an artificial system mimicking biomineralization, self-organized formation
(with exquisite control of mass transport and the variation of surface energy
with organic molecules) was essential for versatile morphogenesis of various
inorganic crystals in solution systems. The formation process through self-
organization is highly suggestive of a new paradigm for advanced material
processing. The general concept of bridged nanocrystals would be applicable
as a novel type of inorganic crystal and for inorganic–organic nanocompos-
ite materials. Therefore, self-organization of hierarchical architectures would
create a novel route in materials chemistry and nanotechnology as a smart
technique for the fabrication of functional nanoscale materials. Moreover, an
improved understanding of the formation of fractals and self-similar struc-
tures holds promise for the further development of chemical, biological, and
materials sciences.
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Abstract The biomimetic system fluorapatite-gelatine (in aqueous solutions) is perfectly
suited for the study of biomimetic steps closely related to steps in osteo- and dentino-
genesis. Although representing a relatively low level of complexity, the biomimetic system
still includes all aspects of complexity, such as metastability, self assembly, self-similarity,
fractals, pattern-formation, hierarchy, and others. The present review is focused on
the morphogenesis and real structure of fluorapatite-gelatine-nanocomposites and is
structured in a sequence from macroscopic/bulk-properties to mesoscopic and finally
microscopic observations, in part also supported by atomistic simulations. The field en-
compasses a large variety of components reaching from basic science to applications.

Keywords Applications · Atomistic simulations · Electrical dipole fields · Fluorapatite ·
Gelatine · Morphogenesis · Nanocomposites

1
Introduction

The biomimetic system fluorapatite-gelatine bears strong resemblance to
the biosystem hydroxyapatite (HAP)-collagen which plays a decisive role
in the human body (vertebrates in general) as functional material in the
form of bone [1, 2] and teeth [3, 4]. In the bio-systems, the hierarchical and
self-similar organization of nanocomposite structures is of prominent rele-
vance [5–8], with HAP-protein (collagen) nanocomposite structures domi-
nated by a close orientational relationship between the triple-helical collagen
molecules (arranged in the form of fibrils) and the HAP nanocrystals which
first nucleate in the gaps between neighboring protein molecules. In these ar-
rangements, the crystallographic c-axes of the HAP nanocrystals are oriented
parallel to the longitudinal direction of the fibrils [9, 10].

As the development of bone and teeth proceeds during processes of high
complexity involving metabolisms and cell activities of living system, it was
a consistent decision to clearly reduce the level of complexity by restricting
the investigations to water-soluble gelatine (denatured collagen) and aque-
ous solutions of the appropriate ions needed for the formation of apatite. The
biomineralization process is then mimicked by a double diffusion system in
which the ions migrate into a gelatine gel from opposite reservoirs containing
solutions of calcium and phosphate/fluoride, respectively. The mobility of the
protein (gelatine) in the gel thereby eases rearrangements of the protein fibers
during processes of self-organization.

1.1
Basic Idea and Conception

The chemical system under consideration raised great hopes as being repre-
sentative of a materials combination that had been optimized during the pro-
cesses of evolution, and which would allow us to gain deeper insight into the
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general principles of biomineralization (the formation of inorganic/organic
nanocomposites). This task is a real challenge and has to be tackled on all
length scales accessible by various methods of investigation. Therefore, the
present review is structured in a sequence from macroscopic/bulk-properties
to mesoscopic and finally microscopic observations. We are still far away
from a perfect understanding of all the experimental indications obtained
so far, but it has already become clear that the first steps in this direction
have been taken showing promising future trends. The field encompasses all
the components from basic science to applications. With respect to materi-
als properties and applications an increasing interest is clearly reflected by
the presently increasing number of publications dealing with apatite-gelatine
composites [11–14].

Also from the point of view of fundamental research the chemical sys-
tem under consideration is of significant relevance. First of all, it calls for
the combination of scientific aspects from various fields, such as: chemistry,
physics, crystallography, mineralogy, biology, zoology, microbiology, paleon-
tology, medicine, pharmacy, theory, atomistic simulations, and others. This
(incomplete) list clearly draws a path back to the initial material science
(“Naturforschung”) including even aspects of philosophy and arts. Placing
the focus on materials only, the system still remains of great interest, because
all aspects of complexity are included: Metastability, self-organization (self-
assembly), self-similarity, fractals, pattern formation, hierarchy, transfer of
information, and others. As the morphogenetic process in the apatite-gelatine
system proceeds at biological time scales (days/weeks), general problems con-
cerning the isolation and investigation of the different stages of development
of the composite aggregates do not appear. To summarize the given state-
ments and to clarify the focus of the present review [15–25]: The system
apatite-gelatine is perfectly suited for obtaining deeper insight into the pro-
cesses of self-organization, and can help in learning the essentials in the
formation of inorganic–organic nanocomposites of biological relevance.

1.2
Restriction to FAP-Composites

In order to closely mimic the bio-systems of bone and teeth the inorganic
component should be involved in the form of hydroxyapatite (HAP), which
most certainly when compared to the hard tissues of vertebrates is far
away from the ideal stoichiometric composition Ca5(OH)[PO4]3. Besides Ca-
deficiency and the presence of hydrogenphosphate groups [26], carbonate
substitution is common as well as substitution by other foreign ions [27]. Sub-
stitution (OH1–xFx) by formation of members (“parts”) of the solid-solution
series between HAP and FAP [28] is of overriding importance because of dra-
matic effects concerning control and change of the apatite morphology. This
effect has recently been investigated in some detail [21, 29]. Moreover, the
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chemical systems without addition of fluoride tend towards the formation of
other calcium phosphates such as octacalcium phosphate. The influence of
fluoride on phase formation and morphology of calcium phosphate-gelatine
composites grown by the double diffusion technique [21] is clearly demon-
strated by the SEM images shown in Fig. 1. From this it becomes evident
that the “most clearly” structured aggregate is represented by the notched
sphere consisting of the FAP composite. Even its surface structure is domi-
nated by sub-individuals which are clearly made out and distinguished. This
kind of overall structuring allows unimpeded positional orientation in/on
such kinds of aggregate and makes attempts in the direction of the interpre-
tation of morphogenetic details easier, even from a crystallographic point of
view. In other words, “things” become easier with the FAP-gelatine nanocom-
posites, and at the same time the large and still unexplored fields of HAP- and
OCP-composites and their morphogenesis are demonstrated.

Fig. 1 Influence of fluoride on phase formation and morphology of calcium phosphate-
gelatine-nanocomposites grown by the double-diffusion technique. SEM images. OCP =
Octacalcium phosphate. The surface structures change with increasing amounts of fluor-
ide (right panel from top to bottom starting with [F] = 0) in the solutions and in the
composites [21]



Fluorapatite-Gelatine-Nanocomposites 77

2
Experimental (Double Diffusion and Liesegang Bands)

The growth of fluorapatite-gelatine-nanocomposite aggregates is carried out
in U-tubes (Fig. 2) according to the double diffusion technique [30], which
is normally used for the growth of crystals of compounds with low solubil-
ity [31]. In general, the gel takes over the control of the ion diffusion only, and
is not actively involved in the crystallization processes. During the growth
of apatite within a gelatine gel matrix the situation is completely different:
The gelatine molecules interact with the ions in solution in such a way that
they provide nucleation positions for nanoapatite and, in this way, give rise
to the formation of a nanocomposite scenario which then becomes the master
control of the processes of self-organization and pattern formation including
dramatic activities in reorganization of the gel-matrix.

Within periods of days to weeks the nanocomposite aggregates form inside
the gel-matrix in periodically arranged growth areas, the so-called Liesegang

Fig. 2 Growth chamber [17] (double diffusion technique) including the facility for ap-
plication of an external electric field (5000 V/1.4 cm; D. C. conditions) as discussed in
Sect. 7.2; the electrodes are placed on opposite sites of the horizontal glass tube which
contains the gelatine plug; to prevent contact with moisture the electric circuit is pro-
tected by an outer glass envelope; the equipment is suitable for use in thermostats
operating with water
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bands (Fig. 3) [15, 16, 21, 32, 33]. In order to isolate the aggregates from the
gel the gelatine plug is cut into slices containing the different Liesegang
bands. To isolate the solid composite aggregates, the slices are washed several
times with hot water and centrifuged. The local positions of the Liesegang
bands relative to the calcium- and phosphate-fluoride-source are of essential
importance because of pre-structuring effects of the gelatine (Sect. 6). The
Liesegang bands are described as C, M and P, respectively (Fig. 3) and contain
the composite aggregates formed during two different kinds of morphogene-
ses (Sect. 3), called fan-like and fractal-type developments.

In a typical double diffusion experiment [18, 19, 21] pig skin gelatine
(300 bloom, Aldrich) is heated together with water (gelatine concentration
maximum 15%) with stirring for a few minutes in a water bath (after acidi-
fication with glutamic acid or 2 N HCl). The central tube of the diffusion cell
(Figs. 2 and 3) is filled with the hot gelatine and left at room temperature in
a vertical position until gelation is finished (e.g. 24 h). The L-shaped tubes are
then attached to the central gel-tube, filled with the aqueous solutions. (e.g.:
0.133 m CaCl2 and 0.08 m Na2HPO4/0.0027 m KF), and closed with ground-
glass stoppers. Both solutions were previously adjusted to the physiological
pH of 7.4 with α,α,α-tris(hydroxymethyl) methylamine/HCl. The diffusion
experiments are carried out between 25 ◦C and 30 ◦C (thermostat).

Variation of parameters is possible within defined limits [19]. For the
fluorapatite-gelatine composites the maximum gelatine-concentration is
15 wt. %, otherwise additional CaF2 is formed. The maximum pH of the aque-
ous gel at the beginning of the double diffusion should not exceed the value
of 6, otherwise a microcrystalline FAP-precipitate is formed and the fractal
growth is suppressed. Studies on the time-dependence of the growth result in

Fig. 3 Periodic growth of calcium phosphate–gelatine-composites (formation of Liesegang
bands) within a gelatine gel plug by application of the double diffusion technique (top:
photograph of the reaction tube) [15, 16, 21, 32]. The bands are described as C, M and P,
respectively, showing their positions in the (horizontal) diffusion tube (C = bands close to
the calcium source, M = middle bands, P = bands close to the phosphate(fluoride) source)
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Fig. 4 Calcium phosphate phases grown by double diffusion in gelatine-gel. Identification
of crystalline phases by powder X-ray diffraction. Appearance of the phases OCP (octa-
calcium phosphate) and AP (apatite) in C-, M- and P-bands, respectively, after a growth
period of three weeks at constant temperature (25 ◦C). Variable: starting fluoride con-
centration y (molar ratio P : F = 3 : y; 0 ≤ y ≤ 1) in the phosphate/fluoride solution. The
substitution parameter x (OH1–xFx) in the AP-phase was determined by refinement of the
lattice parameters and application of Vegard’s rule (continuous solid solution series be-
tween HAP and FAP [28]). The color scale represents x-ranges of substitution (OH1–xFx)
in the AP phase

the finding that a three-week period is optimum concerning size and yield of
the composite aggregates.

The influence of the fluoride concentration on phase formation and
morphology in the course of the double diffusion experiments was only re-
cently investigated in detail [21]. The results concerning phase formation
are summarized in Fig. 4. Together with the statements concerning morpho-
genetic aspects (Sect. 1.2) it becomes clear again, why the present review is
restricted to the F-rich composite only.

3
Form-Development (Macroscopic Length-Scale)

The morphogenesis of fluorapatite-gelatine nanocomposite aggregates pro-
ceeds from hexagonal-prismatic seeds, via dumbbell-shaped states, to spher-
ical particles with a characteristic notch. Phenomological aspects can be best
clarified by SEM-investigations on as-grown aggregate states as well as on
fragments with various orientations with regard to the symmetry of aggregate
development. From that first simulation models for general growth princi-
ples can be derived and continuously tested by additional findings obtained
by other (more detailed) experimental observations as well as by theoretical
investigations.
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Particularly, the composite aggregates belonging to the fractal growth se-
ries [obtained from P-(and M-) bands; see Sect. 2] impressively illustrate the
overall complexity of the system including the principles of self-similarity
and hierarchy even on the macroscopic length-scale (Fig. 5). This kind of
morphogenesis clearly exceeds the form developments known from pure
inorganic systems, such as sheave-bundles, dumbbells, and spherulites (onto-
genesis of minerals) [34], and has its origin in the intrinsic structure of the
composite on the nanoscale level.

The secret of the pattern formation is then put down to the nanoscale-
interactions between the organic and the inorganic components of the com-
posite and in consequence the morphogenesis is controlled by the resulting
and developing chemical and physical properties. As the general rule “The
Principle of Continuous Development in Nature” also holds for composite
and non-composite materials, even related shapes of solid aggregates do not
exclude each other, but will have their morphogenetic origin in different
growth principles. On the other hand, the more complex chemical system will
be able to develop patterns of higher complexity, and this is, for example,
what biominerals are representative for. The hierarchical composite pattern
shown in Fig. 5 will hardly be obtained from a pure inorganic system, even
if splitting of sub-crystals by incorporation of impurities [34] or “kayak”-like
sub-specimens [35] (also known as spindle-individuals [36]) and their in-
tergrowths are assumed. The real challenge in connection with complexity
is provided by biomimetic nanocomposite systems and their basic morpho-
genetic principles.

Fig. 5 Self-similarity and hierarchical pattern formation by fractal growth of fluorapatite-
gelatine nanocomposites (SEM images) [24]. Main picture: half of a dumb-bell aggregate
viewed along the central seed axes. Small picture: Central seed exhibiting tendencies of
splitting at both ends (“small” dumb-bell). The development from “small” to “large”
dumb-bells implies a remarkable reduction of shape information, in which only the club-
motif is transmitted
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3.1
Fractal and Fan-Like Morphogenesis

As mentioned earlier (Sect. 2), the nanocomposite aggregates grown by
double-diffusion into a gelatine gel-matrix appear within so-called Liesegang
bands, named as C, M and P, respectively (Fig. 3 in Sect. 2). A fractal growth
mechanism (first reported in 1996) [15, 16] dominates in the P (and M) bands,
whereas a fan-like growth mechanism (first reported in 2006) [24] prefer-
entially occurs in the C bands. Phenomological aspects and the simulation
model for the fractal series will be described first. Details concerning the in-
ner architecture of the fractal composite aggregates are given in Sect. 3.2.

The fractal growth mechanism starts with elongated hexagonal-prismatic
seeds up to 30 µm in length (critical aspect ratio ≈ 3 : 1). Progressive stages of
self-assembled (non-crystallographic) upgrowths of needle-shaped prisms at
both ends of the seed (fractal branching) lead to dumbbell-shaped aggregates
(Fig. 6) which complete their shapes by successive and self-similar upgrowths
to give notched spheres after about the 10th fractal generation.

The morphogenesis from a needle-shaped seed of about 10 µm in length to
a spheroaggregate of about 60 µm in diameter takes approximately one week.
The fractal growth and architecture is controlled by two non-crystallographic
parameters, which were derived from SEM images at different growth stages:
(1) the maximum aperture angle between the long axis of the seed and the
needle-axes of the units of the following generation is 45◦ ± 5◦; (2) subse-
quent generations scale down in their lengths by a factor of ≈ 0.7. On the
basis of these two limiting conditions the fractal model of a just-closed sphere
is shown in Fig. 7 (2D-simulation with the umbrella-tree model [37]; crossing
of individual crystals suppressed). The simulated surface of the spheroaggre-
gate consists of very small needlelike units, an observation which is consis-
tent with the SEM images (mean diameter < 0.1 µm for the surface prisms
of a just-closed sphere; see also Fig. 8). Inside the spherocrystal a torus-
shaped cavity is formed around the elongated seed (Sect. 3.2 for more details).
A similar architecture is generated by the geometrical model of a splitting
needle at constant growth rate and constant splitting rate [38].

Selected stages of the fractal morphogenesis (SEM images), together with
more detailed 3D-simulations [39] are shown in Fig. 9, and reveal good agree-
ment in structural shapes.

A second fan-like growth pattern [24] preferentially occurs in the C-bands
and is shown in Fig. 10 (vertical rows on the left-hand sides; the fractal series
is shown in the vertical rows on the right-hand sides). Both principles involve
the initial formation of a hexagonal prismatic seed and develop via dumbbell-
like structures to spheres. Distinguishing the two form developments is hence
far from trivial and requires the knowledge of specific morphological criteria.

The two different morphogeneses are illustrated by a series of six sub-
sequent growth states. The morphological key differences are discussed on
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Fig. 6 Selected sequence of SEM images of progressive stages of self-assembled (hierarch-
ical) growth of fluorapatite-gelatine nanocomposite aggregates (morphogenesis) [17, 22]:
from an elongated hexagonal-prismatic seed (top left) through dumbbell shapes to
spheres; the surface of a just-closed sphere also consists of needlelike units (bottom right)
following the general principles of self-similarity
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Fig. 7 2D-simulation of a just-closed fluorapatite spheroaggregate [17]; fractal model
(seed plus 10 generations) assuming a fourfold splitting in each generation (in fact, orders
of non-crystallographic branching can be higher); maximum opening angle 48◦, scale
down factor 0.7; crossing of individuals is suppressed by particular rules following real
growth conditions: (1) all individuals have the same growing speed; (2) members of
higher generations are suppressed, if they cross members of a lower generation; (3) if
members of the same generation reach the crossing point at the same time, it is a random
decision which one is deleted; if crossing is “non-symmetric”, the individual reaching
the crossing point first is favored; (4) to simulate diffusion-inhibition inside the grow-
ing dumbbell area all individuals with an angle greater than 160◦ relative to the seed are
deleted. The fine-structure of the fractal surface reminds of a cauliflower pattern consist-
ing of bundles of subunits (see ESEM image in Fig. 8)

Fig. 8 ESEM image of the surface of a freshly prepared fractal composite sphere showing
a cauliflower-like arrangement representing bundles of subunits of the last fractal gener-
ation (Fig. 7). By comparison with the surface image given in Fig. 6 it becomes evident
that drying and ageing slightly affects the images of the composite samples
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Fig. 9 Selected states of the fractal morphogenesis (SEM images) together with 3D-
simulations (from top left anticlockwise: seed, seed + 2, seed + 3 and seed + 4 generations)

the basis of the fan-like series: The central hexagonal prismatic seed exhibits
a more compressed habit with an aspect-ratio of about 2 : 1. The fan-like
development evolves from a common (central) plane perpendicular to the
hexagonal axis of the seed. The following structural units exhibit a wedge-like
shape with the size of their basal faces increasing during the growth process.
The small opening angle of the “prism-faces” against the central axis already
indicates an inner structure with a radial arrangement of sub-individuals.
The individual units growing on or out of the prismatic seed are separated
by planar faces and straight edges. Bent shapes as characteristic for biological
systems and also observed in the fractal growth series do not occur. The sur-
faces of the dumbbells and spheres are characterized by a coarse hexagonal
tiling reflecting the basal faces of the individuals arranged to the fan-like ag-
gregate. In the fractal growth series, however, the surface structures of the
dumbbells and spheres become smaller and smaller (Figs. 6–9). Both final
growth states result in notched spheres. However, while the sphere-aggregates
grown via the fractal growth mechanism exhibit a toroidal cavity around
the seed, (Sect. 3.2) the fan-like spheres are completely filled in the vicinity
of their “intergrowth”-plane. This observation is directly related to the ab-
sence of a “free bridge” in the center of the growing fan-like aggregates (see
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Fig. 10 SEM images illustrating subsequent states (1–6) of the morphogeneses of
fluorapatite-gelatine nanocomposites for fan-like (vertical rows on the left-hand side)
and fractal (vertical rows on the right-hand side) growth mechanisms [24]. The arrows
indicate the growth plane and the “free bridge” respectively, see text for details

arrows in Fig. 10). To summarize all the observations made, the main differ-
ences between the two types of morphogeneses (fan-like and fractal) may be
characterized in terms of “crystallographical” (straight, hard) and “biolog-
ical” (bent, soft), respectively. In Sect. 6 it is shown that pre-structuring of
the gelatine-gel by ion-impregnation (Calcium → C-bands; phosphate → P-
bands) is held to be a responsible factor for the two different principles of
form development.

3.2
Fracture Properties and Inner Architecture

The fracture properties as well as the fracture patterns of the fractal
nanocomposite aggregates (Sect. 3.1) should not only reflect their inner
(nano)structure (“principle of correspondence”) but should also be consis-
tent with the growth model and the resulting inner architecture.

The fracture area of a seed perpendicular to the hexagonal axis shows
an overall radial structure (Fig. 11a,b) completely different to the fracture
surface of a pure apatite single crystal (Fig. 11c,d; hydrothermally grown
mineral) with a glass-like structure without any preferred pattern. This obser-
vation already led to the assumption [19] that the composite seed represents
some kind of an ordered nano-superstructure which may explain the specific
structure of the fracture area (Sect. 5).
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Fig. 11 a SEM image of a virgin fluorapatite-gelatine-composite seed. b SEM image of the
fracture area of a central seed of a fractal composite aggregate. The fracture surface is
dominated by a highly structured pattern. c,d SEM images of an elongated prismatic ap-
atite crystal (hydrothermally grown mineral) and the fracture surface perpendicular to
the prism-axis (glass-like structure without any preferred pattern)

Actually, the situation develops in a much more complex manner as in-
dicated in Fig. 12, where the central seed area is highlighted by the white
hexagon. The regions outside the hexagon represent areas of higher hierar-
chy and are structured between platy and more compact appearance. This
scenario of complexity will be discussed in Sects. 6.2 and 7.2.

In the course of the fractal morphogenesis of the composite aggregates
a torus-shaped cavity around the central seed is formed (Sect. 3.1). The torus-
shaped cavity is shown in Fig. 13 (left) and makes clear that the cross section
of the cavity is characterized by a hexagonal shape [21]. This observation is in
total agreement with the fractal growth and clearly supports the model as can
be seen from the 2D-simulation (Fig. 13, right).

Compared with the fractal 2D-simulation given in Sect. 3.1 (Fig. 7), where
splitting exclusively takes place at the outer ends of the previous generations
(especially the seed), the modified simulation takes into consideration that
“upgrowth” on the seed is actually observed “below” its ends and is shifted
into the direction of the center of the seed (Sects. 6.2 and 7.2). In this way,
also the equatorial notch of the sphere becomes less dominant (compared
with the simulations given in Sect. 3.1, Fig. 7) which is in full agreement with
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Fig. 12 Enlarged image of the central fracture area from Fig. 11b. The virgin seed
(Fig. 11a) only extends inside the white hexagon. For further details see text (Sects. 6.2
and 7.2)

Fig. 13 Torus-shaped cavity around the seed in a closed sphere of the fractal morphogen-
esis. The SEM image (left) clearly shows the hexagonal cross section of the cavity which
impressively supports the (modified: see text) 2D simulation model (right)

the experimental observations. Furthermore, the hexagonal shape of the cross
section of the cavity around the seed becomes evident, as well as the join be-
tween the two half spheres and the brow-like structure (Fig. 13, right) around
the cavity.

