Biophysical Chemistry 153 (2011) 126-153

Contents lists available at ScienceDirect

BIOPHYSICAL
CHEMISTRY

Biophysical Chemistry

journal homepage: http://www.elsevier.com/locate/biophyschem

Review

Gastropod nacre: Structure, properties and growth — Biological, chemical and
physical basics

Fabian Heinemann *!, Malte Launspach *', Katharina Gries *°, Monika Fritz **

2 Biophysics Institute, University of Bremen, Otto-Hahn-Allee, 28359 Bremen, Germany
b Solid State Physics Institute, University of Bremen, Otto-Hahn-Allee, 28359 Bremen, Germany

ARTICLE INFO ABSTRACT
Article history: The biogenic polymer/mineral composite nacre is a non-brittle biological ceramic, which self-organises in
Received 3 September 2010 aqueous environment and under ambient conditions. It is therefore an important model for new sustainable

Received in revised form 8 November 2010
Accepted 8 November 2010
Available online 19 November 2010

materials. Its highly controlled structural organization of mineral and organic components at all scales down
to the nano - and molecular scales is guided by organic molecules. These molecules then get incorporated into
the material to be responsible for properties like fracture mechanics, beauty and corrosion resistance. We
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laminated safety glass - nacre self-organises in an aqueous environ-

Abbreviations ment and under ambient conditions.
These biominerals produced by many organisms are character-
SEM scanning electron microscopy ised by high functionality and outstanding properties compared to
TEM transmission electron microscopy their abiogenic counterparts. They are usually formed at ambient
AFM atomic force microscopy conditions, their components are nontoxic and they are well adapt-

EDTA ethylenediaminetetraacetic acid

HR-TEM high resolution transmission electron microscopy
FIB focused ion beam

PIPS precision ion polishing system

EDX energy dispersive X-ray spectroscopy

EELS electron energy loss spectroscopy

X-PEEM X-ray photoelectron emission spectromicroscopy
IGF insulin growth factor

WAP whey acidic protein

MW molecular weight (in Da)

XANES  X-ray absorption near edge spectromicroscopy

WGA wheat germ agglutinine

SDS-PAGE sodium dodecylsulfate polyacrylamide gel electro-
phoresis

ACC amorphous calcium carbonate

PIC polarisation-dependant imaging contrast

Symbols

wt.% weight percent

E Young modulus

& strain

o stress

P density

K aspect ratio

v Poisson ratio

A area

Wexe external work

Wela elastic work

G, J energy release rate

Ge Jo, R critical energy release rate

a crack length/crack extension

o volume fraction

h platelet height

b% surface energy

T shear strength

Gp shear modulus of organic phase

B equilibrium lattice spacing of atoms

n,m material constants

1. Introduction

600 million years ago a biogenic composite arose in ancestors of
our nowadays snails and bivalves, which is still the protective
structure to prevent the animals from being fed by predators.
Unlike comparable man-made materials - for example, ceramics or

ed to the circular flow of material in the living world due to evo-
lutionary pressure. Biominerals are therefore important models for
new sustainable materials. One of the best studied biomineral is
the iridescent part of the shells of gastropods and bivalves — nacre
(Fig. 1A).

The structure of nacre is studied since many years and early
scanning and transmission electron microscopy investigations in the
60s to 80s showed already the fascinating structure of the material
[1-4] (Fig. 1B) with mineral layers of a height of about 0.5 um highly
organized in up to 2000 vertical units. The material, which is formed
in a self-organisation process is a composite of a small amount of
organic material between these mineral layers giving the exceptional
mechanical properties [5,6]. The single layers of minerals are formed
by small crystals (platelets or tablets) with a diameter of 5 to 10 pm,
which contact each other on either lateral boundary (Fig. 1C).

Thus it is obvious that one of the essential features of the com-
posite nacre is its highly controlled structural organization of mineral
and organic components at all scales down to the nano- and
molecular-scale. The process of mineral formation can be called an
“organic matrix-mediated” [7] process, where the organic material
first guides the process of mineralisation by molecular recognition
and interactions during growth and then gets incorporated into the
material to be responsible for properties like fracture mechanics,
beauty and corrosion resistance in sea water.

The material formed in a self-organised manner is a polymer/mineral
composite, a non-brittle biogenic fiber-inforced ceramic and a beautiful
material with rainbow colour iridescence. It is made of non-toxic com-
ponents, which are highly available in nature.

The outstanding properties of this biological material have gained
widespread interest between the different disciplines in science like
geology, biology, chemistry, physics and materials science.

The beauty and mechanical properties of nacre are both due to the
highly organised structure and the hierarchical construction. The high
ratio of mineral to organic constructed in a brick and mortar like
fashion leads to a seemingly contradictory combination of strength,
toughness and elasticity. An account for the fracture resistance may
be the strong interaction, intimate association and binding between
organic and inorganic phase, which shows the importance of the
interaction on the molecular scale.

After secretion by the epithelial cells organic molecules act in
solution and as insoluble organic template on the polymorph selec-
tion, structure and morphology of the aragonite inorganic crystals.
The importance of electrostatic binding or association and geometric
epitaxis between biological molecules and inorganic ions and/or sur-
faces is evident.

Biomimetic strategies based on these principles may be important
energy conserving routes for sustainable materials, because biogenic
polymer/mineral composite materials are usually fabricated by
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Fig. 1. Nacre of the shell of Haliotis laevigata. A. Photo of the inner, iridescent part of the
shell. B. Scanning electron microscopy (SEM) image of a cross fracture surface of nacre.
The mineral crystals are pseudohexagonal aragonite crystals (platelets or tablets) with
a diameter of 5 to 10 um and a height of about 0.5 um, which form confluent mineral
layers. The layers are highly organised and the nacreous part of a shell of a larger animal
(15to 20 cmin length) may bear up to 2000 of these vertical layers. C. Close-up view on
the platelets. The surface is corrugated and there is a pronounced structure in the center
(arrow).

the organisms at mild conditions like ambient temperature and
pressure.

For materials science the development of new strategies in the
controlled synthesis of inorganic phases at the micro- to nanometer
scale crystal engineering of bulk solids and assembly of organized
composite and ceramic materials is a future perspective of great
importance. Nacre is therefore a promising model for new polymer/
mineral composite material synthesis.

We want to report here on the structure, properties and growth
of columnar (gastropod) nacre with emphasis on the genus Haliotis

(abalone) in contrast to sheet nacre of many bivalves. Most frequently
abalone nacre from the species H. rufescens (red abalone) and H. laevigata
(greenlip abalone) is investigated. For these species, the dimensions of
the individual mineral layers are similar, whereas other less frequently
used species such as H. iris and H. fulgens are known to have somewhat
thinner mineral layers [8]. For a review on sheet nacre please see a recent
review from Meyers et al. [9].

2. Structure

The shell of most of the gastropod snails is divided into a calcitic
and an aragonitic part [10]. Both of them are calcium carbonate
polymorphs with the same chemical formula (CaCO3) but different
crystal structure.

2.1. Coarse structure of nacre

2.1.1. The mineral part

The shell is composed of more than 95 wt.% of mineral. When
aragonite is present in a shell it is located in the inner part, facing the
animal. The surface is very smooth and usually shows two different

Fig. 2. SEM images of a longitudinal fracture surface of nacre of the shell of Haliotis
laevigata. A. The mineral layers are constructed of confluent polygonal platelets with a
diameter of 5 to 10 pm. In the middle of each platelet a distinct structure is visible
(black arrows). Possibly the contact area with the next vertically connected platelet. B.
Close-up view on one of the platelets showing their tight connection to each other
(white arrows).
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structures: the edge region or growth front, which looks whitish and not
iridescent (for explanation see Section 3 of this review, Fig. 19) and the
main part, which is very shiny and displays all rainbow colours.

Nacre is constructed of confluent tablets, with a diameter between
5and 10 um (see also sketch in Fig. 3) forming a hierarchical structure
with two levels — the single platelets itself as the subunit and the
material composed of these platelets [11].

Looking at a cross fracture surface of nacre in the tens of micrometer
range several different structures appear. The main ones are the highly
organised aragonitic layers formed during the growth period and
interdispersed mesolayers, which were created at periods, when in
certain intervals no growth takes place [12,13]. The mesolayers are
aragonitic block-like structures (TEM data, not shown). At the growth
front, where the shell expands, “stacks of coins” are visible composed of
aragonite platelets, where new single crystals appear before the
underlying ones are confluent [14-17] (see also Section 3).

In a longitudinal fracture surface (Fig. 2) several layers (Fig. 2A) of
mature nacre are displayed. The polygonal aragonite platelets are
in close contact to each other (Fig. 2B, white arrows). There is a
distinct structure in the middle of each platelet (Fig. 2A, black arrows),
which might be the remnants of a mineral bridge (contact area be-
tween vertically connected tablets) and/or a different composition of
the mineral.

2.1.2. The organic part, coarse structure

It is a central tenet in biomineralisation, that the organic matrix
governs nucleation and growth of the mineral phase [5,17-20].
Although the organic phase represents less than 5 wt.% of nacre, it

seems to be responsible for many processes taking place during shell
formation.

At a first glance in SEM and TEM images, we find, that a large portion
of the organic matrix is associated in layers between the aragonitic
tablets (Fig. 3). In Fig. 1A SEM data are shown, where the growing
crystals of the “stacks of coins” are visible. The vertical consecutive
layers are interspersed with organic layers (Fig. 3A, black arrows), which
could be detected because the sample has been treated with glu-
taraldehyde (2.5%), a crosslinking agent for proteins, before imaging.
The upper part of the shell faces the animal and the epithelial cells of
the mantle tissue (see also 20A). Several layers of organic sheets
are deposited first by the animal, which are then grown in by aragonite
crystals (Fig. 3A, black arrows) [21] through pores of diameters ranging
from 50 to 200 nm [13,22]. In TEM images (Fig. 3B) of embedded,
glutaraldehyde treated, EDTA (ethylenediaminetetraacetic acid) demi-
neralised thin sections the structure of the interlamellar sheets can be
obtained (Fig. 3B, black arrows). Besides these interlamellar sheets thin
vertical walls are visible in the demineralised and the mineralised
sample (Fig. 3B and C, white arrows). Thus we find in the coarse
structure two distinct features, the “multi- or interlamellar sheets” [17]
and vertical thin walls also called “intertabular matrix” [23]. The
interlamellar sheets (or matrix), each constructed of several layers (and
therefore also often called “multilamellar sheet”), are located along the
mineral layers (usually horizontally). In sheet nacre Rousseau et al.
showed AFM images of a foam like structure, which is attributed to
intracrystalline proteins [24]. In columnar nacre it is also assumed that
protein molecules are embedded into the mineral tablets. These
proteins form the third organic feature — the intracrystalline proteins.
A sketch of the coarse structure of nacre is shown in Fig. 3D.
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Fig. 3. Coarse structure of the water-insoluble organic layer of the shell of Haliotis tuberculata (A and B) and laevigata (C). A. SEM image of a glutaraldehyde treated and critical point
dried section of the growth front. Organic layers (black arrows) are visible between each of the mineral platelets spanning also the distance between the platelets in the “stack of
coins”. B. TEM image of an embedded section of the demineralised growth front. The horizontal organic layers are connected by vertical organic structures (white arrows), the
intertabular matrix (see also Section 2.3). C. TEM image of a thin section of mature nacre. The organic matrix surrounds each tablet (black and white arrows). D. Sketch of the growth
front of nacre. Shown are the “stacks of coins” and confluent mature nacre. The interlamellar sheets (matrix) are secreted first and their interspaces get probably filled then by a gel of
silk/fibroin-like proteins. Aragonite platelets grow between the interlamellar matrix until they are confluent. The platelets contain voids (probably filled by intracrystalline proteins)
and are connected by mineral bridges. Laterally between the platelets there is an intertabular matrix, which might consist of collagen and/or silk/fibroin-like proteins.
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Thus we find three protein groups, which we can classify by the
coarse structure of the organic part.
A classification due to preparational issues is given in Section 2.3.