Finally, it should be pointed out that the overall growth-orientation within
a fractal composite sphere, in plane with the hexagonal axis of the seed, shows
remarkable correspondence to the orientation of electric field lines around
a permanent dipole (Fig. 14) [17]. This correlation will be discussed in Sect. 7
in more detail.
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Fig. 14 SEM image of a fractal composite sphere broken parallel (in plane) to the long
seed axis combined with the calculated shape of electric field lines around a permanent
dipole (field lines reduced to only one half of the complete fracture area)

3.3
Core/Shell Assemblies

The surface of a just-closed (and notched) sphere of the fractal composite
series (Sect. 3.1) is covered with small elongated units as shown in Fig. 15a.
These small prismatic units seem to act as nucleation centers for the growth
of a shell on top of the fractal core. The shell is built up of needle-shaped
rods (Fig. 15b) oriented perpendicular to the core-surface and nearly paral-
lel to each other (radial growth with only a small opening angle). A core/shell
assembly is presented in Fig. 16a with the fractal core showing its character-
istic equatorial notch [17, 18]. The core/shell interface represents an area of
decreased stability against thermal and/or mechanical treatment. In fact, the

Fig. 15 a Surface image of a just closed fluorapatite-gelatine nanocomposite sphere.
b Arrangement of elongated prisms in the outer shell of the spheroids originating from
a second growth mechanism. The prisms are almost parallel and bear a close resemblance
to the arrangement of elongated prism bundles in enamel [40]
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Fig. 16 SEM images of a core/shell assembly. a Shell partly removed, free core; b Core
removed from the shell

core is easily removed from the shell (Fig. 16b). In summary, the core and
shell assemblies bear a strong resemblance to the complex organization of
teeth (dentin and enamel) [40]. This relation will be discussed in Sect. 8.

4
Overall Characterization of the Fractal Composite Aggregates

The results reported in this section (4.1–4.4) were obtained using samples
that were prepared well within the optimum stability region of the fractal par-
ticles, i.e., the fluorapatite-gelatine composites were grown in aqueous gels
with about 10 wt. % gelatine and a starting pH between 2 and 5. The molar
ratio of the educt solutions was adjusted to Ca/P(PO4

3–/HPO4
2–)/F = 5 : 5 : 1,

and the diffusion process was allowed to continue for three weeks. To isolate
the aggregates from the surrounding gel, the gelatine plug was divided into
particular bands and each one was added to 20 ml of ion-free water, heated
to 40 ◦C, and centrifuged. After repeating this procedure five times the com-
posite particles were almost free from attached gelatine.

4.1
X-Ray Diffraction

X-ray diffraction experiments on single individuals were performed using the
high brilliance of a synchroton radiation source [19]. The macroscopic ag-
gregates that are formed in the early stages of the morphogenesis and that
are isolated from the gel are hexagonal prismatic seeds. The results of the
diffraction investigations indicate that these particles exhibit scattering prop-
erties which are representative for single crystals (Fig. 17a). The sharp Bragg
reflections evidence a three-dimensionally periodic arrangement of the flu-
orapatite component within the composite. Aiming to determine the crystal
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Fig. 17 SEM images of different growth stages from seed to sphere together with the
corresponding diffraction patterns recorded using a synchrotron radiation source. Red
arrows indicate the direction of the incident X-ray beam: a hexagonal prismatic seed (only
the central part of the diffraction pattern is shown, b dumbbell stage, c just-closed sphere.
See text for further explanations

structure of a hexagonal prismatic seed, a data set of a single particle (5 µm×
5 µm×20 µm) was collected. Peak positions and intensities do not show indi-
cations of significant deviations from hexagonal symmetry or the formation
of a superstructure in the composite particle. Thus, the atomic arrangement
of fluorapatite was refined using the determined peak intensities [41]. Par-
ameters of the measurement and refinement results are given in Tables 1
and 2. Thus, the refinements of the diffraction data do not allow a conclusive
statement about a calcium deficiency of the inorganic component in the seed
particles.

With proceeding growth of the particles, the scattering spots broaden
and change into sickle-shaped maxima for dumbbell-shaped aggregates
(Fig. 17b). This broadening continues with progressing growth of the par-
ticles, and for those individuals that complete the morphogenesis to a closed
sphere diffraction patterns were observed consisting of almost complete pow-
der rings (Fig. 17c). The correlation of growth state and diffraction patterns
indicate the change of particle orientation during the fractal morphogenesis.
Successive skewing of the following generations with respect to the alignment
of the seed leads to a nearly overall isotropic distribution of particle orienta-
tions within the closed spheres resulting in moderately textured powder rings
as diffraction patterns.
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Table 1 Parameters of the data collection and refinement of a single hexagonal prismatic
fluorapatite-gelatine composite seed measured using synchrotron radiation. The number
of refined parameters includes an anisotropic description of atomic displacements. The
sample to detector distance was not calibrated as lattice parameters were calculated from
powder data [42]

Crystal habitus Hexagonal prismatic 5 µm×5 µm×20 µm
Space group P63/m
Formula units per unit cell Z = 2
Lattice parameters a = 931.1(5) pm

c = 688.5(4) pm
Wavelength used for data collection λ = 51.66 pm
Number of measured/unique reflections 2148/477
Req 0.0895
Measured range – 12 < h < 12, – 12 < k < 11, – 9 < l < 9
Number of reflection used for refinement 413
I > 2σ(I)
Program used for refinements SHELXL-97 [41]
Crystal structure refinement Full matrix least squares on F2

Number of refined parameters 39
R(F2), wR(F2), GOOF 0.038, 0.094, 1.01

Table 2 Refined positional and isotropic displacement parameters of the inorganic com-
ponent (FAP) of a hexagonal prismatic fluorapatite-gelatine composite seed. The isotropic
displacement parameter Ueq is defined as 1/3 of the orthogonalized Uij-tensor

x/a y/b z/c Ueq [pm2]

Ca(1) 0.24259(9) –.00752(9) 0.25 103(3)
Ca(2) 0.66667 0.33333 –.0016(1) 115(3)
F 0.0 0.0 0.25 28(1)
P 0.3977(1) 0.3691(1) 0.25 57(3)
O(1) 0.3256(4) 0.4835(3) 0.25 109(6)
O(2) 0.5862(3) 0.4662(3) 0.25 140(6)
O(3) 0.3415(3) 0.2572(2) 0.0704(3) 160(5)

The possibility of investigating single particles that are typical for spe-
cific development stages enables us to determine growth state-dependent
lattice constants and, thus, to gain an impression of the homogeneity of
the chemical composition during the growth process. Figure 18 shows lat-
tice parameters determined by X-ray diffraction of the different types of
individual aggregates sorted by their state of morphogenesis [42]. For com-
parison, the range of values for pure hydroxyapatite, fluorapatite, and enamel
(carbonate-containing apatite) are indicated; the variation of lattice param-
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Fig. 18 Lattice parameters as refined by least squares fits to experimental d-values
obtained by X-ray diffraction experiments on single particles belonging to successive
growth stages of the composite [42]. Each variety of the symbols corresponds to a dif-
ferent particle of a certain type. Groups of the same symbol within one type are due to
experiments with one particle in different orientations relative to the incident beam. Error
bars are shown as vertical lines if they were determined to be larger than the size of the
symbol. The data clearly show that both lattice parameters a and c are not affected signifi-
cantly by the stadium of the fractal morphogenesis. For comparison, the range of lattice
parameters of the a- and c-axes of inorganic hydroxyapatite (HAP), fluorapatite (FAP)
and tooth enamel are indicated by shaded vertical areas [44–49]

eters is attributed to differences in the chemical composition of the sam-
ples [43–46]. The data shows that the a-axis is more sensitive to composition
changes than the c-axis, and thus only the values found for a are considered
as a suitable means for detecting partial substitution within the inorganic
composite-component. Refinements of lattice parameters of ten different par-
ticles in development stages ranging from seeds to closed spheres result in the
same average parameter value (a = 939.1(5) pm) for all kinds of aggregates.
The measurements show no evidence of alterations of the lattice parameter
and thus of changes in the chemical composition of the particles during the
growth process.

4.2
Thermal Decomposition

Decomposition of the composite with increasing temperature was investi-
gated by thermogravimetry (TG) methods. Coupling of thermogravimetry
with mass-spectroscopy (MS) allows a correlation of the weight loss to spe-
cific degradation products. Figure 19 shows a typical DTG/TG diagram of
a composite sample with particle sizes between 140 µm to 200 µm in compar-
ison with powdered single-phase natural fluorapatite [19]. While the weight
loss of the abiogen mineral is negligible within the precision of the method,
the data for the composite clearly indicates a stepwise weight loss. The first
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Fig. 19 Relative mass loss ∆m/m×100 (TG) and its first derivative (DTG) in dependence
from the sample temperature, ϑ, of the mineral fluorapatite (dotted line) and pure FAP-
gelatine composite spheres with diameters ranging from 140 µm to 200 µm. Samples were
heated in air with an increase of temperature corresponding to 10 ◦C/min. Attributions
of weight losses to certain compounds resulting from a joined mass spectroscopic inves-
tigation are indicated in brackets. The overall relative weight loss of the composite in the
investigated temperature range amounts to about 5 wt. % and occurs stepwise: The first
step is attributed to the loss of adsorbed water, the second one to a desorption of consti-
tutional water and the third one to the thermal decomposition of gelatine into water and
carbon dioxide. Further weight decrease is attributed to complete oxidation of gelatine at
higher temperatures

step is finished at 150 ◦C (weight loss: 0.3–1.0 wt. %) and is interpreted as
the loss of adsorbed water. The second step is finished at 280 ◦C and is in
analogy to tooth enamel attributed to the loss of constitutional water. For
tooth enamel the loss of chemical bound water is explained with the reaction:
2HPO4

2– → P2O7
4– + H2O [48]. The third step with its maximum at 324 ◦C is

characterized by a release of fragments with molecular masses of 18 and 44,
respectively. They are attributed to degradation products of the incorporated
gelatine (water and carbon dioxide). With further increases of temperature
a slight and almost steady decrease of the sample weight is observed that is
not distinctive enough to be attributed to a special product of decomposition
via mass spectrometry. The optical behavior of the particles during heating in
air leads to the assumption that the weight loss above 300 ◦C is correlated to
further protein decomposition (Fig. 20). Applying a heating rate of 30 ◦C/min
the color immediately changes from translucent/pale-blue (Fig. 20a) to yel-
low at 300 ◦C (Fig. 20b) and intensifies parallel to a beclouding of the spheres.
The particles turn reddish-brown at 360 ◦C (Fig. 20c). Around 550 ◦C the par-
ticles appear silvery (Fig. 20d) because the gelatine is mainly decomposed to
carbon and water. Further heating to 1000 ◦C changes the color to dull-white
(Fig. 20e) indicating that the carbon has been removed completely from the
samples due to oxidation to CO and CO2.
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Fig. 20 Photographs of composite spheres heated to different temperatures under an op-
tical microscope using a temperature increase of 30 ◦C/min. Scale bars in the lower right
correspond to 100 µm: a room temperature, b 250 ◦C, c 400 ◦C, d 700 ◦C, e 1000 ◦C. The
decomposition of the gelatine is accompanied by a color change from translucent over yel-
low to red, black and finally to white. f Treatment of the aggregates with boiling water for
seven days leads to a loss of translucency

4.3
Chemical Composition

The analysis of the real amount of the organic component belonging to the
composite system only, and the abstraction from the gelatine occluded in cav-
ities and fissures as well as adhering to the surfaces of the individuals is far
from trivial and needs a lot of detailed preparations and investigations [19].
Furthermore, the characteristic property of the inorganic constituent of the
composite is the ability to replace its components by a large variety of chem-
ically related ions [50, 51]. Thus, the composition of fluorapatite also depends
on the constituents of the mother liquor during particle growth, and differs
pronouncedly from the idealized formula Ca5(PO4)3F. Additionally, the abil-
ity of the apatite structure to form vacancies complicates precise analyses.
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The analytical problem under consideration in this section is a real challenge
and is therefore discussed in more detail.

Figure 21 visualizes the Ca/P ratio of fluorapatite-composites grown at
different pH-values of the starting gel. The results indicate that the calcium
deficiency of the inorganic component of the composite is clearly depen-
dent on the acidity of the starting gel. The calcium deficiency of fluorapatite
(FAP) grown at low starting pH-values (pH 2: Ca/P = 1.53(2), idealized FAP:
Ca/P = 1.67) is paralleled by the replacement of phosphate by hydrogenphos-
phate to keep the charge balance of the inorganic phase. The presence of the
protonated species HPO4

2– can be evidenced by infrared spectroscopic in-
vestigations. As-grown composite samples show a band at 865 cm–1 in their
absorption spectra (Fig. 22) that is attributed to the P – OH stretching vibra-
tion υ5 [52].

Within the accuracy limits of the fluoride determination by means of an
ion-sensitive electrode, the content of 3.7(1) wt. % does not evidence a partial
substitution of fluoride by hydroxide in the fluorapatite-gelatine composites
(idealized FAP: 3.8 wt. %). Thus, infrared spectroscopy was used as a more
sensitive method to detect small amounts of OH–. The infrared spectrum
of the as-grown composite shows a weak band at approximately 3570 cm–1

which is attributed to the OH–-stretching vibration (Fig. 22) [52, 53]. How-
ever, this assignment is precarious since in the same frequency range a broad
and intense absorption band of water is observed. In order to reduce this
background peak the composite was dried by heating the samples to 600 ◦C.

Fig. 21 Ca : P-ratio of composite particles grown at different pH-values of the starting gel.
The solid line corresponds to a least squares fit of a linear function to the experimental
data. The data clearly indicate a linear correlation between calcium deficiency of the in-
organic composite component and the acidity of the gel. Each data symbol represents the
average value of three determinations. Error bars are shown as vertical lines if larger than
the size of the symbol. The dashed line indicates the calculated value for ideal fluorapatite
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Fig. 22 IR-spectra of composite aggregates before and after drying at 600 ◦C. The weak
band at 3570 cm–1 is attributed to the OH–-stretching mode and becomes clearly visible
only after water has been removed from the sample. The band at 865 cm–1 is attributed to
the HPO4

2–-stretching mode and disappears after the heating procedure. See [52, 53] for
assignment of the bands

The remaining weak, but sharp band with a full width at half maximum
(FWHM) of 7(2) cm–1 is taken as an indication of the presence of a small
amount of hydroxide ions (less than 10% of the fluoride ions are replaced)
in the fluorapatite. Freud et al. [53] reported the appearance of a sharp OH-
stretching band at 3540 cm–1 (FWHM: 9 cm–1) for an inorganic apatite with
5% of F– replaced by OH–-ions. Samples with 25% of F– replaced by OH–

showed a peak with a FWHM of about 30 cm–1.
Summing up the results of the different analyses, the composition of the in-

organic component of the composite corresponds to Ca5–x/2(PO4)3–x(HPO4)x
(F1–y(OH)y), x = 0.82, 0 < y ≤ 0.1, if it is assumed that the positions of ions
with a single negative charge are fully occupied by fluoride or hydroxide and
that the calcium deficit is completely compensated by a replacement of PO4

3–

with HPO4
2– to maintain the charge balance.

Next, the carbon content of pure and dried gelatine was determined ex-
perimentally to correspond to 44 wt. % [19]. On the basis of this value, the
typically found carbon content of 1.0(1) wt. % in the case of the composite
samples corresponds to 2.3 wt. % gelatine. In order to specify whether the or-
ganic component is distributed homogeneously in the composites, spheres
with a diameter between 140 µm and 200 µm were ground carefully and
sorted by size by means of sieving. Aiming to remove the fraction of gelatine
which is not tightly embedded in the inorganic component, these samples
were washed three times for 30 min with water heated to three selected tem-
peratures. Figure 23 shows the carbon content for different particle sizes after
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Fig. 23 Carbon content of the composite particles mechanically mortared to different par-
ticle sizes and treated with an excess of water at three selected temperatures. Each data
symbol represents the average value of three determinations. Error bars are shown as ver-
tical lines if larger than the size of the symbol. Inclined solid lines show the results of
least squares fits of linear functions to the experimental data. Samples heated to 40 ◦C
and 60 ◦C both show an increase of the carbon content of about 10% with ascending
particle size. The samples treated at 100 ◦C exhibit a steeper increase at absolute values
which are approximately 20% smaller indicating that most of the organic molecules are
shielded within the inorganic component. Solid lines correspond to least squares fits of
linear functions to the experimental data

repeated washing. The results of least square fits to the experimental data
show that the slopes and axes intercepts for samples treated at 40 ◦C and 60 ◦C
are identical within the limits of error indicating that the carbon content of
both sample series decreases by about 10% with descending particle size. The
samples washed at 100 ◦C exhibit a steeper decrease at absolute values which
are approximately 20% smaller. The data indicate that only a small fraction of
the gelatine is removed by reducing the particle size mechanically to approxi-
mately 10 µm and treating the samples with hot water for 1.5 hours. However,
the storing of unmilled composite particles in boiling water for seven days
decreases the carbon content to 0.37(3) wt. %. This finding indicates that the
loss of gelatine is also kinetically controlled and probably affected by particle-
reorganization (Ostwald-ripening). Grinding of a sample in an agate ball mill
down to particle sizes of about 60 nm causes a similar reduction of the carbon
content [carbon analysis: 0.35(5) wt. %] after a treatment with boiling water
for two days. Thus, a significant part of the organic component is shielded
within composite particles realizing grain sizes smaller than 60 nm.

Several attempts were undertaken to free the particles from the organic
component without destroying the architecture of the inorganic phase. A re-
peated treatment with H2O2 dissolves only gelatine in the border area of the
particles but the content of incorporated protein molecules is only reduced to
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about 75% of the value determined for water-cleaned particles. Treating the
composites for a week with water heated to 95 ◦C leads to a beclouding and
color change to milky white (Fig. 20f) while the carbon content is reduced to
0.37(3) wt. %. Similar to the boiling process which induces a partial loss of
the protein and therefore a clouding of the particles, a treatment with aque-
ous NaOCl solution can reduce the carbon content down to 0.20(5) wt. %.
To interpret the observation that the organic component is not removed
completely it is assumed that the residual part of the organic material is
protected against oxidation inside apatite-rich composite particles. A similar
phenomenon is known for sea urchin spines where skeleton macromolecules
are occluded inside magnesium-bearing calcite crystals [54, 55].

As a summary, the average composition of fluorapatite-gelatine compos-
ites grown in aqueous gels with about 10 wt. % gelatine, a starting pH be-
tween 2 and 5 using a molar ratio of the educt solutions corresponding to
Ca : P (PO4

3–/HPO4
2–) : F = 5 : 5 : 1 with the diffusion process continuing

three weeks is given by:

Ca5–x/2(PO4)3–x(HPO4)x(F1–y(OH)y) ·2.3(3) wt. % gelatine

x = 0.82, 0 < y ≤ 0.1 .

The chemical composition of the composite should also be reflected in its
density. The calculated density of the inorganic component corresponds to
2.98 g/cm3 using the experimentally determined lattice parameters (Table 1)
and the average chemical composition of the fluorapatite-gelatine compos-
ites according to the formula given above with x = 0.82 and y = 0. Because
of the calcium-deficiency and the change of lattice parameters compared to
pure fluorapatite this value is smaller than the density of pure mineral FAP
which is calculated to correspond to 3.20 g/cm3 using the lattice constants
a = 936.7(1) pm and c = 688.4(1) pm [44], and an assumed ideal composition.
The expected value for a composite composed of 95 wt. % calcium-deficient
fluorapatite and 5 wt. % aqueous gelatine, with the density for water and gela-
tine being estimated to be equal to 1.0 g/cm3, is 0.95 × 2.98 g/cm3 + 0.05 ×
1 g/cm3 = 2.88 g/cm3. A sample that contains spheres with diameters rang-
ing from 140 µm to 200 µm yields a value of 2.78(1) g/cm3 using a He-gas-
pycnometer. Taking into account the necessary approximations to calculate
a theoretical density and considering the experimental error, both values cor-
respond satisfactory. Oxidation of the organic component with aqueous H2O2
or NaOCl solution leads to an increase of the density to 2.90(1) g/cm3 for
samples with 0.5(1) wt. % gelatine (corresponding to 0.20(5) wt. % carbon).
The increase in density is consistent with a loss of parts of the lightweight
gelatine-fraction.

The findings indicate that the results of chemical analyses and those of the
density determinations are consistent. Moreover, the values found for com-
posite aggregates are in good agreement with estimations on the basis of the
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analytically determined gelatine (carbon) content assuming that the density
of the polypeptides remains constant when incorporated into the compos-
ite. Accordingly, samples with a reduced gelatine content show an increase in
density.

4.4
Decalcification

During treatment of nanocomposite spheres with EDTA (0.25 N, pH = 7) the
first observation is that they lose their opalescence and turn pale white. The
second and even more interesting observation is that in case of core/shell as-
semblies (Sect. 3.3) dissolution starts within the core and spreads out to the
shell, thereby running through continuous stages of apatite hollow-spheres
filled with residual gelatine [17, 18]. This situation is shown in Fig. 24, which
represents hollow hemispheres broken from spheres at different stages of dis-
solution. In the first stage of the dissolution process the seed within the core
is only weakly affected; the later generations of the fractal core are obviously

Fig. 24 Dissolution of nanocomposite core/shell assemblies in EDTA as a solvent; SEM
images of hollow hemispheres broken from spheres after treatment with EDTA for 24 h
(a), 48 h (b), 72 h (c) and 96 h (d); picture d represents the two hollow hemispheres of the
same individual; due to shrinking effects during the preparation for SEM investigations
(drying) the residual gelatine inside the core loses its original (biomimetic) structure
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Fig. 25 Light microscopic image of a typical a synthesized fluorapatite-gelatine nanocom-
posite sphere and b a completely decalcified gelatine residue of 125 µm diameter using
a polarization microscope (crossed polarizers)

dissolved first (a). After the core has been completely dissolved the attack
of the solvent extends to the shell structure and the dissolution progresses
leading to a decrease of the wall thickness and an increase of the cavity area
(b–d). Finally, the complete sphere is dissolved and an exact copy of the ori-
ginal morphology remains in the form of the gelatine residue (a jellyfish-like
sphere).

The gelatine residues show basically the same anisotropic optical behav-
ior (Brewster cross) as primary composites (Fig. 25a), with the only difference
being the lack of interference colors in the case of the gelatine sphere (b) due
to the loss of the inorganic material. As a conclusion, already this observa-
tion of similar optical properties can be taken as an indication that there is
an interdependence of the orientation of the apatite nanoparticles and the
alignment of the polypeptide molecules in the composite.

The early stages of the dissolution process of the composite core/shell as-
semblies show close similarities to the early effects of caries [56]. Details
concerning this relationship will be discussed in Sect. 8.

5
The Virgin Composite Seed (Fractal Series)

The content of this section is focussed on the inner architecture and real
structure of the central fluorapatite-gelatine nanocomposite seed which al-
ready has the potential for subsequent fractal morphogenesis. In order to
classify a seed as a virgin specimen its morphology should be characterized
by a perfect hexagonal-prismatic habit without any indication for additional
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face-steps. In the case that additional face steps are indicated, the seed al-
ready develops a state of higher inner hierarchy and is then called a mature
seed, although conventional diffraction techniques (X-ray) do not show sig-
nificant differences between the two states. These complex interrelations will
be discussed in more detail in connection with Sects. 6 and 7.

5.1
Nano-Structuring

It has already been shown that the fracture area of a central hexagonal seed is
characterized by a radial structure surrounded by more plate-like structures
(Figs. 11 and 12 in Sect. 3.2). The fracture pattern observed for the composite
is in sharp contrast to the glass-like fracture behavior of pure apatite crys-
tals and is, thus, taken as an indication [19] of an ordered nanosuperstructure
in the composite (Sect. 5.2). Characterization of unbranched seeds having
a perfect hexagonal shape by X-ray diffraction gives sharp Bragg reflections.
A crystal structure model of apatite was refined using the X-ray intensity data
(Sect. 4.1). However, TEM images of a seed cut parallel to [001] show clear ev-
idence of an ensemble of elongated nanosubunits following the principles of
self-similarity i.e., in parallel to each other and with their long axes parallel
to the c-axis of the seed (Fig. 26a). The diameters of the elongated subunits
are between 10–15 nm and multiples thereof; their lengths are several hun-
dred nanometers, or more. TEM images of ultra-thin slices of the central seed
cut perpendicular to the c-axis show a homogenous nano-scale pattern with
grain boundaries representative of a hexagonal material, and particle diam-
eters ranging between 10–15 nm and multiples thereof (Fig. 26b).

Fig. 26 Nano-structuring of the seeds of the fractal aggregates of fluorapatite-gelatine-
nanocomposite. a TEM image of an ultra thin slice of a seed oriented parallel to [001]:
the parallel arrangement of elongated subunits follows the principles of self-similarity.
b TEM image of an ultra thin slice oriented perpendicular to [001]: the nano-structure
with its grain boundaries corresponds to a hexagonal material
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Together with the chemical composition of the composite (Sect. 4.3) the
structural facts already given point to an inorganic–organic hybrid material
which may be grown by a non-classical crystallization process (formation of
so-called “mesocrystals”) [57, 58]. This picture will be taken up in Sects. 5.2
and 5.3 in terms of a strongly mosaic-controlled nano-superstructure.

5.2
Real- and Superstructure

The significant and representative nano-structures in ultra-thin cuts of the
seed (Sect. 5.1) are caused by the cutting procedure and represent areas of
structural weaknesses within the nano-ensemble. Structural weaknesses in
the composite structure may also be increased and clarified by shrinking
effects during drying. Both phenomena may act in a cooperative way mak-
ing it possible to clearly observe the nano-structuring of the composite in
ultra-thin cuts. To avoid these effects caused by mechanical stress during the
(conventional) cutting procedure the Focussed Ion Beam technique (FIB) has
to be used.

High-resolution TEM micrographs of the [001] zones of the compos-
ite seed (FIB preparation) and an abiogen apatite mineral (ultramicrotome
cut) were recorded. Because of the larger thickness of the FIB samples
(100–200 nm) the quality of the high-resolution images of the composite seed
(Fig. 27) is clearly reduced. The corresponding Fast Fourier Transform (FFT)
(inset Fig. 27) shows the characteristic hexagonal pattern with reflections not

Fig. 27 High-resolution electron micrograph of a composite seed (FIB preparation)
viewed along [001]. The FFT (inset bottom right) is characterized by hexagonal symmetry.
Structural disorder of the composite (defects, mosaic structure) is indicated by diffuse
reflections and by vanishing of higher order peaks
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Fig. 28 High-resolution electron micrograph of an abiogen apatite mineral from Jumilla,
Spain, viewed along [001]. The FFT (inset) is characterized by hexagonal symmetry and
sharp reflections up to the 7th order

higher than to the 3rd order. The high-resolution image of the abiogen apatite
mineral (Fig. 28) is of a very good quality. Because of the excellent long-range
orientation of the crystal the hexagonal FFT pattern is characterized by sharp
reflections up to the 7th order (inset Fig. 28).

The original shape of the composite seed is clearly preserved in the FIB
sample (angle of 120◦ between prism-faces, Fig. 27). An overall periodic hex-
agonal pattern is representative of the composite structure, an observation
which is consistent with the X-ray pattern of macroscopic seed specimens
which consists of sharp Bragg reflections (Sect. 4.1, Fig. 17a).

In order to identify defects, dislocations or other peculiarities of the real
structure of the composite seed a filtered and enhanced image of the white
frame area of Fig. 27 was generated (Fig. 29). The main interest was fo-
cused on areas which may be affected (controlled) by the organic component

Fig. 29 Filtered and enhanced view of the white frame area of Fig. 27. The inset represents
the mask used for the filter process (reflections observed). The overall hexagonal pattern
is significantly broken inside the area of the white circle. For further details see text
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of the composite which is assumed to take part in the composite seed as
triple-helical macromolecules. A general structural correlation of the organic
and inorganic components was already indicated by TEM images of Pt/C
replicas of freeze-fractured shock-frozen and partially decalcified compos-
ite samples [18], where a parallel orientation of the long (hexagonal) axes of
fluorapatite and the long axis of polypeptide fibers was observed (Fig. 30).
Applied to the present investigation, the orientation of the macromolecules
is assumed to be parallel to [001] of the composite seed and only their
cross-sections should affect the TEM images which in the case of single triple-
helical molecules means areas of about 1.5 nm in diameter.

Besides shagreen-like contrasts a clear structural defect in the overall hex-
agonal pattern of Fig. 29 is marked by the white circle with a diameter of
3.3 nm. The central area of the circle is assumed to consist of a calcified triple-
helical macromolecule (cross-section) acting as a nucleation center for the
surrounding apatite and supplying the motif of the apatite crystal structure
extending around the area of nucleation. This situation is sketched and visu-
alized in Fig. 31 with the (colored) dots representing the roughly hexagonal
arrangement being directly taken from the bright-spot pattern of the filtered
TEM image of Fig. 29. The blue, red, and green domains do not match per-
fectly and are characterized together by a significant mosaic structure. At the
outer borders the defects are already healed which is indicated by the black
hexagonal pattern matching the red and the green domains. Although the
grey pattern inside the (yellow) nucleation area is taken as a 1 : 1 image from
Fig. 29 it should not be discussed here.

At mesoscopic magnification preferred orientations (consistent with the
hexagonal symmetry) in the TEM images of cross sections of the compos-
ite seeds become visible by careful tilting (6–8◦) from the [001] orientation

Fig. 30 TEM-image of a Pt/C-replica of a freeze-fractured shock-frozen particle: Decal-
cified composite sphere in the borderline region of partly and completely decalcified
areas (Sect. 4.4). Top left: Apatite replica, bottom right: replica of the gelatinous residue.
The fiber-like structures discernible in the completely decalcified region are attributed to
gelatin skins consisting of condensed fibrils. The direction of the hexagonal axis of the
inorganic component is indicated by arrows
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Fig. 31 Sketch [(001) plane] of the structural model of the apatite mosaic structure initi-
ated by a calcified triple-helical macromolecule (yellow area) and extending around this
center. Red, blue and green periodic domains do not match perfectly. The roughly hex-
agonal arrangement of (colored) dots is directly taken from the bright-spot pattern of
Fig. 29. One apatite unit cell is given by the orange area. For further details see text

and by applying a defocus of about 1.4 µm [20, 23]. The FFT of such TEM mi-
crographs is characterized by (100) reflections of apatite and diffuse streaks
around the primary beam with a periodicity of about 5 nm and multiples of
this value (Fig. 32). In order to exclude the possibility that the superstructure
streaks of the composite being simply generated by any apatite lattice just by
tilting from [001] and applying a defocus TEM investigations were performed
on an abiogen apatite mineral [20]. There is no hint for preferred structure
formation in the bright-field image and the FFT does not show additional
(diffuse) reflections besides (100).

Fig. 32 Superstructure of the central composite seed caused by mineralized gelatine
triple-helices observed in the FFT of TEM high-resolution micrographs as diffuse streaks
around the primary beam with a periodicity of about 5 nm and multiples of this value.
For further details see text
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Fig. 33 Simulation of superstructure streaks in the FFT along [001] (top right) by a su-
perstructure model (left) based on a matrix of the hexagonal pattern of abiogen apatite
(Fig. 28) superimposed by a random array of linear sphere chains with 10 nm periodicity,
3 nm in diameter and an overall parallel orientation of randomly arranged chains [20].
For further details see text

As can be seen from Fig. 33 superstructure streaks in the FFT together with
reflections (100) along [001] are simulated by a matrix of the hexagonal pat-
tern of abiogen apatite superimposed by a random array of spheres (chains
with 10 nm periodicity and an overall parallel orientation). The spheres (bet-
ter to say: circles) are chosen with a diameter of 3 nm representing little more
than the nucleation area containing the macromolecule (Figs. 29 and 31). The
shading of the circles simulates the transition from the mosaic structure to
the regular model. Although this simplified model is only a first approach to
the nature of the composite seed the result of the FFT simulation is not far
from reality. On the other hand, the area of the unaffected “apatite matrix”
seems to be over represented. This is only one point which should be taken
into consideration in future simulations.

5.3
Complex Inner Architecture (Summary, Sketch)

The entirety of the experimental observations (Sects. 3.2, 4.1, 5.1 and 5.2)
concerning the virgin composite seed is consistent with a scenario presented
schematically in Fig. 34 which gives an impression of the inner architecture of
the seeds as consisting of a parallel rod-stacking of elongated nano-composite
units oriented with their long axes parallel to [001]. The structural arrange-
ment of the ribbons of hexagons (red in Fig. 34, top middle) is consistent
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Fig. 34 Sketch representing and summarizing the experimental observations of the
structure and inner architecture of the fluorapatite-gelatine nanocomposite seeds. Con-
cordance: (left) elongated hexagonal-prismatic habit of the seed (Figs. 6, 9–11, 17 top
left); (middle bottom) parallel rod stacking of self-similar elongated nano-subunits along
[001] as well as “accidental” variations in rod-clustering caused by the cutting proced-
ure (Fig. 26a); (middle top) nano-structure in (001) with grain boundaries representative
for a hexagonal material as well as variations in “accidental” clustering caused by the
cutting procedure (Fig. 26b); (middle top and bottom) fracture patterns of the seed char-
acterized by a radial structure with tendencies to plate-like orientation (Fig. 12); (right)
nano-mosaic structure nucleated by a central gelatine macromolecule (Figs. 29, 31)

with the high-resolution TEM investigations as well as with the observation
of a diffuse superstructure with a spacing of about 5 nm and multiples of
this value. The caption of Fig. 34 gives more detailed information concerning
interpretation and concordance with experimental data.

6
Ion-Impregnation (Pre-Structuring) of the Gelatine-Gel

The two types of morphogeneses (fan-like and fractal; Sect. 3.1) exhibit
a close correlation to the local areas of composite formation within the
gelatine-gel plug (C-, M- and P-bands, respectively; Fig. 2 in Sect. 2). Be-
cause of this, it appeared to be reasonable to assume that this phenomenon
is related to pre-structuring effects of the gelatine gels prior to the compos-
ite formation in the double diffusion cells [24]. In this picture the different
growth mechanisms depend on whether the gelatine gels are impregnated
with calcium or phosphate ions, first.
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6.1
Stiffness against Flexibility

Recent AFM investigations into the formation of micro-cracks in bone and
the corresponding healing processes as well as observations concerning the
stress-strain behavior of collagen revealed that the presence of calcium ions
accounts for stiffening of the organic matrix [59–61]. This effect was postu-
lated to originate from the formation of ionic bonding between the calcium
ions and charged groups of the collagen molecules. As a clear evidence for
this assumption is yet missing, we decided to further elucidate this question
during our studies in the biomimetic morphogenesis of the fluorapatite-
gelatine composites in the C-bands which are located close to the calcium ion
source.

The two different types of morphogeneses have already been described in
Sect. 3.1 in detail (Fig. 10), and it was also pointed out that the fan-like se-
ries may be characterized in “crystallographic” (straight, hard) terms, which
should be reflected in the inner composite architecture. In fact, TEM inves-
tigations (Fig. 35) indicate stiffness and rigidity of the organic component of
the composite. The gelatine fibrils run as straight lines without orientational
changes through the composite individuals. Inside each individual the fibrils

Fig. 35 TEM images of a fluorapatite-gelatine nanocomposite individual exhibiting first
states of branching in the fan-like growth series (state 2 in Fig. 10, left-hand side). Cuts
prepared by ultramicrotomy. Inset: Overview of the fan-like grown individual. Main pic-
ture: Enlarged section of an aggregate of wedge-like individuals. The dotted straight
structures with a small opening angle are the (calcified) organic component of the com-
posite (gelatine)
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seem to start from a single common origin and are arranged in a fan-like
manner exhibiting only small opening angles. Details of this kind of growth
mechanism are as yet unknown as detailed analyses of the structure of the
central intergrowth-plane (arrows in Fig. 10, Sect. 3.1) are missing. To date,
merely a pronounced radial structure of the intergrowth-plane was identified
similar to the pattern found in the fracture area of a seed from the fractal
growth series (Fig. 12 in Sect. 3.2).

In contrast to the fan-like series the fractal growth series can be well
characterized in “biological” (bent, soft) terms. SEM investigations related
to the fractal series have already shown (Fig. 12 in Sect. 3.2) that the origin
of the development of the new generation lies deep inside a growing seed,
even if the outer shape of the individual reveals only weak indications for
the start of “splitting” (state 2 in Fig. 10; Sect. 3.1). It became clear from
these observations that for the fractal series “splitting” is better described as
an outgrowth-phenomenon (instead of “upgrowth”) which is clearly seen in
Fig. 36 (top right). The “native” seed area (state 1 in Fig. 10) is smaller than
the central area highlighted by dotted borderlines (Fig. 36, top right) and the
developing new generations come out of the core region like a blossom. These
bent patterns are correlated with the orientation of gelatine fibers which seem
to mark the boundaries of the development of the “new” individuals.

Fig. 36 TEM images of a fluorapatite-gelatine nanocomposite exhibiting first tendencies
for branching in the fractal growth series (growth state 2 in Fig. 10, right-hand side). Cuts
prepared by focused ion beam (FIB). White arrows indicate the direction of the hexagonal
c axis of the central prismatic seed. Inset: Overview of one half of a prismatic seed with
blossom-like development of a new generation. Main picture: Gelatine fibrils with bent
structures along the growth directions of the new developing generation
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Fig. 37 Left: Model of a triple-helical polypeptide including a solvent shell (about 5000
water molecules) of 1.2 nm minimum thickness together with one attached (included)
calcium ion. Yellow ribbons represent the backbones of the three peptide strands of the
protein fiber. Middle: Same model without solvent molecules. Right: Focus on the bind-
ing site. Calcium forms ionic bonds (purple dashed lines) to carbonyle oxygen atoms of
the protein (dCa··O ≈ 2.3 Å). Further ionic interactions involve oxygen atoms (highlighted
in green) of neighboring water molecules (dCa··O ≈ 2.7 Å). (H: white, O: red, C: grey, N:
light blue, Ca: dark blue)

Atomistic computer simulations were performed [24] in order to explore
interactions of aqueous solutions of calcium- or phosphate-ions with a colla-
gen molecule as well as possible conformational effects on the triple-helical
protein. The fiber proteins were described by an all-atom model of three
(Gly-Pro-Hyp)12 polypeptide strands and empirical potential energy func-
tions were used to model the interactions of the triple-helix with the water
molecules and the ions [62, 63]. Using a recently developed algorithm for the
identification of adsorption sites [64, 65] a series of 100 independent aggre-
gation experiments was performed for each ionic species. From this a small
number of characteristic binding positions could be isolated. The latter were
found to dramatically depend on the associated ion species. The calcium ions
form ionic bonds to the oxygen atoms of the carbonyle groups of the polypep-
tide backbone and to the side-chains of proline and hydroxyproline (Fig. 37).
Although calcium association may cause the opening of some of the hydrogen
bonds interconnecting the peptide strands of the triple-helix, only a marginal
effect on the overall fiber structure is observed which causes only small con-
figurational changes of very local nature. For the phosphate ions a completely
different picture is observed. In contrast to the calcium ions, the phosphate
ions are preferentially associated laterally. This process involves the formation
of two to three hydrogen bonds with hydroxyproline side-groups and par-
tially also with amino groups. In the case of phosphate binding by only a few
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Fig. 38 Same as Fig. 37, but illustrating the association of a phosphate ion. For bet-
ter orientation only the hydrogen bonds of the phosphate ion to the protein fiber
(dO··H ≈ 1.3 Å) are depicted (purple lines). Though three hydroxyproline–phosphate
bonds are formed, only two strands of the triple-helix are involved. This imbalance causes
tensile stress to the right side of the fiber, while the left side is less affected. As a con-
sequence, the previously straight polypeptide is bent. (H: white, O: red, C: grey, N: light
blue, P: purple)

hydrogen bonds the fiber structure usually remains unaffected. However, in
about 50% of the simulation runs phosphate aggregation caused heavy de-
formations of the polypeptide. Such a situation is illustrated for PO4

3– ion
association in Fig. 38. The protein fiber exhibits a bent structure which origi-
nates from the local formation of three hydrogen bonds to the phosphate ion.
Such tendencies for bending the polypeptide are also observed for HPO4

2–

ion aggregation.
The electrostatic repulsion of the incorporated calcium ions favors

a straight arrangement of the fiber protein in which the binding sites are at
maximum separation. The triple-helix hence experiences a stiffening effect.
In the P bands an analogous tendency results from the Coulomb repulsion of
the phosphate ions associated to the protein fiber. However, this effect com-
petes with the local bending situation originating from the lateral take up of
the phosphate group (Fig. 38). This combination of phenomena with opposite
effects is expected to considerably increase the conformational complexity
of the triple helices and implies a large number of favorable structures of
protein fibers impregnated with phosphate ions which may account for an en-
hanced flexibility and bent structures of the (calcified) organic component of
the composite (Fig. 36).

The results of the molecular dynamics simulations fully support the ex-
perimental observations for the fan-like and the fractal morphogeneses. The
form development of the fluorapatite-gelatine composites is controlled by
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Fig. 39 SEM images of fluorapatite-gelatine composites in dumb-bell morphology (states 3
in Fig. 10). Aggregates formed via the fan-like (top left) and the fractal (top right) growth
mechanism, respectively. The vertical series represents transitional growth states, result-
ing from a mixture of both archetypes in various dumb-bell developments and surface
tilings. The arrows indicate the intergrowth plane and the free bridges, respectively

both, the self-organized growth of the inorganic (nanoapatite)/organic (gela-
tine) composite and the structural pretreatment of gelatine by ion impregna-
tion. As the latter takes a decisive role, it may involve two competing effects
resulting in various intermediate forms as illustrated in Fig. 39. Such aggre-
gates are preferentially found in the M-bands and depend on the growth state
and the local supply of ions (the migration of calcium ions into the gelatine
gels is faster compared with the phosphate ions).

6.2
The Effect on Form Development (Mature Seed and Hierarchy, Fractal Series)

The initial stages of the fractal growth series comprise micrometer-sized
hexagonal-prismatic seeds (central three individuals in Fig. 40) which de-
velop in subsequent growth stages via dumbbells to closed spheres with an
equatorial groove (Sect. 3).

The nano-structured inner architecture of a virgin seed was discussed
in Sect. 5 and is characterized by a parallel arrangement of self-similar
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Fig. 40 Superposition of growth stages of fractal fluorapatite-gelatine nanocomposite
aggregates (scanning electron microscopy images). The morphogenesis starts with an
elongated hexagonal prismatic seed (virgin seed, see Sect. 5) which develops via out-
growth areas at both ends (central third individual, mature seed, see Fig. 41)

hexagonal-prismatic nano-rods of a highly mosaic controlled nano-apatite
collective nucleated at central triple-helical gelatine macromolecules. A ma-
ture composite seed showing evidence for the start of “splitting” is presented
in Fig. 41. The individual is still characterized by central prism faces giving
the impression that the initial faces of the virgin seed are still present without
significant changes.

Fig. 41 SEM image of a mature seed with clear indications for the start of “splitting” by
development of face steps on the prism faces near the basal planes (left). Schematic 3D
representation of the mature seed with the central slice indicating the region of the virgin
seed being restricted to the central black spot area only (right); see also Fig. 12 in Sect. 3.2
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Fig. 42 a TEM overview image of part, (ca. one half) of a “nearly splitting” seed; cut par-
allel [001] (white arrow). The outgrowth-area for the next (the 1st) generation is clearly
indicated by the contour-steps on the prism-faces near the basal plane. b Schematic repre-
sentation of a showing the hierarchical arrangement of gelatine triple-helices and fibrils
(orange) within a mature seed specimen before “real splitting”. Virgin seed: green bor-
dered area. At the corners of the virgin seed branching is in preparation. The area with
highest tendency for branching effects is marked with a red arrow. For further details
concerning the preparation of branching see Sect. 7.1

This assumption is only true for the three-dimensional arrangement of the
nano-apatite collective but not for the organic component, which in the case
of the fractal growth series with the more or less flexible gelatine arrange-
ments (pre-impregnation by phosphate) develops to clearly bent structures
inside a mature seed (Fig. 36). Figure 42a shows a TEM overview image of
part (ca. one half) of a mature seed cut parallel to [001] already indicating
the outgrowth-area for the next generation by the contour-steps on the prism
faces close to the basal plane. This morphogenetic state is best described as
a state that prepares for the outgrowth of the following generation. At this
point a next and higher level of hierarchy occurs by oriented bundling of gela-
tine macromolecules and formation of microfibrils which stretch out of the
volume with bent cone-like patterns. The total complexity of this new hier-
archical pattern formed by the organic component around the central virgin
seed is schematically presented in Fig. 42b and needs detailed future investi-
gations for deeper understanding of the self-organization processes. It seems,
however, to be clear at present that intrinsic electric fields and their devel-
opment during composite morphogenesis play a decisive role and assume
control of the morphogenetic steps (Sect. 7).
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7
Electrical Fields (Fractal Series)

As early as in 1999, a possible influence of intrinsic electric fields on the
fractal morphogenesis of fluorapatite-gelatine nanocomposite aggregates was
discussed [17]. Model calculations of the electric fields around simulated
(schematic) seed- and dumbbell-states were carried out, whereas detailed
knowledge of the inner structure of these growth stages was not available at
that time. On the other hand, the overall growth-orientation inside the frac-
tal composite spheres (Sect. 3.2) was already seen to be closely related to the
orientation of electric field lines around a permanent dipole (Fig. 14). The in-
fluence of electric fields on other relevant biological systems could be also
proved. In 1996, Yamashita et al. demonstrated that the growth rate of bone-
like layers can be affected by surface polarization of hydroxyapatite (HAp)
or ferroelectric BaTiO3 substrates by an applied external electric field [66].
This observation has a large impact for bone implantation because there is
lively interest to induce apatite mineralization on synthetic substrates and
to stimulate bone adhesion on the implant [67]. Also, the piezoelectric ef-
fect of bone was used by applying external electric fields in order to improve
the bone healing processes. Inside bone and tendon, collagen fibrils are ar-
ranged parallel to their long axes. The triple-helical molecules exhibit point
group 3 and can be both piezo- and pyroelectric. The generation of electric
fields caused by mechanical stress is attributed to the piezoelectric effect of
collagen, whereas pyroelectricity proved to be low [68]. Fluorapatite features
the centrosymmetric crystal class 6/m, therefore neither piezo- nor pyroelec-
tricity can be considered. However, Yamashita et al. showed that in the case of
hydroxyapatite, polarizability is evoked by a reorientation of the dipole mo-
ments of the OH– ions within the structural channels. In this way, accelerated
crystal growth was observed on polarized HAp surfaces [66].

Recently, single-molecule manipulation by means of scanning tunneling
microscopy on biopolymers was reported by using electrical fields and conduc-
tivity switching. The helical structure and molecule length of a peptide bundle
could be varied by application of an external field, the variation arose through
the interaction of the field with the large dipole moment of the helix [69].