2.2. Fine structure of mineral platelets

2.2.1. The single platelet in nacre

It is generally accepted that the single, polygonal shaped platelets
are crystals with roughly horizontal a and b axes (parallel to the
interlamellar matrix) and roughly vertical c axis (perpendicular to the
interlamellar matrix). The aragonite unit cell is orthorhombic with an
a and b axis spacing of 4.95 and 7.96 A and a c axis spacing of 5.74 A.

The orientation of the crystallographic parameters have been
studied by several groups. Whereas the morphology in geologically
grown aragonite is needle like, with the fast growing axis being the ¢
axis, gastropod nacre crystals are tabular (“tablets” and “platelets”)
[14,25]. Tablets for new mineral layers grow in small stencils or needles
in the fast growth direction c¢ (along the (001) direction) until they reach
a height of about 500 nm, then they broaden in a and b direction until
they become confluent [1,2] by reaching the lateral next tablet at a
diameter of 5 to 10 pm (see also Section 3).

The question, why nature constructs nacre from subunits in the
micrometer range, might be answered by considerations of Gao et al.,
who modelled the fracture strength of mineral platelets with in-
corporated proteins (flaws). Their model implies, that material con-
structed from nanometer subunits might be less sensitive to flaws [34]
(see Section 2).

There is an ongoing discussion if one tablet (or even several tablets
in vertical direction) is (are) a single crystal. In 1935 Swamy [27],
reported about X-ray diffraction measurements on gastropods and the
genus Haliotis. He stated that the platelets in three different Haliotis
sp. are single crystals with slightly different (but somewhat preferred)
a and b axes orientation along the columns. Which kind of Haliotis sp.
he used for the measurements is not stated. In some other work
[28,29] it is shown, that each tablet is divided in sectors by organic
membranes in the vertical direction. The 2 to 50 sectors can be made
visible by slight demineralisation of the tablets.

Investigating shell microstructure and crystallographic textures
(distribution of crystallographic orientations of a polycrystalline sam-
ple) and their interplay in different shells of different mollusc groups
in SEM and X-ray analysis, Chateigner et al. [30] conclude that there
is no clear relationship between shell microstructures and crystallo-
graphic orientation. Crystallographic properties do not determine
the morphology of the shell and the structure of the shell does not
determine the crystallographic orientation. Thus both features are
thought to be independent. Other authors find, that the aragonite
tablets are single crystals with one or multiple twins [2,16].

To answer the question whether aragonite tablets in nacre are
single crystals or built-up by many oriented nanocrystals and/or
several larger sections, detailed TEM studies would be necessary.

One would expect from the surface of an ideal crystal being smooth
and flat; the surface of aragonite platelets in nacre is pretty rough
and corrugated (see Fig. 1C). It possesses nanoasperities, with some
of them even protrude the interlamellar matrix as mineral bridges
(Fig. 4) [31,32]. The nanoasperities show a diameter of 30 to 100 nm

Fig. 4. Cross section of a thin lamella imaged in HR-TEM (high resolution transmission electron microscopy). A. TEM image of a mineral bridge, oriented in zone axis (010). A piece of
nacre was cut with a diamond saw, thinned first mechanically and afterwards with a gallium ion beam in the FIB (focused ion beam) to a thickness of about 50 nm. B. Lattice planes of
the crystalline material aragonite. It is obvious that the crystals protrude through the interlamellar matrix without changing the orientation supporting the idea that the platelets are
connected by mineral bridges. C. TEM image of a thin lamella (cross section) of a platelet. The faceted voids (arrows) are clearly visible. D. Model of a void drawn from different

perspectives. The lattice constants and the crystallographic orientation are specified.

Reprinted from Gries, K., Kroger, R., Kiibel, C.,, Schowalter, M., Fritz, M., and Rosenauer, A. (2009) Correlation of the orientation of stacked aragonite platelets in nacre and their
connection via mineral bridges, Ultramicroscopy 109, 230-236, with permission from Elsevier [32] and Gries, K., Kroger, R., Kiibel, C., Fritz, M., and Rosenauer, A. (2009)
Investigations of voids in the aragonite platelets of nacre, Acta biomaterialia 5, 3038-3044, with permission of Elsevier [35].
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and a height of about 10 nm. The diameter of the mineral bridges in
the range of 30 nm and the density of both features together
(nanoasperities and mineral bridges) has been measured to be about
90 to 120 um™~2 [21,33]. Apart from these small corrugations of the
platelet surface there is a waviness in terms of a larger wavelength
undulation of the surface on the several micrometer range [112].
Nanoasperities and waviness are thought to have an influence on the
mechanical properties (see Section 2).