7.1
Intrinsic Dipole Fields

The observations summarized in Sect. 7 together with the experimental data
on fluorapatite-gelatine nanocomposites presented in Sects. 2–6 provided the
basis for more detailed investigation into the influence of intrinsic electric
fields on the morphogenesis and morphology of these aggregates [25]. The ef-
forts were focussed on the virgin composite seed (Fig. 40, central hexagonal
prism), since it represents the initial and thus the fundamental growth step
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during the morphogenesis. The nanocomposite seed itself already consists
of a self-similar and hierarchical inner nano-structure described in Sect. 5:
Actual TEM investigations show, that mineralized triple-helices form a 3D-
framework and that these protein macromolecules within the composite seed
are in parallel orientation with the long axis of the composite seed which is
the crystallographic c-axis of the highly mosaic-controlled apatite specimen.
Assuming that the triple-helices exhibit opposite charges at their ends, and by
adding up all these microscopic dipoles a macroscopic electric dipole of the
composite system is formed. This could have an important or even a decisive
influence on further growth steps and thus on the fractal morphogenesis.

Electron holography was chosen in order to image the electric fields
around a virgin seed. This method allows to record both phase and amplitude
of the image wave. The phase holds information which is lost in the ampli-
tude images (corresponding to conventional images). The electrical potential
distribution integrated along the beam direction produces a phase shift of the
incident electron wave that is registered by means of an interferogram. Thus,
electron holography offers the unique opportunity to visualize, for example,
electric or magnetic micro- and nanofields [70, 71].

In Fig. 43a, a conventional TEM micrograph of a hexagonal prismatic seed
with the typical aspect ratio close to 3 : 1 is shown. Only the silhouette of the
seed is visible, whereas the phase image (eight-times boosted) clearly shows
the electric potential distribution around the seed (Fig. 43b). The observed

Fig. 43 Hexagonal-prismatic fluorapatite-gelatine nanocomposite seed; a conventional
TEM micrograph. b Retrieved phase image of an electron hologram (eight-times boosted,
composed of four single images) exhibits the electric potential distribution around a seed.
Color code denotes a phase shift of 2π from green to green. Fresnel fringes of the inter-
ferograms appear as striation patterns at the corners of the phase images. The observed
projected potential corresponds to a mesoscopic dipole. The phase profile (depicted for
the rectangle with dotted border in the main picture) at the basal plane reveals a phase
increase of about 1 rad per 300 nm
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projected potential strongly resembles a macroscopic dipole. The phase pro-
file is taken from the area marked by a dotted borderline at the basal plane
and shows a phase increase of about 1 rad per 300 nm (Fig. 43b, inset). This
finding corresponds to about 0.13 times the polarization observed inside
BaTiO3 (P = 0.26 C m–2, εr ∼ 1700).

In order to check the assumption that the macro dipole is built-up by an
assembly of elementary dipoles at the nanometer scale model calculations
were performed. The model is based on the assumption of all dipoles being
aligned parallel to the c-axis of the composite seed (Fig. 44a, arrows within
the seed). Thereby, the hypothesis was adopted that each triple-helical gela-
tine molecule shows an idealized protonation state, i.e. all the N-termini are
completely protonated and all the C-termini are deprotonated. The lengths
of the fiber proteins and their vertical spacings were chosen according to
TEM micrographs (Sect. 5). Contour plots of the phase shift calculated on
the base of this structural model are shown in Fig. 44a, in which each isoline
corresponds to a phase shift of 2π. The comparison with experimental data
(Fig. 43b) gives a qualitative and direct agreement to the computer model.

Fig. 44 a Simulation of the phase image around a nanocomposite seed based on an ideal
arrangement of nano-dipoles. The model is constructed of triple-helices in parallel orien-
tation along [001] within the seed. Triple-helices represent dipoles and are depicted as
arrows; schematic representation. For further details see text. The contour plot of the
phase shift shows a good qualitative agreement with the electron holographic experi-
mental data (Fig. 43). b Calculation of preferred orientation of the triple-helices attaching
from the gel and energy isolines around a composite seed in aqueous solution. The en-
ergy isolines (kJ mol–1) indicate where and “how” neighboring macromolecules from
the gel are attached to the seed (small arrows indicate the preferred orientations of the
macromolecules). Largest divergence is produced at the corners, especially at the prism
faces near the basal planes of the seed (black arrow). At these positions, there is also the
strongest tendency for triple-helices from the gel to adopt a different orientation with
respect to the hexagonal c axis and thus providing evidence of making preparations for
branching at both ends of the seed (beginning of fractal outgrowths, see Sect. 6.2)
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Therefore, in principle, the assumption of a nano-dipole model seems to be
reasonable. However, a quantitative analysis yields that the phase shift of
the model calculations compared with measured values is overestimated by
a factor of 8. A possible reason for this could be a deviation from ideal-
ized protonation/deprotonation states of the – NH3

+ and – COO– functional
groups. Another source of error could be given by the estimated values for
the length of the collagen molecules and the lateral spacing between them
(Sect. 3). Finally, some triple-helices may adopt an antiparallel orientation
with respect to each other and thus, some electric dipoles may be neutralized.
However, these discrepancies between observed and calculated patterns do
not change the qualitative truth of the character of the contour plot. A quan-
titative agreement can be achieved by a global scaling parameter of 1/8. This
factor comprehends microscopic aberrations by averaging and thus, provides
a model with mesoscopic resolution which is quantitatively correct.

Assuming an effective dipole moment of 1/8 e × 300 nm for every triple-
helix, we constructed an energy profile which displays the local preferred
position and orientation of triple-helices coupling out of the aqueous gel onto
the surface of the seed. Thereby, the dielectric effect of the medium εr = 78
(water) was assessed. Certainly, this value features an upper limit since the
dielectricity number of apatite of about 8 is significantly lower. Small arrows
in Fig. 44b exhibit the energetically most preferred take-up orientations, ex-
clusively based on Coulomb interactions of the dipole model. The energy
difference concerning the orientation and the alignment within the seed is
given by means of isopotential lines. Most of the triple-helices in solution (in
the surrounding gel, see Sect. 2) prefer a different orientation than those within
the seed. This tendency is mostly pronounced at the prism faces in the vicinity
of the basal plane. The energy difference between the orientation parallel [001]
and the preferred (new) arrangement amounts to at least 4 kJ mol–1. During the
formation of the composite the surrounding solvent (water) will be replaced by
apatite and hence, the dielectric effect is decreased by a factor of about 1/10 and
the energy difference can be estimated up to 40 kJ mol–1.

7.2
Effect of External Fields during Morphogenesis

Experimental indications for the significance of intrinsic electric dipole fields
assuming control of the morphogenesis of the fractal nanocomposite ag-
gregates were also obtained by using the growth-chamber shown in Fig. 2
(Sect. 2) including the equipment for application of an external electric
field (5000 V/1.4 cm, D.C. conditions). The idea was [17] to influence frac-
tal branching of the growing aggregates, and, in fact, “splitting” of the seeds
(area of maximum electrostatic preference for branching at the prism faces
near the basal planes; Fig. 44, Sect. 7.1) is predominantly affected by the ex-
ternal field (Fig. 45). Instead of self-similarly shaped units with more or less
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Fig. 45 SEM images of mature composite seeds showing the start of “splitting” a without
an external field b with an applied external field (5000 V/1.4 cm)

well-developed prism and basal planes (Fig. 45a), the appearance of a new
generation under the influence of an external electric field is nearly sup-
pressed and the growing subunits are characterized by sharpened and bent
faces (Fig. 45b). Moreover, the growing rate of the composite aggregates is
significantly diminished when using an external field.

By taking into account the relevant literature data (Sect. 7) and the ex-
perimental results discussed in this section it becomes evident that intrinsic
dipole fields play an important role during composite formation of polar bio-
macromolecules with inorganic materials on the nano-scale. This could be
one of the “secrets” of biomineralization.

8
The Biomimetic Composite in Relation to Natural Hard Materials

Teeth are known to be the hardest calcium phosphate-based biomaterial
produced by vertebrates. Moreover, they show an impressive high elasticity.
The reason for this remarkably high mechanical stability is their inorganic–
organic composite nature and the hierarchically structured, complex organi-
zation of minute (nano-) apatite crystals together with protein molecules.

Every human tooth consists of a crown (corona dentis) and one or more
roots (radix dentis) which fix the tooth in the alveoli. The hard connective
tissue of teeth can be subdivided into enamel (covering the crown), den-
tine (main inner part of the teeth), and tooth cement (covering the roots).
Mature enamel consists of 95 wt. % apatite, ∼ 3 wt. % protein and 2 wt. %
water [72–75]. Apart from the fact that the biomimetic apatite-gelatine-
nanocomposite under consideration in the present contribution contains flu-
orapatite as the inorganic component (Sect. 1.2), the chemical composition of
the composite is close to that of the mature enamel (Sect. 4.3). The structure
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of tooth enamel consists of highly ordered crystal bundles, so-called enamel
prisms. This structure is closely related to the almost parallel prism-structure
of the outer shell area of the biomimetic core/shell assemblies (Fig. 15b
in Sect. 3.3). Moreover, the prism-diameter is approximately the same for
enamel (26–68 nm) [76] and the in-vitro grown composite (50–100 nm). In
contrast to human enamel, the apatite crystals in human dentine are signifi-
cantly smaller and less ordered, and the amount of the organic component
is significantly higher (close to that of bone). Summarizing the structural
aspects of human teeth, we have the outer enamel-area with a compact ar-
rangement of prismatic subunits followed by the inner dentine-area with
smaller crystals and lower ordering. This hierarchical architecture closely re-
sembles the core/shell assemblies of the fluorapatite-gelatine nanocomposite
consisting of the fractal core and the radial (almost parallel) arrangement of
prismatic subunits in the shell (Sect. 3.3).

It is well known, that acid-attacks to teeth lead to subsurface demineral-
ization processes which means the formation of caries lesions. When a lesion
proceeds to the enamel-dentine junction, enamel loses its surface continuity
and the hole spreads out into the softer dentine. It was shown that the effect of
EDTA on enamel is similar to weak acids as its corrosive effects on extracted
teeth produces caries-like lesions [77]. In the case of the biomimetic core/shell
composite assemblies, the dissolution is rather similar during treatment with
EDTA (Sect. 4.4): First, the spheres lose their opalescence and turn pale white,
a process which corresponds to the formation of white spots in enamel [78]
and the reason for this behavior is the development of small channels in the
apatite surface that is accompanied by an alteration of the optical behavior
and a “softening” of the material. The dissolution of the core/shell compos-
ite spheres proceeds via different steps of hollow spheres and corresponds to

Fig. 46 Surface of a fluorapatite-gelatine composite aggregate in the stage of a hollow
sphere (Fig. 16b) after EDTA attack. The surface is softened because of partial dissolu-
tion of apatite. Analogous to dental caries, the solvent reaches the interior of the sphere
through these channels and the EDTA attack affects the fractal core
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the undermining of caries attacks. Figure 46 shows a typical SEM image of
a hollow sphere illustrating the “softening” of the shell material (enamel in
the case of teeth).

Referring back to the introductory section (1.1 Basic Idea and Conception)
it becomes clear: The apatite-gelatine system is perfectly suited to obtaining
deeper insight into the processes of self-organization, and can help in learn-
ing about essentials in the formation and the properties of inorganic–organic
nano-composites of biological relevance.

9
First Applications

The close chemical and structural relation of the biomimetic composite to the
natural hard material in the form of the teeth (Sect. 8) as well as all the obser-
vations made concerning the dramatic processes of self-organization in the
chemical system apatite + gelatine (Sect. 3) gave the idea to develop a com-
posite material which could be applied in the field of “dental repair”.

In fact, an active composite substance (Nanit®active) was prepared by
precipitation of nano-hydroxyapatite in the presence of gelatine which to-
gether with human saliva acts as a neomineralizing agent on dentine [79].
In this way (in the case of receding gums) the open tubuli running towards

Fig. 47 SEM images of bovine dentin. a-series: top view; b-series: side view. Top: open
tubuli. Bottom: closed tubuli after repeated treatment with a hydroxyapatite-protein-
nanocomposite gel (Nanit®active). A biomineralization process leads to the formation of
a bioanalogue layer covering the tubuli. (Images disposed by T. Poth, Sustech Darmstadt)
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the surface area of the dentine and containing the nerves are covered with
a protective layer of dentine-analogous material (Fig. 47). A biomimetic pro-
cedure which perfectly stops pain caused by sensitivity to hot/cold- and/or
sweet/acid-irritations.

Further medical applications based on apatite-gelatine composites are
under investigation.

10
Conclusion and Prospective

The chemical system apatite + gelatine (aqueous solutions) includes essen-
tial and attractive components of both basic science and (materials/medical)
applications. Although reduced to a relatively low level of complexity (com-
pared with respective processes in related bio-systems), the systems still facil-
itate observations and investigations of fundamental interest. As was pointed
out in Sect. 1.1 all aspects of complexity are included, such as metastability,
self-organization (self-assembly), self-similarity, fractals, pattern formation,
hierarchy, transfer of information, and others. Even the role of intrinsic dipole
fields during morphogenesis proved to be of essential significance.

Although restricted to the fluorapatite variant (Sect. 1.2) the biomimetic
system under consideration bears strong resemblance to the bio-system
hydroxyapatite-collagen which plays a decisive role in the human body as
functional material in the form of bone and teeth (Sect. 8). In both systems,
the hierarchical and self-similar organization is of prominent relevance. The
apparent similarities between the bio- and the biomimetic systems are of spe-
cial interest from the conceptional point of view, in that the biomimetic model
system is perfectly suited for the study of biomimetic steps closely related to
steps in osteo- and dentinogenesis. In this way, fundamental knowledge of
the basic principles of nanocomposite formation is acquired which then may
penetrate into the fields of application (Sect. 9).

Returning to the aspects of fundamental research, it becomes evident that
we are still far away from clearly stating direct causalities for all the highly in-
teresting observations made so far. There is urgent need for continuous and
intensive work on the FAP-gelatine-nanocomposites to say nothing of the re-
spective HAP-system which seems to be much more complex. The qualified
use of atomistic simulations will become more and more important in order
to support and supplement experimental observations and to give an idea of
the chemical processes running on the microscopic length scale in a complex
system. Though, it became clear from our own experience in the system cal-
cium phosphate-gelatine-water [63, 64, 80–85] that a lot of preliminary work
is needed to establish a qualified and theoretical basis before starting to in-
vestigate (smaller) parts of the system under complex aqueous conditions
(Sect. 6).
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The system under consideration remains a challenge for the future, not
only from the point of view of basic research but also from the aspect of
composite materials and their applications.
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Abstract Details of our recent attempts to clarify the self-organization mechanism of
hydroxyapatite (HAp) mineralization in natural bodies are presented in this work.
In biomineralization processes, inorganic crystals precipitate onto organic matrix sur-
faces. Organic molecules assembled to monolayer films were employed to reproduce the
organic matrices in natural bodies, and the HAp mineralization process onto the or-
ganic monolayers were subjected to spectroscopic and structural analytical approaches.
Knowledge of interfacial atomic structures is also essential for interpretation of the
inorganic-organic interface. We determined the most stable atomic arrangement of the
HAp {100} facet using high-resolution transmission electron microscopy. A mechan-
ism of HAp mineralization proposed in view of the experimental results is the highlight
of this work.

Keywords Electron microscopy · Hydroxyapatite · Interfacial interactions ·
IR spectroscopy · Organic matrices

Abbreviations
DF defocus
FT-IR Fourier transform IR
HAp hydroxyapatite
HRTEM high-resolution transmission electron microscopy
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SAED selected area electron diffraction
SAM self-assembled monolayer
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SEM scanning electron microscopy
TEM transmission electron microscopy
TF-XRD thin-film X-ray diffraction
XRD X-ray diffraction

1
Introduction

Specific structural aspects of inorganic solids often dominate the exploitable
properties of the solids. Therefore, many new technological applications re-
quire fabrication processes that provide control over the phase, size, morph-
ology and crystallographic orientation of inorganic crystals. The ability of
constructing materials organized at nanoscale level from molecular processes
is of immediate requirement. Biomineralization processes, or the biolog-
ical synthesis of inorganic crystals, yield materials with highly regulated
structures under moderate conditions of temperature and pressure [1–3].
Furthermore, the crystallochemical specificity of inorganic solids in the bi-
ological systems induces so-called self-organized peculiar crystal morpholo-
gies. The resultant structural architectures are customized for each prop-
erty that biological tissues provide. Recently, there has been growing in-
terest in the principles governing the architectures and methods to form
a variety of biominerals, such as those found in bones, teeth and shells.
Much of this interest stems from the desire to create new highly func-
tionalized synthetic materials, consuming little energy in their production.
Owing to serious global environmental problems, all the manufacturing in-
dustries are forced to pay more attention to energy consumption. As the
understanding of the processes involved in biomineralization developed, re-
searchers have realized a new area of study that takes some inspiration from
nature in an effort to construct interesting new structures. Such nature-
inspired studies were termed “biomimetics” [4–8]. Indeed, a good deal
of the current focus in intelligent materials is centered around mimicking
of biological tissues. The formation processes of the biominerals are the
results of 40 to 50 million years of fine-tuning by evolution. They must
be replete with material scientific key components and the elucidation of
biomineralization processes offers valuable insights into material science and
engineering.

Biomineralization is characterized by the close association of inorganic
and organic substances throughout the entire process. In general biological
systems, an organism creates the proper organic matrix on which inorganic
crystals can precipitate and the interfacial interactions between them pro-
vides the control over the resultant composite structures [3, 4, 9–11]. The
molecular interactions at the inorganic-organic interfaces are an important
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aspect of biomineralization since the nucleation, growth and organization of
biominerals are mediated by the organic supramolecular system.

Calcium phosphate is the main constituent of bone and teeth and is one
of the most important biominerals. Hydroxyapatite (HAp), Ca5(PO4)3OH, is
the most stable calcium phosphate phase in fluids and humid atmospheres
under neutral to alkaline conditions [12] and is easily formed in the bod-
ies of vertebrates. There is considerable academic and commercial interest
in the development of HAp bioceramics and HAp-loaded polymers for bone
replacement. Bone is a nanocomposite material in which collagen fibers are
effectively reinforced by an assembly of nano-sized HAp crystallites [13–15].
This structure suggests that bioactive artificial bones such as bone-repairing
materials can be essentially obtained through the formation of the nanocom-
posite structure. Furthermore, the c-axes of biological HAp crystallites and
the helical axes of the collagen molecules show a strongly preferred orien-
tation along the longitudinal direction of the bone. It is generally accepted
that such unique alignment of biological HAp crystallites accompanied with
the orientation of collagen fibrils is closely related to macroscopic mechan-
ical properties. The alignment effects of both collagen and HAp on the
strength of bone have been investigated experimentally and theoretically, and
strong anisotropy in Young’s modulus, hardness, fracture strength, bending
strength, and fracture toughness has been documented [16–19]. Recently, at-
tempts to fabricate artificial bone materials having bone-like nanostructure
and chemical composition have been made [20, 21]. The artificial bone pre-
pared with mimesis of the bone nanostructure can be incorporated into the
metabolic system as bone tissue at the recipient sites. The orientated mineral-
ization of HAp crystallites occurs automatically without any physical support
by cells. In order to develop new kinds of bioactive materials, it is import-
ant to understand the detailed mineralization process of the well-organized
bone nanostructure. But it still remains to be clarified from the viewpoint of
materials science.

The study of biomineralization, especially on the inorganic-organic inter-
faces, offers valuable insights into the scope of materials chemistry. However,
the interfaces between inorganic-organic materials in living bodies possess
such a small and tangled structure that the interfacial interaction cannot be
studied directly. Therefore, a model system that can reproduce the inorganic-
organic interfaces with simplified structure is required. In this work, as de-
scribed below, recent attempts to clarify the self-organization mechanism of
HAp mineralization through some model systems are reviewed.



130 K. Sato

2
Organic Matrix-Mediated Crystallization of HAp

2.1
Organic Molecule Assemblages

The tendency for insoluble amphiphilic molecules to accumulate at the
gas/solution interface and form highly organized monomolecular films is
a physical process that has been widely exploited since the first identifica-
tion of this phenomenon by Fraulein Pöckels a hundred years ago [22]. For
biologists and biophysicists, monolayer films present a versatile and con-
trollable model system that approximates to half the bilayer structure of
a biomembrane. In the materials science, interest in the system is linked
to the facility for monolayer transfer to solid supports for the formation
of multilayers, which have electronics applications [23]. The organic mono-
layers at the gas/solution interface are called Langmuir films and the or-
ganic thin films transferred onto solid substrates are Langmuir–Blodgett (LB)
films.

Self-assembled monolayers (SAMs) are surfaces consisting of a single layer
of molecules on a substrate [24, 25]. SAMs can be prepared simply by adding
a solution of the desired molecule onto the substrate surface and washing off
the excess. Common examples are alkane thiol molecules and organosilane
molecules chemisorbed onto gold and hydrated oxide surfaces, respectively.
Such SAMs are frequently utilized to change physical and chemical properties
of surfaces.

An important aspect common to biomineralization processes is the role
played by functional groups at the surface of organic crystallization sites.
Therefore, for biomineralization researchers, interest has centered on the use
of such films as templates for inorganic crystal precipitation. One approach
to investigate the inorganic-organic interactions in vitro has been to use the
molecular assemblages as organized organic surfaces for inorganic crystal-
lization. When the organic assemblages are placed in simulated body fluids,
inorganic crystals precipitate onto the surfaces of the assemblages. Molecules
assembled in the above-mentioned forms have been often employed as model
organic matrices, such as Langmuir monolayer films [26–43], LB films [44–
46], and SAMs [47–52]. Especially, crystallization of calcium carbonate on
the organic templates is studied extensively. In the process of calcium car-
bonate formation in living bodies, the polymorph switching and growth
directions are suggested to be controlled by organic membranes. The un-
explained mechanism for polymorph switching and directional control has
attracted many researchers’ interest. As to calcium phosphate crystals rep-
resented by HAp, several groups reported that organic functional groups as
surface residues of macromolecules are able to induce HAp nucleation [42, 43,
45, 46, 52] and that knowledge is now accepted widely.
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2.2
HAp Crystallization on the LB Films

Surfaces of Langmuir films and LB films can be adopted as model systems
to study inorganic-organic interfaces, owing to the opportunities to engineer
the surface properties (functional group identity, polarity, molecular align-
ment periodicity, etc.) in a manner that is controllable. In our works, organic
monolayer films prepared by the LB method were used to investigate the nu-
cleation mechanism of HAp crystals in a simulated body environment [45,
46]. The LB films with the same functional groups as collagen (i.e., carboxyl
groups and amino groups) were placed in a simulated body environment. LB
monolayers of arachidic acid (C19H39COOH) and stearyl amine (C18H37NH2)
were accumulated on fused silica or calcium fluoride (CaF2) substrates as
follows: Arachidic acid or stearyl amine was spread on the water subphase.
The obtained organic film on the water surface was slowly compressed up to
a surface pressure needed for the ordering of the organic molecules. In the
condensed monolayer states, the molecules are closely packed and oriented
with their hydrocarbon chains pointing away from the water surface. Sub-
sequently, the monolayer of arachidic acid or stearyl amine was transferred
onto a substrate by dipping the substrate into the water subphase; then, the
substrate was dropped into the subphase (Fig. 1). The amphiphilic arachidic
acid or stearyl amine molecules are standing almost perpendicularly on the
substrate and the outermost layer of the LB film is, therefore, occupied by
carboxyl groups or amino groups, respectively.

The biomineralization is solidification processes of inorganic ions con-
tained in body fluid. The model system should be constituted from an organic
matrix and an adequate aqueous solution. The main constituents of bone are
HAp in the form of nanometer-sized crystals and collagen acting as structural
protein. When the biomineralization mechanism in natural bone is consid-

Fig. 1 The trough system for LB film depositions
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ered, the surrounding aqueous solution must be the precipitation medium for
calcium phosphate crystals. We employed an acellular simulated body fluid
(SBF) proposed by Kokubo et al. [53, 54] as the model system for inorganic
ions in natural bodies. SBF possesses inorganic ion concentrations and a pH
value almost equal to those of human blood plasma. SBF was prepared by
dissolving NaCl, NaHCO3, KCl, K2HPO4·3H2O, MgCl2, CaCl2 and Na2SO4 in
distilled water and buffered at pH 7.4 with 50 mM of (CH2OH)3CNH2 and
45 mM of HCl. The ion concentrations of prepared SBF are given in Table 1.
The substrates with the LB films were immersed in SBF for various periods
at 36.5 ◦C and taken out of the fluid. After being gently washed with ion-
exchanged distilled water and dried at room temperature, the specimens were
evaluated.

The surfaces of fused silica substrates soaked in SBF were subjected to
thin-film X-ray diffraction (TF-XRD) measurements. Figure 2 shows the TF-
XRD patterns of the LB films. Before soaking a fused silica substrate in SBF,
only a broad peak was observed, ascribed to an amorphous structure of glass.
In the case of the hydrophobic and hydrophilic glass substrates without LB
film, even after being soaked in SBF for 10 days, no appreciable change was
detected in the XRD patterns. Similarly, no change in XRD pattern was ob-
served also for the stearyl amine monolayer. However, in the case of the
fused-silica substrate with arachidic acid monolayers, new peaks appeared
in the XRD pattern after being soaked in SBF; the peaks could be attributed
to the apatite or octacalcium phosphate (OCP) structure [55]. Similarity be-
tween the diffraction pattern of HAp with low crystallinity and that of OCP
at the high angle region prevents the discrimination between HAp and OCP.
The most diagnostic 100 diffraction peak of OCP, which is located at al-
most 4.7◦, cannot be identified due to high background. From the results of
the XRD measurements, it was indicated that the calcium phosphate crystals
could form only on the arachidic acid monolayer but not on the stearyl amine
monolayer. In other words, only carboxyl groups could act as a nucleation
center for the calcium phosphate formation in SBF.

The surface topography of the crystals grown on the LB films was inves-
tigated using a scanning electron microscope (SEM). Figure 3 shows SEM
micrographs of the surface with the arachidic acid LB film soaked in SBF for
10 days. The surface of the substrate is partly covered with hemispherical ag-

Table 1 Ion concentrations of simulated body fluid and human blood plasma

Ion concentration (mM)
Na+ K+ Ca2+ Mg2+ Cl– HCO–

3 HPO2–
4 SO2–

4

Human blood plasma 142.0 5.0 2.5 1.5 103.0 4.2 1.0 0.5
SBF 142.0 5.0 2.5 1.5 148.3 4.2 1.0 0.5
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gregates. SEM micrographs with a higher magnification (Fig. 4) revealed that
the hemispherical aggregates are composed of plate-like, curled fragments. At
the interface, the crystals are directly attached to the substrate materials as
seen in Fig. 4.

The calcium phosphate crystallites were examined by transmission elec-
tron microscopy (TEM). Two specimens on fused silica substrates were at-
tached together with epoxy resin; then they were sliced and thinned using
argon ion milling as is used for conventional cross-sectional TEM observa-
tions [56, 57]. Figure 5a shows the TEM image of the calcium phosphate crys-
tals grown on the LB film surface, which was soaked in SBF for 10 days. The
amorphous material at the bottom is the fused silica substrate, on which an
aggregate of calcium phosphate nanocrystallites is observed. The nanocrys-
tallites exhibit an elongated plate-like form of 50–100 nm in length and
about 10 nm thick. The lattice-fringe image of the nanocrystallites observed
is shown in Fig. 5b together with its Fourier transform. The spots indicated
by arrows correspond to the periodicity of 0.82 nm, which can be assigned

Fig. 2 The TF-XRD patterns of substrates and LB films soaked in SBF for 10 days:
a hydrophobic glass substrate before soaking; b hydrophobic glass substrate; c hydrophilic
glass substrate; d stearyl amine LB film; e arachidic acid LB film. (◦) Apatite peaks
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Fig. 3 SEM images of the arachidic acid LB film surface soaked in SBF for 10 days. (Re-
produced with permission from [43]. © 2005 The Ceramic Society of Japan)

Fig. 4 SEM images of the arachidic acid LB film surface soaked in SBF for 10 days.
(Reproduced with permission from [46]. © 2001 Elsevier)
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Fig. 5 a TEM image of the interface between the LB film and the HAp aggregates. Note
that the apparent elongated crystals are in a plate-like form viewed edge-on. b Fourier
transforms of the lattice-fringes and the corresponding areas are shown. Arrows in the
Fourier transforms indicate the spots corresponding to the 0.82 nm which is ascribed to
the interplanar spacing of {100} in HAp. (Reproduced with permission from [46]. © 2001
Elsevier)

to the interplanar spacing of {100} in the HAp structure 1. In the right-hand
inlet, hexagonal alignment of the spots indicates that the HAp nanocrystal-
lite is oriented with its [001] in parallel to the electron beam. Neither OCP

1 The crystal structure of HAp was ascribed to hexagonal symmetry with the space group P63/m
by analogy with fluorapatite [58, 59]. Elliot et al. [60], however, have revealed that stoichiometric
HAp has the space group P21/b (monoclinic) at room temperature. Now it is generally believed that
pure and stoichiometric HAp is monoclinic [61]. The ordered arrangement of OH ions along the
OH columns lowers the symmetry of the HAp crystal structure. The difference between hexagonal
and monoclinic symmetry is, however, negligible in the present study and we express the crystal
structure according to the hexagonal symmetry
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d(100) at 1.86 nm nor its collapsed spacing in vacuum at 1.65 nm [62] was
observed during TEM inspection. These results indicate that the crystalline
phase on the LB film surface is only HAp. The elongated form of HAp in
the TEM images is interpreted to be the cross-section of plate-like shape of
the HAp nanocrystallites as revealed in the SEM observation (Fig. 4). Fig-
ure 6 shows TEM images of HAp single crystals with lattice fringes and their
Fourier transforms. The spots corresponding to the interplanar spacing of

Fig. 6 TEM images of HAp single crystals with lattice fringes and their Fourier trans-
forms. Arrows in the Fourier transforms indicate the spots which are ascribed to the
interplanar spacing of {100}. Note those spots are found in the direction vertical to the
elongated form

Fig. 7 Change of the selected-area electron diffraction patterns from the HAp crystals
near the interface with rotation along the normal of the substrate. The corresponding
TEM images are shown below the diffraction patterns. (Reproduced with permission
from [46]. © 2001 Elsevier)
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Fig. 8 Schema showing the relationship between the crystallographic property of the HAp
crystals and the LB film

0.82 nm are found in the direction vertical to the elongated form, indicating
that the plate-like HAp single crystals are parallel to {100} planes.

As shown above, carboxyl groups of LB films induced HAp nucleation and
HAp crystallite aggregates were formed on the surface of arachidic acid LB
monolayer in the simulated body environment. Figure 7a shows the selected
area electron diffraction (SAED) patterns taken from an area of ∼ 200 nm
in diameter inside the HAp aggregate adjacent to the inorganic-organic in-
terface. The Debye ring of the 002 reflection takes a crescent-like form; the
direction linking the centers of two crescents is parallel to the interface. As
shown in Fig. 7b,c, the diffraction patterns changed with the rotation along
the axis normal to the interface; that is, the crescent-like Debye ring grad-
ually disappeared with increasing the rotation angle. This indicates that the
c-axes of the HAp crystals are preferentially oriented in a specific direction
parallel to the interface. If the topography observed by SEM and crystal-
lographic properties elucidated by TEM are taken into consideration, HAp
crystal growth on the surface of the LB film, with one of {100} faces parallel
to the interface, is suggested (Fig. 8). The single crystal could be adjacent to
the LB film with the small (100) facet.

2.3
Initial Stage of HAp Nucleation Induced by Carboxyl Groups

As is well known, the body fluid is supersaturated with respect to HAp under
the normal condition. Under such an environment, once HAp nuclei are
formed, they can grow spontaneously by consuming calcium and phosphate
ions from the surrounding body fluid. However, the supersaturation of the
body fluid is not so high to induce homogeneous nucleation of HAp [63].
In the above study, nucleation was induced by carboxyl groups on the LB
film surface and followed by growth of HAp nanocrystallites. In this section
the chemical interactions of inorganic-organic interfaces are analyzed using
IR spectroscopy. IR spectroscopy probes the vibrational features of organic
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molecules. Developments in Fourier transform IR (FT-IR) techniques have in-
creased the sensitivity sufficiently so as to observe reliable IR spectra at the
monomolecular layer level. Therefore, IR spectroscopy provides a convenient
and useful way for the analysis of constituent groups in a LB film. A CaF2
crystal is transparent in the wavelength region from 0.13 to 12.0 µm. The LB
film formed on the CaF2 substrates were subjected to IR transmission spectral
measurement.

Figure 9 shows IR transmission spectra of the arachidic acid LB film at
several soaking stages. A strong absorption peak found at 1702 cm–1 for the
specimen before soaking in SBF (Fig. 9a) is assigned to the stretching mode
of C= O in a carboxyl group. The observation of this peak indicates that the
arachidic acid molecules without covering of inorganic ions kept a nonion-
ized state COOH. After soaking in SBF for 1 h, as shown in Fig. 9b, the C= O
stretching peak entirely disappeared while antisymmetric – CO2

– stretching
peaks appeared at 1576 and 1543 cm–1, indicating that the carboxyl group was
ionized by adsorbing ions in SBF. After soaking in SBF for 24 h (Fig. 9c), some

Fig. 9 IR transmission spectra of an arachidic acid LB film and samples soaked in SBF.
a Before soaking; b after being soaked in SBF for 1 hour; c after being soaked in SBF
for 24 hours. The spectra are offset for clarity. (Reproduced with permission from [46].
© 2001 Elsevier)
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IR peaks ascribed to HAp containing carbonate ions appeared: i.e., 965 cm–1

and 1031 cm–1 for PO4, 875 cm–1 and 1413 cm–1 for CO3
2– [64, 65]. Although

CO3 ions can replace both the OH site (A site) and the PO4 site (B site) in
the HAp structure, the CO3 peaks shown in Fig. 9c are assigned only to the
B site. It is known that the CO3 substitution at the A site in HAp crystals
is limited to the preparation in aqueous systems, as has been proved in the
present study [55]. The nanocrystallites grown on the LB film surface exhibit
a plate-like morphology reminiscent of OCP, which may form as a transient
phase because of the relatively high supersaturation of SBF. TEM observa-
tion showed that the deposited crystals have HAp structure. As shown in
the results of the IR spectra measurement, the crystals precipitated on the
LB films are B-type carbonate HAp. It is reported that carbonate ions in-
corporated in HAp can cause reduction in crystallinity (decrease in crystal
size) and change morphology to flatten crystals with hexagonal symmetry
maintained [66].

Figure 10 shows the IR transmission spectra of arachidic acid monolay-
ers soaked in various solutions. After soaking in SBF for 1 h, as shown in
Fig. 9b, a C= O stretching peak vanished while an antisymmetric – CO2

–

stretching peak correspondingly appeared. It is worthwhile to note that the
– CO2

– stretching vibration formed a doublet at 1576 and 1543 cm–1. Fig-
ure 10 gives the IR spectra of the arachidic acid monolayers soaked in an
aqueous solution containing Ca2+ and/or Na+ (Fig. 10b–d). Compositions of
LB film aqueous soaking solutions are presented in Table 2. When the LB
films were soaked in CaCl2 and/or NaCl solutions, a C= O stretching absorp-
tion peak could be found at 1702 cm–1, indicating the existence of nonionized
COOH, and an antisymmetric – CO2

– stretching peak was simultaneously
found as a broad singlet at 1558 cm–1. Figure 10e shows the IR spectrum of
the arachidic acid LB film soaked in CaCl2 aqueous solution for 1 h and sub-
sequently in K2HPO4 aqueous solution for 1 h. The antisymmetric – CO2

–

stretching peak showed a doublet at the same wavenumber region as that of
the SBF-soaked monolayer.

The arachidic acid LB film surface is negatively charged under the simu-
lated body environment, as determined from zeta-potential measurements2.
The cations should first adsorb on the carboxyl groups; therefore, when the
monolayer was soaked in CaCl2 or NaCl solutions, the divalent Ca2+ ion or
monovalent Na+ ion could be adsorbed on it. In the CaCl2/NaCl mixed solu-
tion the divalent and monovalent cations could both adsorb on the arachidic
acid monolayer. The IR spectra for the monolayers soaked in CaCl2 and/or

2 We evaluated the zeta-potentials of the LB films in the simulated body environment. The values
of arachidic acid and stearyl amine monolayers were – 61 and + 41 mV, respectively, while that of
the fused silica substrate without LB monolayer was – 41 mV. The negative zeta-potential for the
arachidic acid monolayer corresponded to a charged group – CO2

– and the positive potential for
the stearyl amine monolayer corresponded to a charged group – NH3

+. The electrostatic properties
of the LB monolayer surfaces depend on the functional groups
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Fig. 10 IR transmission spectra of arachidic acid LB films soaked in various solutions:
a SBF for 1 hour; b CaCl2 solution for 1 hour; c NaCl solution for 1 hour; d CaCl2 and NaCl
solution for 1 hour; e CaCl2 solution for 1 hour and subsequently in K2HPO4 solution for
1 hour. The spectra are offset for clarity. (Reproduced with permission from [45]. © 2000
Wiley)

Table 2 Compositions of LB film aqueous soaking solutions

Compound Concentration (mM)

Solution 1 CaCl2 2.5
Solution 2 NaCl 5.0
Solution 3 CaCl2 2.5

NaCl 5.0
Solution 4 K2HPO4 1.0

NaCl solutions were almost identical but very different from the IR spectra for
the monolayers soaked in calcium and phosphoric ion containing solutions.
When the arachidic acid LB film covered with Ca2+ was soaked in K2HPO4
solution, phosphoric ions could adsorb on the Ca2+ layer. Therefore, the dou-
blet with the splitting of 33 cm–1 in the – CO2

– stretching peak was ascribed
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to the effect of low site symmetry because of the adsorption of calcium ions
followed by the adsorption of phosphoric ions, which reduced the symme-
try of – CO2

–. In SBF the calcium and phosphoric ions could adsorb on the
carboxylate layer, resulting in the HAp nucleation process.

It was shown that crystallization of HAp was induced by the chemical in-
teraction between carboxyl groups and inorganic ions in the body fluid. The
carboxyl group could adsorb calcium ion and subsequently phosphoric ion
upon itself. This is thought to be the initial process of HAp nucleation.

2.4
In-Situ IR Spectral Measurement in HAp Crystallization

As the controlling mechanism of biominerals’ crystallographic orientations,
two potential models, a geometric model and a stereochemical model have
been investigated [3, 4]. The geometric model is based on the idea that the
close matching between lattice spacing in certain crystal faces and distances
that separate functional groups periodically arranged on the organic sur-
face determines the crystallographic features. The stereochemical model can
be described as follows: when inorganic ions bind to the organic matri-
ces, the resultant atomic arrangement around each organic functional group
binding inorganic ions resembles the specific crystal structure to such an
extent that the interfacial energy associated with nucleation of the crystal
is specifically lowered. However, macromolecules often display considerable
molecular dynamics in their surface residues as well as along the polypep-
tide or polysaccharide backbone. The static models should be inadequate to
examine the biomineralization processes in a comprehensive manner. Ac-
cordingly, to reveal the principles governing biomineralization processes,
behaviors of the organic matrix during the biominerals formation should
be studied. In the present work, we attempted to study the HAp nucleation
process in-situ. We employed IR external reflection spectroscopy for the in-
situ analysis of the nucleation process. The external reflection spectroscopy
is a powerful tool to probe the structures of organic thin films at air-water
interfaces [28, 67, 68]. Structural changes of Langmuir monolayer films with
carboxyl groups, which are capable of inducing HAp nucleation, were studied
during HAp crystallization.

Arachidic acid was spread on a subphase of distilled water or SBF. The
residual organic film upon the subphase (Langmuir monolayer film) was sub-
jected to the in-situ IR spectra measurement. A Langmuir trough was built
into a grazing angle accessory in the sample chamber of an IR spectrom-
eter, and the external reflection spectra for the organic thin films at the
air-solution interfaces were recorded (Fig. 11). The incident beam was nonpo-
larized and irradiated at the air-solution interfaces at a near-normal incidence
(10◦). The spectrum obtained with the film was ratioed with the background
spectrum collected without the film.
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Fig. 11 Schema of the IR external reflection spectroscopy accessory

Fig. 12 IR external reflection spectra of arachidic acid Langmuir monolayer film: a on pure
water subphase; b on SBF; c 12 hours later of b. (Reproduced with permission from [43].
© 2005 The Ceramic Society of Japan)

Figure 12 gives IR spectra of arachidic acid monolayer films spread on pure
water and SBF. In the absorption band found in the 2800–3000 cm–1 region,
the peaks at 2920 and 2850 cm–1 were assigned to the antisymmetric and
symmetric vibrations of the methylene groups (– CH2 –), respectively. The-
oretical calculations using classical electromagnetic theory have been studied
for organic thin films at the air-solution interfaces [69, 70]. At 10◦ incidence,
the condition used in the present study, the E field of the light is parallel to
the solution surface. Hence, vibrations that have dipole moments parallel to
the surface are preferentially observed. The dipole moments of the methylene
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groups’ vibrations are perpendicular to the alkyl chain axis of the arachidic
acid molecule. Therefore, the alkyl chains should be rather vertical on the sur-
faces of the subphase. The appearance of these absorption bands means that
the Langmuir monolayer film of arachidic acid was successfully formed on
the subphase.

As to the Langmuir film on the pure water, an absorption band was found
around 1700 cm–1, which was assigned to the stretching mode of C= O in
a carboxyl group. This band indicates that the arachidic acid molecules on the
pure water subphase were not ionized entirely but some molecules were kept
in a nonionized state – COOH. In Fig. 12b, a C= O stretching band vanished
while an antisymmetric – CO2

– stretching band correspondingly appeared, in-
dicating that the carboxyl groups were ionized by adsorbing ions in SBF. In the
spectrum, an IR band ascribed to PO4 was also found at 1030 cm–1. The spec-
trum from the Langmuir film laid upon the SBF subphase for 12 hours is shown
as Fig. 12c. The absorption band ascribed to PO4 grew much stronger, indicat-
ing that HAp crystal nucleation had proceeded below the Langmuir film. These
results agree with our knowledge that the carboxyl groups in the Langmuir
monolayer film act as nucleation centers for HAp crystals formation.

Spectra of the C – H stretching region taken during the HAp nucleation
process are shown in Fig. 13. Concurrently with the HAp nucleation, the
intensities of the antisymmetric and symmetric methylene stretching vibra-
tions varied with time, while their peak positions remain the same. The serial

Fig. 13 Spectral changes in C – H stretching region during HAp crystallization under
arachidic acid Langmuir monolayer film at the air-solution (SBF) interface. The elapse
times are initial (0 hour), 1 hour, 3 hours, 7 hours and 12 hours from top to bottom. (Re-
produced with permission from [43]. © 2005 The Ceramic Society of Japan)
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change in the absorption intensities did not occur when the Langmuir film
is placed upon a pure water subphase, and should be a characteristic phe-
nomenon of the Langmuir films below which HAp nucleation proceeds. The
C – H stretching band intensities shrank to almost nothing at 1 hour after
crystallization started, and then increased again to become larger than the
initial state. The intensities of the antisymmetric and symmetric vibrations of
the methylene groups decreased, indicating that the alkyl chains reoriented
away from the subphase surface normal. The changes in the C – H stretches
indicate the occurrence of conformation changes in the Langmuir film. For
long-chain hydrocarbon molecules, the wavenumbers of the antisymmetric
and symmetric vibrations are conformation sensitive due to perturbation by
Fermi resonance, and that they can be correlated with the ordering of the hy-
drocarbon chains. Lower wavenumbers are characteristic of highly ordered
all-trans conformations, while the number of gauche conformation (the dis-
order of the chains) increases with increasing wavenumbers [71, 72]. The
peak positions of the methylene groups’ vibrations in this experiment, 2920
and 2850 cm–1, correspond to ordered all-trans conformations. Through-
out the structural change of Langmuir monolayer film associated with HAp
nucleation, no distortion in the molecular structure of arachidic acid was
detected. Hence, the conformation changes in the Langmuir film was not
triggered by intermolecular interactions among alkyl chains. Arachidic acid
molecules incorporated in the Langmuir film are facing the SBF surface di-
rectly with their carboxyl groups, and the carboxyl groups act as nucleation
centers for HAp. The adsorption of calcium ions to carboxyl groups followed
by the adsorption of phosphoric ions results in the formation of embryonic
clusters of ions. When the expenditure of the free energy required for cre-
ating a new interface is overcome by the energy released in the formation

Fig. 14 Schema showing the probable HAp nucleation process mediated by the arachidic
acid monolayer and associated structural change of the organic monolayer. (Reproduced
with permission from [43]. © 2005 The Ceramic Society of Japan)
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of chemical bonds in the solid phase, the embryonic clusters can act as the
HAp crystal nuclei and spontaneous crystal growth occurs. With the forma-
tion of embryonic clusters composed of carboxyl groups and inorganic ions,
the hydrocarbon chains connected to the carboxyl groups should change their
conformation, i.e., their positions or inclinations to the SBF surface (Fig. 14).
The present result implies that the organic matrices change their structures
to induce HAp nucleation, and adapt themselves to optimize geochemical or
stereochemical fit to the grown HAp crystals.

The present study revealed that organic matrices that can induce HAp nu-
cleation change their structures during HAp crystallization. The organic ma-
trices should not be treated as a rigid template, but their structural changes
associated with the formation of crystal embryos should be taken into ac-
count, when the biomineralization mechanism is discussed. At least, the
matching between lattice spacing in crystal faces and periodicity in functional
group arrangement on the organic surfaces should not be the principal cause
of the crystallographic features determination.

3
Atomic Scale {100} Interfacial Structure in HAp

To enable discussion on the interfacial interactions between HAp and or-
ganic substances, a thorough understanding of the surface structure and
composition of HAp is fundamental. Apart from the importance of HAp as
a constituent of biomimetic materials, surface structure determination of
HAp is still very significant for the basic understanding of this material. For
instance, morphology of crystals is generally dominated by the surface en-
ergy states of crystal faces. The surface energy states cannot be discussed
without the knowledge of the atomic structure. Although the bulk structure
of HAp has been extensively studied, the surface structure of HAp is poorly
studied. Recent developments in surface science are clarifying surface struc-
tures of various materials at atomic scale. However, the complexity of the
crystal structure, lack of electric conductivity and weakness against various
probes prevent the study of the surface structure of HAp.