For the growth of nacre in gastropods (and bivalves) there are
several hypotheses (see Section 3). One of them include the mineral
bridges growing through pores in the organic matrix being respon-
sible for the nucleation of the next vertical tablet growth in c-direction
maintaining the crystallographic alignment. The existence of the
mineral bridges has been proven by visualising lattice planes of the
crystalline material aragonite in HR-TEM (high resolution transmis-
sion electron microscopy). It is obvious that the crystals protrude
through the interlamellar matrix without changing the orientation,
because the lattice planes can be detected over the whole distance
from the lower to the upper platelet (Fig. 4B).

Another puzzling feature of the platelets is that they obviously are
not through and through solid, like one would expect from a crystal

(single and/or polycrystalline), but that there are faceted intracrystal-
line voids several nanometers in diameter (Fig. 4C and D) [35]. The
calculated volume in a platelet is about 0.2%. EDX (energy dispersive
X-ray spectroscopy) and EELS (electron energy loss spectroscopy)
measurements indicate a higher concentration of carbon in the voids
in comparison to the bulk material, which could be a hint for organic
material in the voids (intracrystalline proteins for instance).

2.2.2. Ordering of nacre tablets in and between columns

The nacre platelets are horizontally aligned in layers and vertically
in columns. The orientation of platelets in the layers and columns has
been investigated by HR-TEM, synchrotron spectroscopy and X-PEEM
(X-ray photoelectron emission spectromicroscopy). To know the
precise orientation of the crystals in the layers and columns could
eventually help to unveil the secret of nacre growth. Important in-
formation is given by Metzler et al. and Gilbert et al. in [36-38]. They
find, that the aragonite tablets in the first layer do have their c axis
not perfectly aligned to each other with a gradually developing order
with the distance of 50 um from the boundary between calcite and
aragonite in Haliotis (Fig. 5). They conclude that this is due to crystal

- h -
o =

e |

Fig. 5. Images of the orientation of nacre tablets in Haliotis rufescens. A. Experimental PIC (polarisation-dependant imaging contrast) data on nacre ordering at the nacre (top) to
prismatic calcite (bottom) boundary. Tablets with the same grey level do have the same crystal orientation. The ordering in c-direction is increasing from the boundary to the volume
fraction. B. Data from simulations, where each layer of tablets is given to complete before the tablets of the next one are nucleated. The different grey levels indicate different growth
rates. The ordering in c-direction is gradually increasing. C. High resolution carbon PIC map of H. rufescens nacre near the boundary between nacre and prismatic calcite. Co-oriented
tablets in the same stack show similar angles (black arrows) in horizontal tablet-tablet contact. This can also be seen in the boundaries between the tablets 1 to 6 and the horizontally
adjacent ones. D. Schematic representation of a stack of tablets (1 to 6) during growth. E. Schematic representation of the stack in B at a later time assuming the grey levels being the
slow growing tablets maintain their facets, whereas the fast growing ones fill the whole space.

These data are a valuable contribution of P. U. P. A Gilbert, Department of Physics, University of Wisconsin, reproduced with the kind permission of the publisher (copyright 2008
American Chemical Society). Reprinted with permission from Gilbert, P., Metzler, R., Zhou, D., Scholl, A., Doran, A., Young, A., Kunz, M., Tamura, N., and Coppersmith, S. (2008)

Gradual ordering in red abalone nacre, J. Am. Chem. Soc 130, 17519-17527 [37].
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growth kinetics rather than templation by organic material and
therefore mineral phase is responsible for the growth properties.

Gries et al. have shown that in the range of a few tablets from the
middle of the shell (18 tablets were investigated [32]) the tilt angle is
less than 10° (c axis), thus the orientation is strongly correlated over
this distance. Together with the observation of mineral bridges it is
concluded that the growth process depends on small nucleation sites
of the mineral (mineral bridges from the underlying layer) [32].

However, the de novo nucleation of the initial aragonite platelets
cannot be explained by mineral bridges. Most likely, surface mediated
nucleation and growth via mineral bridges are both required. We try
to shed light on this in Section 3.

2.3. Organic material: molecular components and interactions

Molecular structuring is achieved by a high level of physico-
chemical and spatial control over the precipitation process most pre-
sumably by protein molecules. However, the molecular interactions
governing the formation of highly defined nanostructures have re-
mained hidden. Some hints are given by investigations of the organic
components in nacre.

The total organic material may be classified into three major groups:
the interlamellar matrix, the intertabular matrix and the intracrystalline/
tablet associated matrix. In this case the location of the material is the
basis of the classification.

There is another possibility to classify the organic material: by
means of solubilisation from the composite nacre. Here the “affilia-
tion” of the different molecules is not unambiguous. There is the
division “water soluble” versus “water insoluble” but hardly anyone
solubilises nacre in water, because due to the solubility product of
calcium carbonate (6x10~° mol?/I?) it would take forever. So one
may divide the organics in acid soluble and acid insoluble, but then
one has to account for the concentration of the acid used. Perlucin for
instance belongs to the interlamellar matrix, when the mineral is
dissolved in 6% acetic acid, and to the tablet associated matrix, when
the mineral phase is removed by 50% acetic acid. This also holds for
solubilising the mineral with EDTA (ethylenediaminetetraacetic acid).
This would be then the EDTA soluble fraction, where the concentra-
tion is important as well, and the EDTA insoluble fraction. Although
this is the most gentle method, the issue is here, that Ca>* dependant
proteins (like C-type lectins) often lose their Ca>* (sometimes irre-
versible) and therefore some of their function.