Both natural and synthetic HAp crystals are often facetted with the pos-
sible six equivalent faces, expressed as {100} planes in hexagonal symmetry.
As described in Sect. 2.2, carboxyl groups can react to the {100} surfaces of
HAp during its crystallization process. Hence, the surface structure of {100}
planes is especially important. We have investigated the structural termina-
tion of sintered HAp crystals at the interfaces parallel to the {100} plane using
high-resolution transmission electron microscopy (HRTEM) [73]. We exam-
ined crystalline-amorphous interfaces formed by the electron beam damage,
and grain boundaries parallel to {100}. These structures must be related to
a stable atomic arrangement of the {100} surfaces of HAp.
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Synthetic HAp powder was sintered to be a dense specimen. XRD study
indicated that the specimen consisted of only apatite as a crystalline phase.
The FT-IR spectrum showed absorption bands at 3570 and 630 cm–1 which
are ascribed to the hydroxyl stretching and librational modes in HAp, respec-
tively [64]. No absorption band related to carbonate ions was observed [74].
As a result, it was confirmed that the specimen was pure HAp, carbonate-free
and not dehydrated by sintering. Sintered HAp was polished mechanically,
and thinned to electron transparency by argon ion-milling. HRTEM obser-
vations were performed at 200 kV of accelerating voltage. Details in the ob-
tained images were interpreted to provide atomic information by comparison
with multi-slice simulated images [75]. The simulated images were calculated
using MacTempas software (Total Resolution Co).

Figure 15 shows a view of the HAp structure observed down to [001]
and Fig. 16 indicates corresponding simulated HRTEM images as functions
of defocus values and specimen thickness. The simulated images were cal-
culated at two defocus values. Hexagonally arranged bright spots which cor-
respond to Ca1 sites are distinctive at the defocus value around – 42 nm
(Scherzer defocus) with the specimen thickness larger than 7.5 nm. These
bright contrasts are due to dense packing of Ca ions along the [001] direc-
tion (hereafter referred as Ca1 columns). On the other hand, a characteristic
hexagonal pinwheel-like contrast appears around OH columns in the struc-
ture when the defocus value is around – 5 nm and the specimen thicker than
10 nm [76]. These two characteristic features are useful to make correspon-
dence between the image contrasts and the atomic structure of HAp. In the
following section, the former focusing condition is referred as DF1 and the
latter as DF2.

Fig. 15 HAp crystal structure observed along 〈001〉. The planes “A” and “B” are the
possible positions where a HAp structure can be terminated
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Fig. 16 HRTEM images simulated for a HAp structure along 〈001〉: multislice simula-
tions were performed at two defocus values (DF). The hexagonally arranged bright spots
at DF = – 42 nm (Scherzer defocus) correspond to Ca1 sites. A characteristic pinwheel
contrast corresponding to the OH column appears at DF = – 5 nm. (Reproduced with
permission from [73]. © 2002 The American Ceramic Society)

When a HAp crystal was oriented as its 〈001〉 direction was parallel to
the incident beam and observed at high magnification, characteristic radia-
tion damage was formed in the crystal by the electron beam. Figure 17 shows
a HRTEM image (DF1 condition) of the damaged crystal formed by radiation
lasting a few minutes with a beam current density of 1–2 A/cm2 on the speci-
men. Hexagonally shaped areas, whose boundaries are parallel to {100}, are
observed in which the material is amorphized. Examination of the contrast
in the remaining crystal adjacent to the boundaries indicates that the crystal
thickness is at least 5–10 nm. As a result the amorphized regions are regarded
as three-dimensional hexagonal prisms surrounded by {100} planes of the
HAp crystal. Such hexagonally shaped damaged regions in HAp have already
been reported [77]. However, it is not possible to discuss the atomic structure
at the interfaces as described below until sharp HRTEM images such as those
shown in this work are available. Figure 18 represents a HRTEM image (DF2
condition) of a considerably damaged area. The contrasts at several interfaces
between crystalline and amorphous regions (indicated by the arrowheads in
the figure) are almost identical. It is also observed in several places that the
contrast in the crystalline region is sharply changed with the {100} plane as
the boundary, suggesting that the crystal thickness is step-likely changed.

Figure 19a shows a magnified image at one of the {100} crystalline-
amorphous interfaces indicated by the arrowheads in Fig. 18. To determine
the terminated structure of HAp in this image, we performed the multi-slice
image simulations using artificial large unit cells where almost the upper half
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Fig. 17 HRTEM image observed for a HAp crystal in which the electron radiation dam-
age occurred: the beam direction is 〈001〉. The defocus is close to the Scherzer conditions.
(Reproduced with permission from [73]. © 2002 The American Ceramic Society)

Fig. 18 HRTEM image of electron radiation damage in HAp at DF = – 5 nm. Notice
that the contrasts at the boundaries of the crystal, indicated by the arrowheads, are al-
most identical. (Reproduced with permission from [73]. © 2002 The American Ceramic
Society)

is vacant and the lower is the atomic arrangement of HAp with various termi-
nations. Figure 19b,c indicates the simulated image of the {100} interface that
agrees best with the experimental one (Fig. 19a) and the termination model
used in the simulation, respectively. At the interface, the HAp crystal struc-
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Fig. 19 Observed (a) and simulated (b) images of the {100} boundary of HAp. The
b image was calculated using the boundary structure model at the bottom right of the fig-
ure (c). (Reproduced with permission from [73]. © 2002 The American Ceramic Society)

ture is terminated with the plane on which the OH columns, Ca2 site and PO4
tetrahedra exist. Simulation images for structure models without outermost
OH ions or oxygen atoms coordinating Ca2 and P were identical to Fig. 19b
because of their weak charge potential. Therefore, for instance, whether OH
ions reside in the outermost OH columns or not cannot be discussed.

In addition to the crystalline-amorphous interfaces formed by radiation
damage, we tried to determine the atomic structure of the {100} planes at the
grain boundaries in the specimen. Figure 20 shows a result of HRTEM record-
ing at the grain boundary where the lower grain is aligned along 〈001〉 and
attached to the upper grain with stepped {100} planes. The original image,
which was recorded at the DF1 condition, was compressed to one third in
the horizontal direction to make the boundary clear. The lattice fringe in the
upper grain reaches to the grain boundary, indicating the boundary was not
damaged during the observation and recording. The {100} terraces in the
HAp structure are terminated with the specific contrast as indicated by the ar-
rowheads in Fig. 20. The tracing from the inside of the crystal revealed that
a pair of horizontal white dot rows (denoted “A” at the left of the figure)
corresponds to Ca1 columns and OH columns locate at the dark lines (“B”)
between them (see also Fig. 15). The contrasts of the {100} terraces at the
boundaries are all at these dark lines, suggesting the HAp structure is termi-
nated at the plane connecting the OH columns. This result is the same as that
obtained at the crystalline-amorphous interfaces as described above.

The atomic arrangement observed at the crystalline-amorphous interface
and grain boundary is probably one of the stable structures for the {100}
surface of HAp. This terminated structure is the same as the edge of the clus-
ter model in amorphous calcium phosphate proposed from X-ray diffraction
study [78]. When the HAp structure is amorphized by electron beam radia-
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Fig. 20 HRTEM image of a grain boundary in HAp. The original image was compressed
to one-third in the horizontal direction to make the boundary structure clear. The planes
denoted “A” and “B” correspond to those given in Fig. 15. (Reproduced with permission
from [73]. © 2002 The American Ceramic Society)

tion, or when the crystal growth proceeds on {100} facets by sintering, the
crystal may be broken and grow with this cluster like a block. It has also
been proposed that clusters of similar size exist in solutions supersaturated
with HAp and the HAp crystal in the solutions grows by adsorption of the
clusters [79].

We observed the crystalline-amorphous interfaces and the grain bound-
aries of sintered HAp by HRTEM. When the interfaces or boundaries are
parallel to {100}, both of them showed the same atomic arrangement for the
termination of the HAp crystal. The crystal structure of HAp is terminated at
a plane crossing the OH columns on which Ca2 sites and PO4 tetrahedra are
located. This atomic arrangement for the {100} surfaces of HAp probably has
a low surface energy and may be common in HAp crystals formed by various
conditions.

4
Concluding Remarks

When the results of above mentioned HAp crystallization experiments on
the organic molecule assemblages and the knowledge withdrawn from the
HRTEM observations are combined, a model for HAp crystals nucleation and
growth can be developed (Fig. 21). Carboxyl groups on the organic matrices
act as nucleation centers for HAp. The carboxyl groups could adsorb inor-
ganic ions upon themselves; especially calcium ions and phosphoric ions were
adsorbed in the body environment. The resultant embryonic clusters of ions
composed of the carboxyl group, calcium and phosphoric ions are the origi-
nation of HAp formation. The embryo could correspond to the Ca2 site and
PO4 tetrahedron on the most stable HAp {100} surface, and the HAp crystals
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Fig. 21 The mechanism of HAp mineralization proposed in view of the experimental
results

grow with their {100} surfaces parallel to the interface. Actually, changes in
bond energies caused by water molecules mediation, lattice relaxations of the
crystal surface structure, and molecular movements in the surface residues
of the organic matrices might result in more complex phenomena at the in-
terface. Continued investigations on this issue are expected to offer further
valuable insights into biomimetic materials chemistry.
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Abstract Biominerals are most often considered in either their more traditional roles as
critical structural components of organisms (e.g., teeth, the siliceous shell of diatoms)
and important ion reservoirs for cellular function (Ca2+ and bone) or in their highly
evolved functional roles (e.g., magnetotactic sensing, buoyancy/balance regulation). In-
creasingly, it is becoming apparent that biominerals also play an important protective
role by acting as critical detoxification sinks within certain organisms. Thus, organisms
ranging from protozoa to eukaryotes utilize the same principles of biomineralization
(cellular processing, supramolecular organization, and interfacial recognition) used to
form such materials as Abalone nacre to efficiently remove potentially toxic species from
their immediate environment. Thus, as understanding how biological systems exert their
nanoscale control over structural biominerals has provided important biomimetic routes
to novel materials synthesis, similar advances in both therapeutic development and ma-
terials synthesis can be made through the study of detoxification biominerals.

Keywords Biomineralization · Cadmium sulfide · Detoxification · Hemozoin ·
Noble metals
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HRP Histidine-rich protein
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PPIX Protoporphyrin IX
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Zn(II)PPIX Zinc protoporpyrin IX

1
Hemozoin Biomineralization

Much of Nature’s evolutionary success is reflected in its ability to tightly con-
trol extremely complex reactions. Biomineralization, a process with roots be-
ginning over 570 million years ago, is a magnificent example of Nature’s abil-
ity to manipulate limited resources and incorporate them into a larger func-
tional structure, under highly regulated conditions, to produce a stunning
array of materials. Often-cited examples include the formation of bones and
shells. These provide a fossil record that yields critical insights into history
and anthropology [1]. Other common examples include teeth, magnetites [2,
3], gold deposits in unicellular organisms [4], silicates in diatoms [5], and
the calcium carbonates and calcium phosphates in nonvertebrate shells [6, 7].
Under metal ion stress, organisms use biomineralization as a method of
detoxification. A unique example of such a detoxification biomineral is hemo-
zoin, produced in a variety of blood-feeding organisms including Plasmod-
ium falciparum, Schistosoma mansoni, Rhodinius prolixus, and Heamoproteus
columbae [8–11].

P. falciparum is the most common and deadly species of the human
malaria parasite. Once a host has been bitten by the vector mosquito, para-
sitic sporozoites travel to the host liver where they undergo multiple asexual
fission, resulting in merozoites. After 9–16 days in the liver, merozoites are re-
leased into the blood stream and invade erythrocytes. After 48 h, the infected
erythrocytes are ruptured, releasing the parasite again into the bloodstream
to infect more red blood cells. To complete the cycle, a feeding mosquito bites
the infected human and ingests gametocytes, which undergo sexual repro-
duction in the mosquito gut resulting in sporozoites that travel to its salivary
gland where they are passed to another human host [12].
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Hemozoin formation occurs during the intraerythrocytic stage of the
malaria lifecycle (Fig. 1). Inside the red blood cells, the parasites multiply and
degrade host hemoglobin in a specialized acidic (pH 4.8–5.2) lysosome called
the digestive food vacuole [13–15]. The ordered catabolism of hemoglobin
results in the release of toxic free heme. Lacking heme oxygenase, the first en-
zyme in the mammalian heme degradation pathway, levels of free heme could
reach as high as 400 mM [14]. Free heme poses multiple challenges to the
parasite including inhibition of digestive vacuole proteases, catalysis of lipid
peroxidation, generation of oxidative free radicals and eventual lysis [16, 17].
Since the parasite ingests more than its own weight in host blood every few
days, the potential damaging effects of free heme are significant [10]. Con-
sequently, the survival of the parasite depends upon its ability to obtain req-
uisite amino acids for growth and development from hemoglobin catabolism
while, at the same time, minimizing the toxicity of the released heme. To cir-
cumvent this challenge, a detoxification pathway has evolved whereby the free
heme is aggregated into hemozoin, an insoluble, nontoxic biomineral pro-
duced exclusively by hemotophagous organisms.

Pagola et al. have shown that the structure of hemozoin is a dimer of
five-coordinate ferric protoporphyrin IX (Fe(III)PPIX) linked by reciprocat-
ing monodentate carboxylate linkages from one of the protoporphyrin IX’s
propionate moieties. The biomineral is composed of an extended network
of these dimeric units hydrogen bonded via the second propionate group
of the protoporophyrin IX (Fig. 2) [18]. Morphologically, the biomineral is
composed of long, flat, smooth crystallites. The tightly constrained shape
formation of these crystallites suggests controlled cellular processing and
possibly templated crystallization [19]. Similar to other biominerals such as
calcite or magnetite, the mineral composition of hemozoin is simple and
yet its structural characterization is complex, resulting in a lattice struc-
ture that reduces the solubility of the biomineral. Other infections that re-
sult in the formation of hemozoin include Schistosoma mansoni, Rhodinius

Fig. 1 Electron micrograph of hemozoin formation inside the parasitic digestive food vac-
uole. A Red blood cell, B parasite, C digestive food vacuole. Image courtesy of Daniel E.
Goldberg
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Fig. 2 Structure of hemozoin

prolixus, and Heamoproteus columbae and Echinostoma trivolvis [20, 21]. At
first glance, examination of the hemozoin morphologies produced in these
hematophagous species seems to illustrate a heterogeneity of surface morph-
ology (Fig. 3). For example, the hemozoin produced by Schistosoma mansoni
is much more spherical and heterogeneous in size, ranging from 50 nm to
a few micrometers in diameter, as compared to the long, needlelike crystals
seen in P. falciparum which are much more regular in shape. The differences
of the crystal morphologies are due not to different atomic structures but
rather to varying crystallization conditions. Closer examination of S. mansoni
crystals reveals that the spherical aggregates are composed of brick-shaped
crystals similar to the P. falciparum crystals [11].

While there is little question concerning the function of hemozoin, the
mechanism of hemozoin formation remains controversial. Identifying the
particular template and understanding how its supramolecular chemistry
mediates hemozoin formation is critical in the development of new anti-
malarials that target hemozoin formation. The precise shape and size unifor-
mity of hemozoin alludes to the tight control with which hemozoin is formed.
There have been three proposed causative agents: (1) a heme polymerase,
(2) a lipid-mediated process or (3) a nucleating template protein.

Early studies by Slater and Cerami, indicated the potential involvement of
an enzyme in hemozoin formation. In this work, whole trophozoite lysates
were extracted and reacted with heme at pH 5 to 6. The reaction resulted

Fig. 3 FEISEM of hemozoin purified from a Plasmodium falciparum, b Schistosoma man-
soni, c Hemaoproteus columbae
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in the formation of hemozoin in a time-, concentration- and pH-dependent
manner that was inhibited by chloroquine, an antimalarial drug. The authors
proposed that the formation of the reciprocating Fe–carboxylate linkage was
catalyzed by an extractable membrane-associated heme polymerase [22]. The
proposed enzyme was found to be heat labile and denatured in the presence
of sodium dodecyl sulfate (SDS). Similar results were obtained by Chou and
Fitch using extracts from Plasmodium berghei (rodent malaria) [23].

This work spurred an avalanche of controversy and subsequent research.
Dorn and Ridley countered the heme polymerase hypothesis with results
demonstrating the ability of isolated native hemozoin (a material Ridley
finds “soul-destroying” [24] to work with) or synthetic hemozoin to propa-
gate hemozoin formation at pH 4.8 [25]. This reactivity was stable for up
to 28 days and was resistant to boiling. Furthermore, formation was inhib-
ited by SDS, indicating that the detergent may not be denaturing any enzyme
but rather interfering with the assembly of hemozoin. It was concluded that
the hemozoin-mediated hemozoin formation was an autocatalytic chemical
process mediated by heme-derived material. Additionally, further studies
attempting to repeat the work of Slater and Cerami [22] proved arduous.
While this work explained hemozoin propagation and certainly challenged
the heme polymerase theory, it did not provide insight into the initiation
of hemozoin formation and undoubtedly left the possibility open for the in-
volvement of a protein or enzyme in hemozoin formation [25].

Lipids were proposed as a second possible causative agent of hemo-
zoin biomineralization when endogenous lipids were also shown to mediate
hemozoin formation at acidic pH [26, 27]. Further complicating the issue
was the contention that hemozoin extracts used in previous studies might
have been contaminated with such phospholipids. Even the synthetic hemo-
zoin studies potentially had such contaminants since commercial heme is
prepared by extraction from intact erythrocytes [27]. A comparison of the
different methods to initiate hemozoin formation confirmed the ability of
lipids to initiate rapid hemozoin formation [28]. Hemozoin itself also seeded
the reaction but the rate is sigmoidal, taking several days before any forma-
tion and then increasing after that point. The authors believed that the first
few units take a while to form but once there, the extension is rapid [28],
suggesting templated crystal growth.

Probing further into the lipid-based mechanism of hemozoin forma-
tion, Fitch and coworkers demonstrated that arachidonic, linoleic, oleic,
and palmitoleic acids, 1-mono- and di-oleoylglycerol and the detergents
SDS, polyoxyethylene sorbitan monooleate (TWEEN 80), and n-octyl-
glucopyranoside were able to generate hemozoin from free heme at pH 5.0.
It was postulated that some of the biological unsaturated lipids coprecipitate
with the free heme inside the digestive vacuole providing an environment
that allows for increased solubility of monomeric Fe(III)PPIX and promot-
ing hemozoin formation [29]. Extrapolating from this line of reasoning,
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a membrane sacrifice theory was proposed by Bray et al. whereby the host
double-membrane transport vesicles are pinched off into the parasitic cyto-
some. The inner membrane of the transport vesicle is degraded by the toxic
free heme released from hemoglobin catabolism, liberating from the mem-
brane the lipids which would increase the solubility of the free heme and aid
in the formation of hemozoin. In this way, the sacrifice of the inner mem-
brane prevents further oxidative damage to the outer membrane and the rest
of the parasite [30]. More recently, it has been suggested that Schistosoma
mansoni and Rhodnius prolixus form hemozoin in lipid environments [11].
S. mansoni crystal formation occurs in close association with an electron-
lucent round structure, perhaps resembling a lipid droplet. Extraction of the
droplet, followed by reaction with free heme, demonstrated its ability to form
hemozoin in vitro. In R. prolixus, the crystals are found close to perimi-
crovillar membrane-derived vesicles, which consist of phospholipid bilayer
membranes [11].

If lipids are the bionucleating template, the mechanism of lipid-mediated
hemozoin formation must facilitate hemozoin formation. Theoretically, there
are several scenarios in which lipid mediation may occur. First, lipids may
provide increased solubility of monomeric Fe(III)PPIX providing the requi-
site concentration for crystallization [29]. Next, the negatively charged hy-
drophobic headgroups could potentially interact with the iron of the heme,
localizing a high concentration of Fe(III)PPIX. After binding, dimer forma-
tion could occur via a substitution reaction whereby the water molecule
bound to the iron of one porphyrin would be replaced by the propionate side
chain of a reciprocating porphyrin (50% of the propionate side chains would
be deprotonated and available for binding at pH 4.8). Extension of this net-
work would allow for the formation of the insoluble biomineral, hemozoin.
It is also possible, although less likely, that the free heme intercalates into
the lipid layer, leaving the negatively charged propionate residues directed
out into the hydrophilic environment and primed for binding to the iron of
a nearby heme molecule. This mechanism would make it difficult for the iron
of the heme wedged in the lipid to interact in binding to form the requisite
reciprocating linkages found in hemozoin. While there is much precedence
for the involvement of lipids in hemozoin formation, much work remains to
elucidate the exact role of lipid involvement in the mechanism of hemozoin
formation.

Another possible participant in hemozoin formation is the histidine-rich
protein (HRP). Using monoclonal antibodies to probe the proteins of the
digestive food vacuole, Sullivan et al. identified two histidine-rich proteins,
HRP II and HRP III, and demonstrated that these proteins could mediate
the formation of hemozoin [31]. HRP II (MR 30 kD), is composed of 51 re-
peats of the tripeptide His-His-Ala with 76% of the overall protein being
composed of histidine and alanine residues (Fig. 4) [32]. HRP III (MR 27 kD)
is composed of 28 repeats of the tripeptide with 56% composition alanine
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and histidine [33]. At physiological relevant pH (4.8), biophysical character-
ization of HRP II revealed its ability to bind up to 17 equivalents of heme
(Fe(III)PPIX) and promote the formation of hemozoin at levels 20 times that
of the background reaction [31, 34]. Additionally, hemozoin aggregation ac-
tivity of HRP II was inhibited by chloroquine, destroyed by boiling, and had
an activity profile with an optimal pH near 4.5, which slowed near pH 6.0 [31].
The Ala-His-His repeat motif of HRP II is reminiscent of a variety of nu-
cleating scaffold proteins found in biomineralization [19, 35]. Here, the 3D
structure of the protein yields a preorganized, functionalized surface that
serves as a template for nucleation.

Given the lack of a crystallographically determined structure for HRP II,
investigators have used a variety of spectroscopic methods to examine the in-
teractions between this template and heme. Using circular dichroism (CD)
spectroscopy, binding experiments of Fe(III)PPIX to HRP II demonstrated
the importance of pH on the type of interactions that may occur between
template and substrate. Chauhan and coworkers found that as the pH in-
creases, heme binding to HRP II also increases but hemozoin formation
decreases (Fig. 5) [36]. This inverse relationship between hemozoin forma-
tion and heme binding suggests pH-dependent modes of interaction between
the protein and the substrate. Further, these studies corroborate the idea that
the formation of hemozoin inside the food vacuole (where the pH is 4.8–5.0)
results from the productive protein/substrate interactions and must be differ-
ent from the common heme bis-histidyl binding found in other proteins such
as the histidine-rich glycoprotein (HRG) [37, 38]. Based on the pH profile,
the group proposed that such productive interactions result from aspartate
carboxylate–metal ionic coordination interactions at the physiologically rel-
evant pH. Additionally, the CD spectra of HRP II showed a deep negative
peak at 200 nm with a shoulder at 220 nm similar to the left-handed 310 he-
lix of polyproline in tetrafluoroethylene (TFE) [36]. In such a conformation,
all of the alanine residues would be aligned on one face and all the histidine
and aspartate (charged) residues would be on the opposite face, yielding an
amphipathic molecule [36] with a clearly defined nucleating face.

Using resonance Raman and electron paramagnetic resonance (EPR)
methods to probe heme binding to HRP II, Marletta and coworkers hinted at

Fig. 4 Sequence of the histidine-rich protein II (HRP II)
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Fig. 5 Effects of pH on HRP II binding of heme and the formation of hemozoin

a bis-histidyl ligation to the heme from the template [39]. Despite the results
of Lynn et al. which indicated the importance of acidic pH in heme bind-
ing and hemozoin formation, this group opted to work with the easier pH
of 7.0 to avoid heme insolubility and other precipitation issues. CD meas-
urements were used to monitor structural changes induced upon Fe(III)PPIX
binding to HRP. Prior to heme addition, the CD spectrum was consistent
with a random coil structure; however, upon heme binding, HRP changes to
a structure more helical in nature that is most consistent with a right-handed
310-helix structure [34] similar to the left-handed 310-helix proposed by Lynn
et al. [36]. Modeling HRP as a right-handed 310-helix presents a structure that
aligns the histidine and aspartic acid residues on one face with the alanine
residues aligned on the opposite face (Fig. 6). Modeling HRP as an α-helix
does not result in this type of alignment and is therefore not as appealing
a model.

Examining HRP II overexpressed in E. coli cells, Schneider et al. observed
a species with approximately double the molecular weight of HRP II in nonre-
ducing SDS polyacrylamide gel electrophoresis (SDS-PAGE). Formation of
this species was inhibited upon addition of dithiolthreitol (DTT), a reduc-
ing reagent, suggesting the formation of an intermolecular disulfide bond.
From this data, the group proposed that upon heme binding, two monomers
of HRP II align with each providing one of the two histidines necessary for
heme binding through axial ligation. The result is a HRP II dimer [34] whose
importance cannot be determined since native HRP II has never been iso-
lated and analyzed in this fashion. Additionally, this work was completed at
pH 7.0 rather than at the acidic pH of the food vacuole, which begs the ques-
tion of the relevance to the in vivo system. At the pH of the digestive food
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Fig. 6 HRP II repeats modeled as 310-helix and α-helix. A Two repeats of HHAHHAADA
modeled as a 310-helix. B Three repeats of HHAADA modeled as a 310-helix. C Two re-
peats of HHAHHAADA modeled as an α-helices. In models A and B, the His residues
align along two corners of the model and Ala residues align along the third corner. In
model A the His repeats align next to each other and in model B the His residues alter-
nate with either Ala or Asp residues. In model C, the His repeats are found all along the
perimeter of the helix

vacuole (4.8–5.5), the pKa of histidine (5.8) indicates that it would remain
mostly protonated (charged) whereas at pH 7.0, it would be deprotonated and
therefore uncharged. Typically, a heme–histidine ligation occurs with the de-
protonated form only. From a simple pH perspective, one would expect that
the mechanism of reaction at pH 4.8–5.5 would likely differ from the mechan-
ism at pH 7.0, which therefore discounts the hypothesis that binding occurs
through any axial ligation. In light of the acidic pH of the acidic food vac-
uole, it is more likely that the aspartic acid residues (deprotonated at pH 4.8)
play a vital role in recognition and binding of heme. This is not to imply that
the histidine residue is insignificant, but rather that it does not work alone in
the mechanism. Clearly, there must be a different mechanism at work in the
in vivo system that incorporates the charged aspartic acid residues instead of
relying exclusively on the histidine residues.

Working with the tandem repeat motif of HRP II [40], Wright and co-
workers developed two peptide dendrimer templates (Fig. 7). The peptide
dendrimers, called bionucleating templates (BNTs), were designed specific-
ally as templates to study the epitaxial growth of hemozoin. The branched
nature of dendrimers allows for the presentation of multiple nucleating sites
to solution. BNT I incorporates four individual binding domains attached
to the tetralysine dendrimer core for eight tri-Ala-His-His repeats, while
BNT II contains two nucleating domains coupled to each of the branches of
the tetralysine core, to generate a total of 16 tri-Ala-His-His repeats. Both
templates tested positive against monoclonal antibodies for HRP II using
a commercial test (“Parasight F”) for P. falciparum malaria. The templates
were also examined for their ability to form hemozoin using the in vitro heme
polymerization assay developed by Sullivan and coworkers (Fig. 8) [31]. Sig-
nificantly, both templates were able to mediate the formation of hemozoin in
a pH-, time-, and template concentration-dependent manner. BNT II was able
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Fig. 7 Generalized diagram of dendrimeric templates

Fig. 8 A Hemozoin aggregation mediated by BNT I and II. B Effect of pH on hemozoin
aggregation

to nucleate twice as much hemozoin as BNT I, and this activity was greatly de-
creased as the pH rose above 4.8 and approached the pKa of the histidine side
chain (5.8). Additionally, the antimalarial chloroquine was able to completely
inhibit the formation of hemozoin, consistent with previous reports of HRP II
inhibition by this drug [31].

Characterization of the heme-containing product was performed using
FT-IR, SEM, and XRD and compared to native hemozoin. Fourier transform
infrared (FT-IR) spectroscopy reveals characteristic vibrational frequencies
at 1660 cm–1 and 1210 cm–1 [41]. The scanning electron microscopy (SEM)
revealed long, needle-like projections indicating a morphological similar-
ity with native hemozoin [20]. Finally, the powder X-ray diffraction (XRD)
pattern matched the published fingerprint of native hemozoin and verified
the absence of crystalline heme [42]. Taken together, the characterization
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confirmed that the material produced in the BNT assay is chemically and
morphologically identical to native hemozoin [40].

The substrate specificity of the BNT templates was also examined. They
were capable of binding not only (Fe(III)PPIX) but also protoporphyrin IX
(PPIX), zinc protoporphyrin IX (Zn(II)PPIX), tetrasulfonatophthalocyanine
(PcS), and nickel tetrasulfonatophthalocyanine (Ni(II)PcS) in 100 mM acetate
buffer at pH 4.8 (Table 1). Working with the BNT templates, Ziegler et al.
found that both were able to bind to PPIX as well as Zn(II)PPIX with bind-
ing stoichiometries similar to Fe(III)PPIX. The ability of the templates to bind
the heme free of the metal negates the hypothesis that the nucleating domain
binds to the metal of the heme via an axial ligation of the histidine to the iron.
Furthermore, replacement of the Fe with Zn did not significantly decrease the
binding, suggesting recognition of the porphyrin moiety rather than the spe-
cific metal at the core. Recognition of the skeletally similar phthalocyanines is
also indicative of ligand recognition rather than specific metal binding [40].
The substrate binding results obtained from the template studies indicated
that the recognition of the substrate by HRP is not dependent upon the axial
ligation between the imidazole of histidine and the porphyrin Fe but per-
haps through π–π stacking and/or electrostatic interactions [40]. The BNT
templates offer a biologically functional model of HRP, containing the same
nucleating domain, producing the same material (hemozoin), in a process
that is inhibited by chloroquine but clearly offers the flexibility of a model
system which allows for easier experimentation.

Circular dichroism (CD) was utilized to examine the secondary structure
of the BNT II templates. As a control, the CD of the linear peptide models
(AHHAHHAAD and (AHHAHHAAD)2) which were unable to nucleate the
formation of hemozoin, were examined and found to possess only a random
coiled structure. BNT I was similar to the (AHHAHHAAD)2 spectra but con-
tained a slightly ordered structure. In contrast, the CD spectra of BNT II
revealed a much higher ordered structure overall, reminiscent of the CD spec-
tra of native HRP II (Fig. 9). Addition of hemin chloride to BNT II, resulted in
a conformation change in the structure (Fig. 9, inset) that is visible as a shift
in the CD from 197 nm to 202 nm, a spectrum consistent with a 310-helix. The

Table 1 Substrate binding stoichiometries of BNT I and BNT II

Substrate BNT I (8) BNT II (16)

Fe(III)PPIX 7.1 ± 0.7 12.2 ± 1.0
PPIX 7.7 ± 0.2 10.4 ± 1.0
Zn(II)PPIX 6.8 ± 0.5 14.0 ± 0.6
PcS 5.7 ± 0.2 13.2 ± 1.0
Ni(II)PcS 6.5 ± 0.1 11.0 ± 1.0
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Fig. 9 Circular dichroism (CD) spectra of a 3–10 helix, HRP II, and BNT II. Inset: BNT II
spectral change upon the addition of hemin

fact that heme binding results in conformational changes in each of the four
branches of the template to be more of a 310-helix, suggests that in order for
hemozoin biomineralization to take place, there is a requirement for a highly
ordered structure, a preorganization of a nucleating face [43].

Examining HRP II as a potential bionucleating template, the idea of
a 310-helical structure results in an interesting model system. There would be
three residues per turn, leaving a hydrophobic face of alanine residues based
on the amino acid sequence of the minimal binding domain. Since polyhisti-
dine was unable to nucleate the formation of hemozoin [44], it is likely that
the alanine residues may be acting as important spacers in the sequence, set-
ting up the appropriate metrics within the secondary structure for binding
porphyrin. Recent site-directed mutagenesis studies of the 9-mer repeat Ala-
His-His-Ala-His-His-Ala-Ala-Asp in BNT I and II, indicate that the His-His
repeat is essential for activity whereby any mutation to it results in decreased
binding and substantially less hemozoin formation. Additionally, the aspartic
acid residue appears to play an important role in polarity. The electrostatics
of this residue are essential for hemozoin formation, but not necessarily for
porphyrin binding. These data reflect the importance of the preorganization
of a nucleating face [43].

Piecing together the data currently available on hemozoin formation yields
an intriguing picture. In aqueous solution, there would be a hydrophobic
face of alanine residues and a nucleating face of histidine and aspartic acid
residues. In the BNT templates, interactions between the alanine faces would
result in the collapse of the four arms of the dendrimeric template to a 4-helix
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bundle leaving the histidine and aspartic acid residues facing out and in pos-
ition for binding the Fe(III)PPIX. A similar interaction may be occurring in
HRP in which coiled-coil interactions allow for the presentation of the nucle-
ating face. In this scenario, the histidine and aspartic acid residues are aligned
along the 310 secondary structure forming a putative nucleating face to bind
heme via electrostatics and π–π stacking interactions. Minimal hemozoin
dimer formation could occur along the interface, creating a locally high con-
centration of dimers. Extension of this network through hydrogen bonding
would allow for the formation of the insoluble biomineral, hemozoin. A fi-
nal possibility is that the formation involves the use of both the lipids and
HRP II. The lipids would provide a favorable environment for hydrogen bond
formation while the HRP II would act as the bionucleating template to bind
the heme and link heme molecules together [45].

While these interfacial molecular recognition hypotheses are theoretical,
they point towards the importance of understanding how the template rec-
ognizes its substrate. This is an event that occurs in all biomineralization
events and represents the final guiding principle behind molecular tecton-
ics. As the understanding of hemozoin formation increases, the ability to
propose inhibitory mechanisms will also increase, allowing the development
of interventions that would reduce the devastation caused by this and other
deadly parasites. At the very least, the detoxification of heme by the forma-
tion of hemozoin is a unique pathway that offers an elegant example of the
complexity and diversity of biomineralization and reflects the importance of
continued efforts in this vast field.

2
Biomineralization of Cadmium Sulfide

Since the industrial revolution, there has been a significant and continued in-
crease in the demand for heavy metals for use in fuels, solvents, lubricants,
stabilizers, fire retardants, pigments, and preservatives, to name a few. The re-
lease of heavy metals into the biosphere results in elevated levels in the soil
and water in addition to increased levels in the atmosphere, usually in the
form of dust particulates or vapors [46]. While certain levels of heavy metals
are necessary for cellular metabolism, the presence of heavy metals such as
cadmium at high levels can be detrimental to a variety of organisms.

Elevated levels of Cd2+ induce toxicity due to their ability to mimic essen-
tial metal ions such as Zn2+ and Ca2+, acting as their substitute in enzyme
active sites resulting in enzymatic dysfunction. The presence of these ions at
high levels can result in extensive denaturing of proteins and DNA, ultimately
leading to cell death [47]. In order to defend against these detrimental biolog-
ical effects, natural systems have evolved unique detoxification mechanisms
to eradicate the problematic metal [48]. An intriguing example of Cd2+ de-
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toxification involves the sequestration of the metal by small selective peptides
followed by coprecipitation with inorganic sulfide to form nontoxic metal
sulfide clusters. This type of protective biomineralization has been well doc-
umented in plants [49], yeasts [50], several fungi [51], and sulfate-reducing
bacteria [48, 52] and represents a precisely controlled nanoparticle synthesis
that adheres to the molecular tectonics of biomineralization as established by
Mann et al. [53].

In plants and yeast, cadmium detoxification is accomplished intracellu-
larly and consists of a metal-triggered biosynthetic pathway, sequestration of
the metal ions by small thiol-rich peptides, and assembly with inorganic sul-
fide ions to generate nontoxic CdS nanoparticles [50, 54]. The cornerstone
of this mechanism is the use of small thiol-rich peptides composed of Glu,
Cys, and Gly [55], capitalizing on the high reactivity of heavy metals such
as Cd2+ to thiols [50]. These chelating peptides, called phytochelatins (PCn)
are structurally related to the tripeptide glutathione (GSH), γ -Glu-Cys-Gly,
and display the general structure (γ -Glu-Cys)n-Gly [56], where n represents
the number of dipeptide repeats (Fig. 10). The peptide sequences vary in
length (n = 2–11) depending on the metal concentration and duration of ex-
posure [57]. Furthermore, PCs display an extensive binding capacity for Cd2+

ions with a K3Cd of ∼ 109 [58]. Although the primary function of PCs is
to protect against heavy metal toxicity, these peptides are also associated
with maintaining homeostasis within the cell by balancing its essential mi-
cronutrients [49]. The presence of these heavy metal chelating peptides has
been identified in several species of yeasts such as Candida glabrata [59],
Schizosaccharomyces pombe [60], and in all studied plants to date [49].

The biosynthesis of PCs during episodes of heavy metal stress consists of
a specific biosynthetic pathway triggered by the presence of the metal. The
basic building block, GSH, and the PCs exhibit the presence of a γ -peptide
bond demonstrating that they are synthesized enzymatically and not on the
ribosome [61]. The enzyme responsible for PC synthesis, phytochelatin syn-

Fig. 10 Generalized structure of phytochelatins
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thase (Mr = 95 000), is a γ -glutamylcysteine dipeptidyl transpeptidase that
catalyzes the biopolymerization of GSH to PCn (n = 2–11) [62]. Since the
enzyme is constitutively expressed and PC formation only occurs in the pres-
ence of heavy metals, enzyme activation has long been thought to be heavy
metal dependent [63]. Although it has been shown that Zn2+, Pb2+, Ag2+,
Cu2+, Ni2+, and Sb2+ moderately activate PC synthesis, Cd2+ proves to be the
most efficient heavy metal for activating the enzyme that produces PCs, phy-
tochelatin synthase [64, 65]. While the crystal structure of the phytochelatin
synthase (PCS) has not yet been determined, there are two primary domains,
the N- and the C-terminus, which both contain multiple cysteine residues
thought to bind the metal. Early studies indicated that the N-terminus is
highly conserved among species whereas the C-terminus is not [66].

The activation of PCS has long been thought to be dependent upon metal
binding directly to the enzyme in the C-terminus. Indeed, metal binding at
the sensor site was thought to be an obligate step prior to the assembly of the
active site, through which conformational changes would allow the assembly
of the active site and subsequent substrate (GSH) binding [67]. Recent work
on the enzyme obtained from recombinant PCS from Arabidopsis (AtPCS1)
has identified the location of the functional active site to be in the N-terminus
and determined that deletion of the C-terminus has no deleterious effect on
enzyme activity [63]. If direct metal binding to the metal sensor domain in
the C-terminus is not essential for enzyme activity, what other mechanism
could result in the metal-dependent activation of PCS?

Reexamining the activation of PCS using AtPCS1, Vatamaniute et al.
demonstrated that heavy metal ions reacted with GSH to form heavy metal
peptide thiolates (CdGSH) that, along with free GSH, serve as cosubstrates for
the enzyme [68]. In the first step in enzyme activation, GSH acts as a γ -Glu-
Cys donor and acylates the PCS, releasing Gly. The active γ -Glu-Cys-AtPCS1
acyl intermediate then transfers the γ -Glu-Cys unit to the second substrate
to generate a product extended by the condensation of one new γ -Glu-Cys
repeat with the N-terminus of the receptor. For this reaction mechanism to
work, a thiol group of one of the substrates must be blocked, likely through
heavy metal thiolate coordination. This reaction is augmented by, but not de-
pendent upon, the direct binding of free heavy metal ions to the enzyme,
probably not at the active site [68]. While the C-terminus is nonessential for
activity, it does impart a degree of stability to the N-terminus. Additionally,
the last 113 residues of the C-terminus are vital to sensing Hg2+ and Zn2+,
indicating that the C-terminus may also function to generalize the ability of
the enzyme to respond to a wider variety of heavy metals [63]. In the end,
once activated, the enzyme catalyzes a condensation reaction in which two
molecules of GSH react to produce the simplest form of the chelating pep-
tide, PC2 with the release of water and a glycine residue [50]. PCS appears
to be a self-regulated enzyme and becomes down-regulated by the exhaus-
tion of Cd2+, whereby free thiols (GSH and apo-PCs) compete with thiolates
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for the high affinity active site of the synthase. Removal of the enzyme sub-
strate thiolates via sequestration into vacuoles and biomineralization ensures
that only the needed concentration of PCs are generated [68]. By sequestering
the Cd2+/PC2 complexes inside vacuoles, the organism ensures that the toxic
metal is removed from important metabolic chambers and simultaneously
confines the biomineralization process to a tight space, effectively restricting
the size of the resulting nanoparticles.

Studies by Vogeli-Lange and Wagner with tobacco leaves conclusively
showed that essentially all of the Cd2+/PC2 complexes formed in the cytosol
were sequestered into vacuoles [69]. Examination of a cadmium-sensitive
Schizosaccharomyces pombe mutant deficient in the accumulation of a sulfide-
containing cadmium complex revealed that transport of the Cd2+/PC2 com-
plex into the vacuole appears to be regulated by the gene product of hmt1,
a protein with homology to ABC (ATP-binding cassette)-type transport pro-
teins. This family of proteins has been found to mobilize proteins and other
compounds across membrane barriers. Further studies localized the HMT1
polypeptide to the vacuolar membrane. Additionally, overexpression of the
htm1 allele, led to increased accumulation of Cd2+/PC2 in the vacuole, con-
firming the role of HTM1 polypeptide as one of intracellular sequestration
rather than efflux [70].

In order to gain a better understanding of the biological function of PC
complexes, Johanning and Strasdeit performed a potentiometric titration
using the Cd2+/PC2 complex as a model for elucidating the thermodynamic
stabilities of the heterogeneous native complex [71]. Since PC2 exists as
a pentabasic acid, stable Cd2+/PC2 complexes are only formed by ligands hav-
ing at least one deprotonated thiol. The authors were able to distinguish two
well-defined categories of Cd2+/PC2 complexes: complexes that are composed
of equal numbers of ligand to Cd2+ (log KCd = 9.9–13.3) and complexes that
are composed of more ligands than Cd2+ (log KCd = 16.3–19.3) [71]. Based
on conclusions from the generated complex distribution, [Cd2(H2L)(HL)2]7–

is the dominant complex at pH 7.3 (pH in the plant cytoplasm) and is in
agreement with formation of an S4 coordination environment. At pH 5.4 (pH
in the plant vacuole), 62% of the complexed cadmium is released and at
nontoxic concentrations essentially 100% of the complexed Cd2+ would be
liberated [71]. These findings are indicative of an acid/base storage transfer
mechanism that allows for Cd2+/PCn formation in basic conditions (cyto-
plasm) and Cd2+ release in slightly acidic conditions [71].

Chelation of the Cd2+ with subsequent release into vacuolar storage does
not eradicate the toxic Cd2+ from the cell and indeed would be equivalent to
storing live dynamite. It makes more biological sense to deactivate the dyna-
mite (transforming the toxic Cd2+ into a nontoxic nanocrystal) rather than
leaving it in a more toxic form. This is efficiently accomplished by provid-
ing a flux of acid-labile sulfide ions (S2–) into the vacuole, resulting in the
self-assembly of PC-capped CdS nanocrystals [72]. Although the source of
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inorganic sulfide is unknown, the generation of S2– ions is thought to orig-
inate either from the adenine biosynthetic pathway [70] or from the sulfate
reduction pathway [72]. Alternatively, recent elucidation of the Fe – S clus-
ter biosynthesis pathway suggests that the sulfide may originate from ISCS,
a homodimer containing pyridoxal phosphate. ISCS catalyzes the formation
of l-alanine and elemental sulfide from a l-cysteine substrate [73]. Regardless
of the precise source of S2–, the formation of nanocrystals is a more efficient
means of binding Cd2+ ions at lower cellular metabolic cost. For example,
Mehra and Winge showed that Cd2+ binding capacity by PC2 peptides iso-
lated from the yeast Candida glabrata increased from 0.5 mol equivalents to
5 mol equivalents when the sulfide level was increased [74].

The self-assembled PC-capped CdS nanocrystals have a very narrow size
distribution with PCs capping the nanocrystal to radii of ∼ 1.2 nm [72]. Tight
control over size is a typical property of all biomineralization processes [53]
and demonstrates the importance of the capping template (PCs) in control-
ling particle formation. Optimizing the PC coat prohibits the formation of
extremely large nanocrystals, which would rupture the vacuole preventing
the separation of the nanocrystal or unincorporated free Cd2+ ions from
the cytosol. A variety of organisms employ this detoxification mechanism
resulting in the self-assembly CdS nanocrystals with similar structural char-
acteristics but with slightly different compositions and connectivity patterns
(Scheme 1) [75].

When the CdS crystallites generated by C. glabrata and S. pombe were first
isolated (Fig. 11), they displayed greater monodispersity and much greater
stability than previously chemically synthesized examples [76, 77]. Intercellu-
lar CdS crystallites synthesized by C. glabrata and S. pombe had approximate
diameters of 2.0 and 1.8 nm with sulfide/cadmium ratios of 0.7 and 0.6, re-
spectively [77]. The CdS crystallites isolated in this study exhibited a band
gap transition between 310 and 315 nm [77]. Additionally, CdS crystallites
produced by C. glabrata and S. pombe were not prone to Ostwald ripening,
a process of natural aggregation that often occurs among chemically synthe-
sized CdS particles [76]. Each CdS crystallite core is composed of approxi-
mately 85 CdS units with approximately 30 PCn (n = 2–3) peptides coating the
Cd2+-rich surface of the crystallite [77]. Larger, extracellular CdS nanoparti-
cles 2.9±0.5 nm in diameter that exhibit a zinc-blend structure with a band
gap transition at 365 nm were also found [77]. The extracellular particulates
potentially represent the endpoint of detoxification resulting from exocytosis
of CdS, forming vesicles via the yeast secretory pathway [78].

The detoxification of Cd2+ in plants and yeast is also accomplished through
the self-assembly of CdS nanoparticles [61]. Ahmad and Sastry [51] reported
the formation of extracellular CdS nanoparticles by the fungus Fusarium
oxysporum upon exposure to Cd2+ and SO4– [51]. The extracellular synthe-
sis employs the use of sulfate reductases secreted by the organism that yield
acid-labile sulfide [51]. A significant biomass of F. oxysporum was incubated
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Scheme 1 Biomineralization mechanism of CdS beginning with Cd2+ uptake, phy-
tochelatin synthesis, metal–phytochelatin complex formation, acid-labile sulfide incorpo-
ration, and precipitation of PC-capped CdS nanoclusters

Fig. 11 a Phase contrast and b fluorescence analysis of Cd(II) exposed Candida glabrata
yeast cells

at room temperature with millimolar CdSO4 for 12 days [51]. Concurrent
with reduction of sulfate to S2–, well-dispersed and stable CdS nanoparticles
5–20 nm in diameter were formed [51]. UV-vis spectroscopy (absorption at
280 nm) and polyacrylamide gel electrophoresis (PAGE) revealed the pres-
ence of protein in the reaction supernatant, which the authors suggested may
be sulfate-reducing enzymes responsible for CdS nanoparticle formation and
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stability [51]. F. oxysporum was the first reported fungus to employ the use of
an aerobic sulfate reduction pathway capable of secreting sulfate-reducing en-
zymes to synthesize extracellular CdS nanoparticles as a means of cadmium
ion detoxification [51].