In the following we try to precisely classify the proteins either by
their location (when known) or their solubilisation method.

2.3.1. The interlamellar matrix and the intertabular matrix

The interlamellar matrix is a multilamellar sheet of different kinds
of organic material: proteins and polysaccharides. Whereas the poly-
saccharide chitin (N-acetylglucosamine or 2-(acetylamino)-2-deoxy-
p-glucose) is straight forward to identify and locate; the identifica-
tion and location of the different protein species is more difficult.

Removing the mineral component by a diluted acid or EDTA a
honey comb-like pattern of organic material appears [39], which has
been imaged with different techniques like AFM [21] and SEM [22].
Detailed light microscopic investigations including immuno-mapping
has been done for bivalves so far [23]. The honey comb-like pattern is
formed by the interlamellar matrix and the polygonal intertabular
matrix (Fig. 6). After demineralisation the surface has an appearance
of tightly packed globular structures showing a distribution of di-
ameters in the range of tens of nanometers. In the middle of each
honey-comb a pore is visible (Fig. 6B, white arrow). This might be the
canal, where the platelets are vertically mainly connected, apart from
the many other smaller mineral bridges. The area of single honey
combs seems to be covered by proteins, where close to the pore acidic
proteins have been reported for bivalves [23]. The proteins can be
removed from the core by proteinases (like proteinase K).

Chitin forms the core component of the interlamellar matrix [40-
42]. (There have been earlier reports in French, in which the authors
are not fluent enough to understand [43,44]). It is a thin layer of ten
to 30 nm, where the chitin filaments are forming a network leaving
pores in the sheet of a diameter of up to 100 nm, where ions and
protein molecules can protrude (Fig. 6C) [21]. Chitin is a chemical and
mechanical very stable polymer, which might be also responsible for
the corrosion resistance of the whole composite. There have been
investigations, which suggest, that silk/fibroin-like proteins are
attached to the chitin core [45]. X-ray diffraction of insoluble matrix
showed pattern, which are consistent with the B-pleated sheet of
various fibroins [46], which would fit nicely to the ion pattern of the a/
b plane of the aragonite crystals. Furthermore they state, that the
amino acid content (more than 50% of glycine, alanine and serine) of
the investigated proteins resemble those of silk/fibroin [47]. In in vitro
experiments of B-chitin purified from the pen of the squid Loligo and
silk from the cocoons of the silkworm Bombyx mori have shown that
using these polymers together as a substrate for aragonitic protein
macromolecules aragonite crystal growth may be induced [19].

Fig. 6. AFM images of the longitudinal structure of the interlamellar sheet of the organic components of the shell of Haliotis laevigata. A. Surface of the demineralised organic
(interlamellar) sheet. The imprint of the tablets shows a honey-comb like structure with a distinct structure in the middle (white arrows), where a mineral bridge could have been
protruded. B. The close-up view of A. on one of the imprints shows tightly packed globular structures and a pore-like structure in the middle (white arrow). The intertabular matrix of
several collapsed layers is visible (black arrows). C. Close-up view of B at the inner area of the imprint after proteinase K treatment. A filamentous chitin network with pores of about

50 nm (black arrows) becomes visible.
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But until now (to the best knowledge of the authors) no silk/
fibroin-like protein has been characterised yet in purified form from
nacreous shells. In Pinctada fucata (bivalves) a protein (MSI60) was
found by isolation of its cDNA, which contains poly(alanine) blocks
similar to spider dragline silks [48]. In situ hybridisation [49] of the
mantle epithelium shows that it expresses MSI60 mRNA (see also
Section 3).

Bezares et al. mapped the macromolecular structure of the protein
surface of the interlamellar matrix in Haliotis rufescens [22]. They
found distinct regions concerning the distribution of different types of
molecules by employing staining methods with WGA (wheat germ
agglutinine) gold and polyclonal antibodies against aragonite nucle-
ating proteins [50]. WGA gold stained preferably the intertabular
matrix (which showed a kind of double-walled structure between the
removed mineral tablets), indicating a high content of glycoproteins
and chitin. But also the staining with the antibodies showed that
aragonite nucleating proteins are distributed all over the matrix.
Sulfates and carboxylates showed in this study to be mainly
distributed at the ring area close to the intertabular matrix.

The intertabular matrix is an organic ring like structure located
laterally between the aragonite tablets. After demineralisation it
mirrors the outline of the tablets (see also Fig. 6A and B). As it can be
degraded by proteases it seems to at least contain (probably besides
chitin) proteins.

In TEM images of intact nacre the intertabular matrix is hard to
recognise [13]; thus it seems to have a diameter of much less than
50 nm, which is the thickness of the well observable interlamellar
sheet.

2.3.2. The intracrystalline matrix (diluted acetic acid and EDTA
soluble proteins)

Actually there is no protein species reported, which has been
purified from nacre platelets themselves (after removing the inter-
lamellar and intertabular organic matrix) as a subspecies of the
complete organic matrix of the shell of gastropods.

Thus this section will describe proteins of gastropod shells, which
have been purified by demineralisation with 3 to 12% acetic acid and/
or EDTA (up to 100 mM). But it might be, that these proteins are not
only intracrystalline ones but also dissociated from the interlamellar
and the intertabular matrix during preparation.

Thus the protein species reviewed in this section may belong to the
interlamellar, intertabular and/or intracrystalline group.

Several proteins have been reported to be extractable from the
shells of gastropods with means of dilute acidic acid and/or EDTA.
Some of their functions are recently reviewed by Evans [51] and Marin
and Luquet [52]. Evans details especially the terminal sequences of
nacre and prismatic (calcitic) proteins and their possible function in
protein/mineral interaction. Marin and Luquet report about 16 mol-
luscan shell proteins, which primary sequence has been discovered
so far (until 2004). Lustrin A, AP7, AP24, perlustrin and perlucin from
gastropod columnar nacre are discussed concerning their biochem-
ical features and the properties they share. They seem to be a het-
erogeneous group, which shows just little homologies or analogies to
other proteins. Some amino acids like glycine, aspartic acid, serine,
proline, cysteine, tyrosine, leucine and asparagine appear to be pre-
dominant. Some features like a modular construction in functional
domains are discussed. One of them being the domain to interact with
the mineral calcium carbonate. Some of them, like lustrin A carrying
their own protease inhibitor.

Here we want to give an overview of those proteins, which are
purified from columnar nacre of the genus Haliotis and their primary
structure gained either by complete cDNA sequence or by protein
sequencing.

The amino acid composition of nacre proteins has been investi-
gated several tens of years ago [53]. Their measurements showed
for the gastropod Plicatula plicata a high fraction (more than 25% of

asx (aspartic acid 4 asparagine)) for the whole shell. It has been
postulated, that proteins with high percentage of acidic residues
might serve in the interlamellar matrix (acid or EDTA soluble part) as
nucleation spots for aragonite crystallisation. A few years later
Nakahara took the inner (nacreous) layer of Haliotis rufescens and an
amino acid analysis revealed similar content of asx [5]. Some other
groups also reported high fractions of asx and gsx (glutamic acid +
glutamine) for Haliotis nacre [47,54].

In our group the amino acid composition of Haliotis laevigata nacre
was highly dependant on the purification method [55]. Heinemann
reports after amino acid analysis that the most prominent residues
detected, were proline, glycin and leucin (Table 1). This fits well to
the primary sequences of perlucin, perlustrin and perlwapin [56-58]
(Table 2).

Just for the protein mixture, which has been purified by C18
ZipTips (pipette tips filled with hydrophobic material), aspartic acid
was with about 14% the most prominent residue.

The reason for this difference is unclear. As our study was the first,
which has been performed for nacre proteins of Haliotis laevigata it
might be that there are some additional/different proteins in this
shell species, which change the overall amino acid composition. For
instance perlucin is the most prominent protein in nacre of this
species. Especially for this protein the purification method is essential.
The higher the acidic acid concentration (higher than about 6%) dur-
ing demineralisation of nacre the more perlucin solubilises. With
more gentle demineralisation perlucin stays at the interlamellar matrix
probably as chitin binding protein.

In Fig. 7 two representative SDS PAGEs are shown (provided by
Meike Gummich, Pure and Applied Biomineralisation Group, Biophys-
ics Institute, University Bremen, Germany). Fig. 7A shows proteins,
which are not or weakly soluble during demineralisation of columnar
nacre in up to 6% acetic acid. They are potential interlamellar matrix
proteins connected to the core of chitin or some linker protein. In
Fig. 7B soluble (following these conditions) proteins are displayed on
the gel. Perlucin (band beneath the 21 kDa marker, white arrow) is
visible on both gels. This might also hold for AP8 (grey arrow ), which is
presumably the band above the 6 kDa marker.

With varying demineralisation conditions the ratio of the concen-
trations between the “insoluble” and the “soluble” fraction changes.

Perlucin [56] is the highest concentrated protein in nacre of
Haliotis laevigata. Perlucin is a C-type lectin; a Ca?* dependent

Table 1

Amino acid compositions of soluble matrix fractions after different purification
procedures. The values represent average molar fractions in %. The three most
abundant amino acids are printed in bold numbers. Cya corresponds to the cysteine
content. Asx stands for Asp + Asn, Glx for Glu 4 GIn.

Amino acid Ultra-centrifuge purified Cation exchanger purified C18 — ZipTip

purified
Asx 1.0 4.6 14.1
Glx 29 5.7 6.5
Ser 3.7 6.2 5.9
Gly 11.7 8.6 133
His 2.0 2.0 6.9
Arg 1.0 3.1 2.5
Thr 6.1 6.9 3.7
Ala 8.1 8.0 85
Pro 24.7 13.8 94
Tyr 35 3.8 3.1
Val 4.2 5.7 44
Met 34 7.6 1.0
Ile 2.7 4.2 3.7
Leu 8.3 8.5 7.1
Phe 4.8 4.6 43
Trp 5.6 1.5 0.5
Lys 53 32 3.7
Cya 0.8 2.2 14
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Table 2

Proteins with primary sequence published from the organic matrix of the nacreous layer of the gastropod abalone (genus Haliotis). The isoelectric point (pI) was calculated using the
ExPASy server (Swiss Institute of Bioinformatics) [185]. The first 5 proteins have been isolated from the nacrous layer of H. laevigata, the others from H. rufescens. Lustrin A is

presumably an interlamellar matrix protein.