Similarly, sulfate-reducing bacteria such as Clostridium thermoaceti-
cum [48] and Klebsiella pneumoniae [52] utilize an anaerobic sulfate re-
duction pathway to generate acid-labile sulfide as a mechanism for heavy
metal ion detoxification [47]. According to Cunningham and Lundie [48],
Cd2+ detoxification by C. thermoaceticum begins with a fine white precipi-
tate (CdCO3) that is gradually converted to a bright yellow precipitate (CdS)
via the production of H2S [48]. Atomic absorption analysis of the culture me-
dia was used to monitor the detoxification process with complete removal of
Cd2+ after 72 h [48]. Based on a series of starvation studies, the biosynthe-
sis of CdS by C. thermoaceticum proved to be an energy-dependent process
that required cysteine, indicating that CdS formation proceeds via a cys-
teine desulfhydrase enzyme that converts cysteine to H2S and alanine [47, 48].
The electron-dense CdS particles are strictly produced extracellularly and
localized to the cell surface and surrounding media [48]. Unlike C. ther-
moaceticum, K. pneumoniae Cd2+ detoxification occurs under a range of
conditions dependent on the buffer composition of the growth media [47, 52].
Cadmium tolerance proved to be optimal in phosphate buffered growth me-
dia (2 mM Cd2+) while growth media buffered with Tris, Bistris propane,
Bes, Tes, and Hepes resulted in a much lower tolerance (10–150 µM) [52].
Upon Cd2+ exposure, electron micrographs show extracellular CdS crystal-
lite formation is localized to the cell surface with particles ranging from 20
to 200 nm in size and a Cd : S ratio of 1 : 1 based on quantitative energy dis-
persive X-ray analysis [52]. The total cellular content of labile sulfide and
cadmium has a molar ratio of 0.5–2.0 of Cd : S [52]. Based on electron absorp-
tion spectroscopy measurements, all electron-dense particles synthesized by
K. pneumoniae consist of CdS but the exact mechanism of sulfide generation
is unclear [47]. These nanoparticles formed without a protein cap undergo
Ostwald ripening and eventually grow to the bulk. This results in the pro-
duction of larger particles that appear to be aggregations of smaller particles,
with a greater variety of particles formed.

The formation of CdS nanoparticles represents a beautiful example of
a detoxification biomineral. These organisms have evolved a tightly con-
trolled detoxification scheme that involves the preorganized availability of the
PCS enzyme to generate a sequestering, capping template. Activation of PCS
yields the formation of phytochelatins, which act to recognize and bind the
free metal ion through the peptide thiol moieties and sequester it in vac-
uoles. Inside the vacuoles, Cd2+ is released from the Cd2+/PC2 complex and
coprecipitated with sulfide to produce nontoxic CdS nanoparticles that are
exported outside the cell, rendering them harmless to the organism. Simi-
lar to the biomineralization of free heme into hemozoin, the formation of



174 C.K. Carney et al.

CdS nanoparticles occurs inside a defined vacuolar space where the resulting
particles are no longer able to harm the organism.

3
Noble Metal Biomineralization

Compared to the previously presented cases of hemozoin and CdS, the detox-
ification of noble metals represents an emerging story in the biochemistry
of a detoxification biomineral. Noble metals such as silver and gold are nat-
urally found in sea water, soil, and rocks in nanogram to microgram levels.
While silver and gold are not the most reactive metals on the periodic table,
they are able to act as electron sinks disrupting vital respiratory enzymes and
electron transport within organisms. Silver can also block the permeability
of the outer membrane, inhibiting growth [54, 79]. As a result, trace amounts
of these metals can have detrimental effects on an organisms. Consequently,
biological systems have been using biomineralization (Table 2) as a type of
detoxification mechanism for noble metals for over 2.8 billion years [80], as
witnessed by placer gold deposits around the world. Biomineralization detox-
ification of silver and gold metal ions can be accomplished by way of three
different modes: intracellular, extracellular, and intercellular.

Table 2 Summary of noble metal detoxification nanoparticles

Organism Species Product Size Shape SPRB Location
(nm) (nm)

Actinomycete Rhodoccous sp. Au 5–16 Spherical 550 Intracellular
Bacteria Pseudomonas Ag 2–200 Hexagonal, n/a Intracellular

stutzeri AG259 triangular
Fungus Verticillium sp. Au 12–28 Spherical 540 Intracellular
Fungus Verticillium sp. Ag 13–27 Spherical 450 Intracellular
Fungus Fusarium Au 20–40 Spherical, 545 Extracellular

oxysporum triangular
Fungus Fusarium Ag 5–50 Spherical, 413 Extracellular

oxysporum triangular
Actinomycete Thermomono- Au 7–12 Spherical 520 Extracellular

spora sp.
Plant Pelargonium Au 20–40 Rods, 551 Extracellular

graveolens triangular,
spherical

Plant Pelargonium Ag 16–40 spherical, 370 Extracellular
graveolens ellipsoidal

Plant Alfalfa Au 2–20 Spherical n/a Intercellular
Plant Alfalfa Ag 2–20 Spherical n/a Intercellular
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Many features of intracellular detoxification of silver and gold are remi-
niscent of other biomineralization detoxification schemes. The reduction of
the metal ion results in the formation of metal nanoparticles that deposit
primarily in the cell wall or the cytoplasmic membrane, well-removed from
the mitochondrial respiratory chain, in a process that does not inhibit cellu-
lar growth. Genetically encoded resistance is a common mechanism of silver
detoxification and is exemplified by Pseudomonas stutzeri AG259, a bacteria
that was first isolated from the soil near a silver mine in Utah. This bac-
terium was found to contain three plasmids (small circular DNA molecules
that possess genes). The largest of the plasmids was pkk1 (MR = 49.4×106),
which contained genes encoding resistance to silver [81]. For Pseudomonas
stutzeri AG259 Ag+ is reduced to nontoxic Ag0 in the form of triangular,
hexagonal, and spherical Ag0 and Ag2S nanoparticles found in vacuole-like
granules (ranging from a few to 200 nm in diameter) between the outer
and the plasma membranes [82]. Haefeli et al. proposed the possibility of
a bioreduction pathway involving a metallothionein-like molecule [81], while
Slawson et al. proposed an energy-dependent pathway [83]. The flat triangu-
lar and hexagonal morphologies were thought to be caused by the confined
space resulting in the observed plate-like morphology, allowing growth along
the crystallographic plane bearing the highest atomic density [84]. This is
perhaps an orchestrated process of regulation resulting from the simple allo-
cation of bioreductants. On the other hand, it is possible in a test tube to form
silver and gold nanoparticles with GSH in which GSH acts as both a sacrificial
reductant (GSH-GSH is the product) and as capping ligand. If there is more
stress than the intracellular reductant pool of GSH can handle, S2

– production
may be upregulated. This proposed mechanism harkens back to the detoxi-
fication of Cd2+ discussed earlier whereby the phytochelatins (formed from
GSH) act to scavenge the free metal and eventually act to cap the growing CdS
nanoparticles.

Verticillium fungal cells can detoxify Ag+ and both Verticillium and the
noval alkaloterant actinomycete, Rhodococcus sp. have been found to form
intracellular gold nanoparticles after incubation with millimolar concentra-
tions of Au3+. These organisms alleviate toxicity by reducing the metal cation
to nontoxic zero-valent nanoparticles [85, 86]. Exposure of Verticillium fungal
cells to high micromolar concentrations of Ag+ for 72 h resulted in the forma-
tion of spherical silver nanoparticles uniformly distributed on the cell surface
with average sizes of 25±12 nm. Similarly, exposure to Au3+ leads to the re-
duction to Au0, forming nanoparticles of 20 ± 8 nm in size as observed by
TEM. Gold nanoparticles of 100 nm were also observed inside the cytoplasm,
displaying triangular and hexagonal particles as well [85]. Rhodococcus sp.
was also found to form intracellular gold nanoparticles after incubation with
millimolar concentrations of Au3+ for 24 h. Not only was formation more
rapid than Verticillium (24 v. 72 h), the nanoparticles demonstrated much
more monodispersity, averaging 9 ± 2 nm in diameter [87]. In all of these
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cases, the aqueous medium of the reaction remained clear, indicating that
no extracellular reduction of the metal ions was occurring. This was fur-
ther substantiated by the lack of plasmon absorbance in the UV-vis of the
medium after reaction completion. If the reduction were occurring extra-
cellularly, there would have been characteristic surface plasmon resonance
bands (SPRB) at 450 nm for silver and 540 nm for gold [85, 86] in the UV-
vis of the medium. In the case of Verticillium, Mukherjee et al. proposed that
the metal cations are first trapped at the cell surface via electrostatic interac-
tions. The positively charged metal ions were proposed to interact with the
negatively charged carboxylate groups of enzymes in the cell wall [85, 86].

Previously, it was shown that sugar-persubstituted poly(amidoamine)den-
drimers can spontaneous reduce Au3+ to form gold nanoparticles; therefore,
it is possible that sugars may be potential cell wall ligands in this case [88].
Mukherjee et al. investigated this possibility by treating fungi of different gen-
era with Au3+ under exactly the same conditions as for Verticillium. Since this
did not result in intracellular formation of nanoparticles, it was concluded
that sugars cannot possibly be the reducing reagents. The authors also argued
that as most of the gold nanoparticles form on the cytoplasmic membrane,
sugars can be ruled out as the reductants [85]. While their evidence is inter-
esting, the involvement of sugars in trapping the metals cannot be completely
ruled out without further study. Once trapped, the cationic metal is reduced
by cell wall enzymes leading to the formation of metallic nuclei, which grow
by further reduction of metal ions and accumulation on these nuclei. Similar
chemistry has been observed in the cowpea chlorotic mottle viruses of un-
modified SubE (yeast). Here, surface tyrosine residues of the virus provide
electrons sufficient to reduce the gold [89]. Similarly, the tyrosine residues of
the cell wall enzymes may be reducing the trapping metal ions. Since there
was no evidence of AgS or AuS nanoparticles, Mukherjee et al. proposed that
the reduction cannot be mediated by glutathione [85, 86]. However, the au-
tooxidation of GSH releases electrons that would be able to reduce the metal
without the direct involvement of the GSH thiol. GSH is the major intracellu-
lar reductant and as such is the cell’s electron reservoir, making it possible for
GSH to be involved in the reduction of silver and gold without introducing S2–

into the nanoparticle structure.
EM studies revealed a higher concentration of the gold particles in the cy-

toplasm of the cell with smaller concentrations on the cell wall in Rhodococcus
sp., perhaps indicating a different mechanism of reduction and nanoparti-
cle formation to that in Verticillium. Powder X-ray diffraction (XRD) analysis
of actinomycete films clearly showed the (111), (200), (220), and (311) Bragg
reflections indicative of highly crystalline Au0. Sastry et al. noted that the
intensity of the (311) reflection in relation to the normally most intense
(111) reflection indicated a degree of oriented growth. While the mechan-
ism of detoxification is entirely unexplored, Sastry et al. propose that it is
either similar to Verticillium, whereby it is controlled by enzymes present
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in the cell wall, or perhaps it is mediated by insoluble proteins in the or-
ganism similar to calcium carbonate crystal formation [87]. Neither of these
mechanisms makes a cohesive argument. Clearly, the mechanism is differ-
ent from Verticillium as there are more particles found in the cytoplasm with
greater monodispersity. The results are indicative of a more oriented, more
controlled growth but suggesting a mechanism similar to calcium carbonate
formation is not a well formed alternative. The exquisite control over shape
and form displayed in the shells indicates a much more complex formation
than for the simple spheres of Rhodococcus. Without a doubt, significantly
more careful research is required to determine the mechanism of nanoparti-
cle formation in this organism.

While very little information is currently available about the discrete bio-
chemical mechanisms of intracellular detoxification of silver and gold, there
is a great deal more known about extracellular detoxification. Here, there is
definitive evidence for the role of proteins in the reduction of the metal ions.
Exposure of the fungus Fusarium oxysporum to millimolar Ag+ for 72 h led to
the extracellular formation (monitored in the UV-vis at 413 nm) of extremely
stable spherical and triangular silver nanoparticles ranging in size from 5 to
15 nm in diameter [90]. In addition to the plasmon band at 413 nm, a sec-
ond absorption at 270 nm suggested the presence of proteins released into
the aqueous medium [90]. Similarly, geranium (Pelargonium graveoleus) leaf
broth forms stable extracellular silver nanoparticles of 16–40 nm in diameter
upon exposure to Ag+ with 90% reaction completion at 9 h [91]. Exposing
F. oxysporum and geranium leaves to Au3+ led to similar results. Here, the
extracellular formation of gold nanoparticles between 20–40 nm in diameter
is observed after 48 h and 60 min, respectively. The extremeophilic actino-
mycete Thermomonospora sp. also reduced Au3+ to form stable spherical Au0

nanoparticles of ∼ 8 nm in diameter extracellularly after 120 h of incuba-
tion [92]. The mechanism behind formation of the gold nanoparticles was
proposed to be identical to the silver nanoparticle formation [93, 94]. In all
cases, examination of the media using FT-IR demonstrated bands consistent
with protein presence in the medium. Bands at 1650 and 1540 cm–1 indicated
amide I and II bands due to the carbonyl stretch and – N – H stretching vibra-
tions in the amide linkages of the proteins, respectively. A band at 1450 cm–1

was interpreted as the methylene scissoring vibrations.
Geranium leaves contain high levels of terpenoids, which may also play

a role in nanoparticle formation and stabilization. Terpenoids are primarily
composed of citronellol and geraniol with a minor contribution of linalool.
The C= C of these alcohols may account for the stretch at 1607 cm–1. If ter-
penoids are involved in nanoparticle formation, extraction of the terpenoids
from the geranium leaves, followed by incubation with either Ag+ or Au3+,
should result in the formation of nanoparticles [91, 94].

Further analysis using gel electrophoresis demonstrated the presence of
at least four high molecular weight (10–66 kDa) proteins in the extracellu-
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lar medium of F. oxysporum geranium leaves, and Thermomonospora sp. Gel
electrophoresis was the only method utilized to identify the nature of the
molecules in the medium. It would be extremely beneficial to have identifi-
cation of these proteins using N-terminal sequencing and/or mass spectrom-
etry. Once identified, the mechanism of reduction could be deduced, either
from the known function of the proteins or by further biophysical character-
ization. Additionally, the presence of specifically four protein bands in the gel
electrophoresis for a variety of organisms begs the question of how well the
bands are resolved. The gel electrophoresis data is not shown in the literature
but if the bands are not well resolved, it may be worthwhile to examine the gel
matrix to determine how to achieve better resolution. In the case of F. oxys-
porum, the authors proposed that one of the proteins was a NADP-dependent
reductase enzyme, based on their finding that nanoparticle formation could
be induced by adding NADP to a solution of Ag+ and the protein-containing
medium. Without NADP, no nanoparticle formation was found to occur, in-
dicating that the enzyme in the medium responsible for reducing the Ag+ to
Ag0 must be NADP-dependent. However, there was no control reported to see
if NADP alone (an electron reservoir itself) could reduce the metal.

These proteins were organism-specific and Sastry et al. proposed that they
play an important role not only in the reduction of the silver ions but also in
the formation of the silver nanoparticles. The TEM and optical microscopy
studies of the nanoparticles formed by F. oxysporum showed no flocculation
and very little aggregation of the particles. This would result in the observed
increased stability as well as control the particle growth. The authors pro-
posed binding of protein to the surface of nanoparticles, which has been seen
in other systems where it does not affect the tertiary structure of the pro-
tein [90]. In geranium leaves, Sastry et al. noticed the formation of a strong
plasmon resonance band at 440 nm and a shoulder at 370 nm in the UV-vis,
which they assign to the longitudinal plasmon and tranverse vibrations, re-
spectively. The authors attributed the presence of these two distinct peaks to
an open quasilinear superstructure formed by the nanoparticles. The morph-
ology of the particles was predominantly spherical with a small percentage
being ellipsoidal (Fig. 12). The particles did appear to have assembled into
“stringlike” structures, the open, quasilinear superstructure indicated in the
UV-vis. However, it is possible that the quasilinear structures observed in
the TEM may be an artifact due to the drying process on the TEM grid and
not actual morphologies. This structure should be further examined in order
to verify the assembly of such quasilinear structures. Further, TEM imag-
ing revealed a 5 nm coating around the nanoparticles that was proposed to
be a bioorganic component in the broth [91]. While Sastry et al. proposed
this coating to be protein capping of the nanoparticle, the TEM only really
shows carbonatious material on the surface. If protein capping is truly oc-
curring in either of these organisms, than a simple kill reaction in which the
nanoparticles are analyzed by degradation would result in verification of sur-
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Fig. 12 TEM images of extracellularly produced gold nanoparticles formed in geranium
leaves

face proteins. Without this type of analysis, the idea of protein capping in this
case is merely speculation.

Some organisms utilize both an intra- and an extracellular mechanism of
detoxification. One example is found in bacterial strains of Lactobacillus iso-
lated from buttermilk. Here, the silver and gold cations would be reduced
extracellularly by l-lactic acid (a component of whey protein) or by charged
carbohydrates, forming small clusters. These small clusters may then perhaps
be coated with sugars that allow them to be transported into the bacterium.
Once inside, the smaller particles are sacrificed to the formation of larger
particles. Exposure to Ag+ and whey protein results in the formation of Ag0

clusters within 12 h with a bimodal distribution in sizes centered around
15 and 500 nm. The coalescence of the larger particles inside the bacterium
resulted in the protrusion of the particles into the cell wall lining, and even-
tual cell wall rupture with preservation of the bacterial contour (Fig. 13) [95].
Exposure to Au3+ resulted in a bimodal distribution of Au0 nanoparticles
ranging in size from 20–50 and > 100 nm in size. The smaller clusters are
found both outside and inside the bacterium but the larger crystals, mainly
hexagonal morphologically, are found exclusively inside. Very little is known
about the supramolecular preorganization or the interfacial recognition of
the silver and gold cations in this system except that it may involve proteins
and sugars [95]. Alfalfa plants utilize a similar scheme whereby exposure to
Ag+ or Au3+ results first in the reduction of the metal ion in the solid me-
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Fig. 13 Electron micrograph of intercellularly formed gold nanoparticles formed in Lac-
tobacillus strains. Arrows indicate where the nanoparticles are being pushed out of the
bacterium

dia, followed by active transport into the roots, and eventually to the shoots as
spherical Ag0 or Au0 nanoparticles 2–20 nm in diameter [96, 97]. Currently,
there is little known about intercellular detoxification. Potentially, the organ-
isms are releasing reducing agents into the agar medium. Extraction and
gel electrophoresis techniques would determine if these reducing agents are
proteins and if so, N-terminal sequencing and/or mass spectrometry could
aid in their identification. Further investigations are needed to explain how
the nanoparticles are brought inside the organism. Are these nanoparticles
trapped inside by ion flux mechanisms or actively transported inside the or-
ganism? Biologically, we know little about the detoxification of silver and
gold via biomineralization pathways, especially when compared to the other
systems described, but research efforts based on the principles of biominer-
alization will provide rational hypotheses to pursue.

4
Summary

Biominerals are most often considered in either their more traditional roles
as critical structural components of organisms (e.g., teeth, the siliceous shell
of diatoms) and important ion reservoirs for cellular function (Ca2+ and
bone) or in their highly evolved functional roles (e.g., magnetotactic sensing,
bouyancey/balance regulation) [53]. Increasingly, it is becoming apparent
that biominerals also play an important protective role by acting as critical
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detoxification sinks within certain organisms. Thus, organisms ranging from
protozoa to eukaryotes utilize the same principles of biomineralization (cel-
lular processing, supramolecular organization, and interfacial recognition) to
form such materials as Abalone nacre to efficiently remove potentially toxic
species from their immediate environment. Thus, as understanding how bio-
logical systems exert their nanoscale control over structural biominerals has
provided important biomimetic routes to novel materials synthesis, similar
advances in both therapeutic development and materials synthesis and can be
made through the study of detoxification biominerals.

If the hypothesis is that HRP does in fact mediate the formation of hemo-
zoin within the digestive food vacuole, there are several limiting cases in
which the inhibitors may disrupt its aggregation (Scheme 2). An inhibitor
may bind the heme substrate in such a manner that the heme–inhibitor com-
plex cannot be recognized by the template. Alternately, a drug could interact
with the template, blocking the heme binding site. Finally, a hemozoin ag-
gregation inhibitor might trap the heme bound to the template, preventing
formation of the dimeric unit or nucleation of the extended crystallite. An
important realization is that each of these possible modes of inhibition are
predicated upon classical biomineralization concepts of electrostatic, geomet-
ric, and stereochemical complementarities that explain the forces dictating
how the heme substrate may interact with the crystallization template [98].
The power of these concepts has recently been demonstrated by Marletta
and coworkers, who employed HRP II-mediated formation of hemozoin as
a screen against which to test new libraries of compounds for antimalarial
activity [99]. Similarly, Wright and coworkers have used their bionucleating
templates as a proxy for HRP II to examine the mode of efficacy of a number
of different classes of inhibitors, including other metalloporphyrins [100] and

Scheme 2 Potential inhibition pathways to hemozoin aggregation
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unique Schiff-base metallodrugs [101]. In each of these cases, inhibitors that
act in all of the imagined functions have been discovered that may one day
result in new treatments for malaria.

Similarly, the unique biominerals formed as a result of the detoxification
of heavy metals such as cadmium provide new approaches to thinking about
nanoparticle synthesis. When challenged by high levels of Cd2+ ions, a var-
iety of species will precipitate a small peptide-encapsulated CdS nanoparticle.
From the perspective of nanotechnology, this is a fascinating process. Not
only does the organism control the size of the nanoparticle by using an
iso-peptide encapsulating ligand, it adds considerable chemical functional-
ity to that surface; a functionality that stands in sharp contrast to typical
hydrophobic TOPO ligands or to the complex ligand exchange methodolo-
gies required to create water-soluble nanoparticles in the laboratory. Indeed,
phytochelatins represent an intriguing starting point for the identification of
functional ligands capable of stabilizing CdS nanoparticles.

The relationship of ligand structure to the chemical and physical proper-
ties of nanoparticles is a central theme in nanomaterials chemistry. While
there have been significant advances in the strategies for the synthesis of
the materials, they have been largely empirical. In contrast, by leveraging
the evolutionary success of the cadmium ion detoxification pathways in cer-
tain plants, fungi, and bacteria, Wright and coworkers have been able to
employ combinatorial peptide synthesis using a library based on the n = 3
phytochelatin to predict the molecular weight, dispersity, and photophysi-
cal properties of the CdS nanocluster simply on the basis of the stabilizing
ligand [102]. This type of approach emphasizes the power of understanding
unique biological detoxification systems to impart new properties and func-
tionality into materials. Indeed, the elucidation of the detailed mechanisms of
noble metal detoxification may provide a similar advance in the synthesis and
control of that class of nanoparticles.
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