Protein accession number  Sequence accession number MW [kDa] Most dominant amino acids Calculated pI  Possible function Reference(s)
Perlucin P82596 (UniProt) 18.155 Leu (9.7%) 72 Sugar binding, Crystallization [39,56]
Arg (8.4%) enhancer
Ser, Gly, Asn (7.7%)
Perlustrin P82595 (UniProt) 9.338 Cys (14.3%) 8.0 Insulin-like growth factor binding  [57,176]
Pro (9.5%)
Leu (8.3%)
Perlwapin P84811 (UniProt) 14.528 Cys (18.7%) 8.6 Calcite growth inhibition [58]
Pro (15.7%)
Gly (11.9%)
Perlinhibin P85035 (UniProt) 4,793 Cys (19.5%) 8.3 Calcite growth inhibition, aragonite [56]
His (17.1%) nucleation
Arg (14.6%)
Lustrin AF023459 (GenBank) 142.209 Ser (16.4%) 8.1 Matrix-platelet adhesive, protease  [60]
Pro (13.9%) inhibitor
Gly (13.4%)
AP7 AF225916 (GenBank) 9.935 Leu (9.1%) 5.5 Calcite growth inhibition [62,177]
Arg, Cys, Ser, Tyr (8.0%)
Ala, Asp, Gly, Ile, Thr (6.8%)
AP8 o, 3 Not sequenced 7.8,8.7 Gly (~39%) - Crystallization enhancer [54,177]
Asx (~35%)
Glx (~8%)
AP24 AF225915 19.595 Thr, Asn (8.2%) 5.8 Calcite growth inhibition [62,177]
Ala (7.0%)
Asp, Val (6.4%)
carbohydrate binding protein, which might also be connected to the
chitin core. It has been shown to nucleate calcium carbonate crystals
A . B . and to increase their growth velocity [39].
,békg’. o 3® é@ Qe Perlustrin [57] is one of the higher concentrated proteins. From
éé‘ .@%\) 4\6‘ 6@:30 interaction studies with saturated calcium carbonate solutions it has
& Q@\(& & & not shown any influence on crystal growth. It has a certain relation to
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Fig. 7. SDS PAGE (sodium dodecylsulfate polyacrylamide gel electrophoresis) of acid
(6%) insoluble and acid (6%) soluble proteins of the shell of Haliotis laevigata
(provided by Meike Gummich, Biophysics Institute, University Bremen). A. Two lanes
with protein bands are visible. The left one is loaded with protein markers of size
indicated in kDa. The right lane shows protein bands extracted from the organic
matrix, which has been treated with 6% acetic acid. These proteins were bound to the
interlamellar matrix until treated with extraction buffer (20 mM Tris-HCI, pH 7, 10%
Glycerol, 2% SDS). Note bands at molecular weight of about 8 kDa (grey arrow) and
lane at molecular weight of about 18 kDa (white arrow). B. Four lanes with protein
bands are shown. The left one is loaded with protein markers of size indicated in kDa.
Next three lanes are different concentrations of 6% acetic acid soluble proteins. Note
bands at molecular weight of about 8 kDa (grey arrow) and lane at molecular weight
of about 18 kDa (white arrow). They appear in the 6% acetic acid insoluble and in the
soluble fraction and are probably AP8 and perlucin respectively.

IGF (insulin growth factor) binding proteins and shown in in vitro
studies to bind to IGF. It might interact with the mantle epithelial cells
and be a part of their proliferation control.

Perlwapin [58] consists of 134 amino acids and contains three
sequence repeats of about 40 amino acids which are very similar to
the whey acidic protein (WAP) domains of other proteins. Direct AFM
investigations during growth of calcium carbonate crystals show a
strong growth inhibiting effect. Perlwapin molecules bind tightly to
distinct step edges of calcium carbonate crystals preventing the crys-
tal from growing.

Perlinhibin [59] is a crystal growth inhibitor as well. It is a very
small protein (4.8 kDa) with anisoelectric point of 7.8. The sequence of
41 amino acids was determined by Edman degradation and by mass
spectrometry. The most dominant amino acids were cysteine (19.5%),
histidine (17%), and arginine (14.6%). It is a very compact protein with
four active disulfide bonds. AFM studies revealed that the protein
bound specifically to calcite steps, inhibiting further crystal growth at
these sites.

The largest protein, which has been cloned and characterised by
cDNA analysis is lustrin A [60]. The calculated mass of the protein is
116 kDa, but the native polypeptide chain extracted from columnar
nacre of Haliotis rufescens has a MW of 65 kDa. The most striking feature
is its modular design in the primary sequence: a cystein-rich and a
proline-rich domain, which is repeated eight times each. It is thought to
be a linker protein between the mineral and proteins and/or chitin in
the interlamellear sheet [61]. It will be discussed in more detail in
Section 2.4.

Two further aragonitic proteins from columnar nacre (Haliotis
rufescens), AP7 and AP24 (aragonitic protein of MW 7 kDa and
24 kDa) have been deduced from mantle ¢cDNA library [62].
Purification fractions with high AP7 and AP24 showed influence
on calcium carbonate crystal growth. The first 30 N-terminal residues
slowed down the growth of crystals. In circular dichroism (CD)
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measurements these peptides show no secondary conformational
structures like a-helices and [3-sheets.

The two AP8 (aragonitic protein of MW 8 kDa) [54] proteins (AP8c
and AP8() have compositions dominated by asx (35 mol%) and gly
(40 mol%) residues. In growth experiments (ammonium carbonate
method [19]) AP8 proteins preferentially interact with defined step
edges of calcite and accelerate the growth of acute edges, whereas
the obtuse edges remained unmodified. This is one of the sparse ex-
perimental supports of the theory that preferentially acidic proteins
interact with calcium carbonate crystals [63].

The raw extract of 6% acetic acid and/or 10% EDTA demineralised
columnar nacre containing most of the previously mentioned proteins
showed strong influence in precipitation of super saturated calcium
carbonate solution [64]. At very low protein concentrations (0.02 pg/
ml) a rate enhancement of factor 1.4 in comparison to the pure
supersaturated calcium carbonate solution was observed. At higher
protein concentrations, a strong inhibitory effect occurred, with total
inhibition at concentrations of 1.0 ug/ml and higher. During shell
growth the function of these proteins might be to prevent uncon-
trolled crystallization in the extrapallial fluid.

An overview of columnar nacre proteins with primary sequence
and some other characteristics is shown in Table 2.

2.4. Organic-inorganic interface at the mineral platelets

One very important requirement for the outstanding mechanical
properties of nacre is the strong contact between the mineral platelets
and the organic matrix (see also the reviews [9-11,65-67]).

A recent review on organic/mineral interfaces in biomaterials is
given by Gilbert et al. [68].

There is just a small number of experimental data about the mo-
lecular interactions between the organic and inorganic phase in gas-
tropod columnar nacre available.

In the eighties Weiner et al. [40] performed electron diffraction
on gastropod nacre samples, where the insoluble matrix (partially
decalcified by 10% EDTA) was thought to be still intact and still in
place on the aragonite tablets like in the natural material. They
measured an area corresponding to the size of a single platelet and
found in a few samples that the diffraction pattern of the aragonite
crystal is well oriented with the polypeptide chain of the insoluble
(10% EDTA) matrix. The polypeptide chain is oriented to the b-crys-
tallographic axis and the chitin fibrils parallel to the a-axis. This would
support a templating mechanism of the mineral crystals on the fore-
most secreted organic material (for further readings on growth
hypothesis see Section 3).

Molecules in the interlamellar matrix of nacre have been tested
by force spectroscopy [61]. The AFM tip has been brought to contact
with the organic surface (in its native stage and still adhered to the
mineral phase) and force-extension curves have been performed.
Rupture events are visible with a sawtooth appearance. The authors
explain their data by unfolding substructures on the molecular level
(probably the modular constructed protein lustrin A) which form a
adhesive constructed of several modules between the nacre tablets,
which would lead to a higher energy required to break the material in
comparison to a small molecule or a long molecule breaking late, but
the force at low extensions would be small.

The organic/mineral interface has been probed on the molecular
level by XANES (X-ray absorption near edge spectromicroscopy) in
model biominerals. Metzler et al. [69] investigated calcium carbonate
crystals grown (ammonium carbonate method [19]) in the presence
of gastropod nacre polypeptides (AP7N, 30 amino acid N-terminal
fragment and AP24N, 30 amino acid N-terminal fragment).

Spectra of pure calcite, pure polypeptides and calcite grown in the
presence of each polypeptide have been taken. They showed that
specific atomic bonds in calcite and specific bonds in the polypeptides
change in the crystals grown with AP7N or AP24N. Both peptides

induce a decrease in the C-O bond signal of the carbonate and an
enhancement of the C-H and C-O bonds signal in the particular
peptide. These measurements indicate an ordering of the polypeptide
chains concurrent with the disruption of certain bonds in the calcitic
part [69].

3. Physical and chemical properties
3.1. Optical properties of nacre

Handling shells the most obvious effect noticed are the colourful
patterns on the nacre surface (Fig. 1A). In 1917 Pfund performed a
study [70] investigating the reason of the iridescence of nacre from
a mussel. The author could identify multilayer interference of light
reflecting from the organic-mineral interface (Fig. 1B) as source of
the colourful appearance of nacre (for a review of the physics of
structural colours see [71]). From the aforementioned study a layer
thickness between 400 and 600 nm was derived. Since the outer layer
of shells is often composed of prismatic calcite optical phenomena
are first visible upon removal of this layer. After careful removal of
the calcitic part Pfund noticed a regular pattern of terminating layers
from the nacreous area. The regularity and length scale of this surface
leads to optical properties comparable to that of a diffraction grating.

Other studies (e.g. [72,73]) report similar groove structures on
polished shell surfaces of Pinctada margaritifera and Haliotis glabra
(Fig. 8) respectively. These microstructures are responsible for irides-
cence caused by light diffraction. In summary diffraction and multi-
layer interference contribute to the iridescence of nacre.

It seems to be that structural colouring of the outer shell surface is
rare compared to the inner nacreous shell surface (e.g. [74]). The
question whether the iridescence is just a result of the structure of
nacre or serves another purpose cannot be answered to date (for a
review of the multiple functions of iridescence in organisms see [75]).

3.2. Thermodynamic properties of the mineral phase

There are strong indications that the seawater chemistry - with
respect to the Mg?™/Ca®" ratio - during the evolution of mineral skel-
etons/shells in a clade influenced the selection of aragonite or calcite
as shell mineral (Fig. 9) [76,77].

While investigating the mineralogy of ancient ooids (sedimentary
particles coated with calcium carbonate) and cements Sandberg [78]
found an oscillating trend in the mineralogy. In recurring periods of
time the formation of aragonite was preferred with respect to calcite
and vice versa.

Fig. 8. Image of groove structures on a polished shell surface of Haliotis glabra.
Reprinted with kind permission from [73].
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Fig. 9. A. First appearances of aragonite and calcite in skeletal mineralogy and B. the prevailing sea water chemistry. Ma: million years — T: Tommotian Stage — A: Atdabanian Stage —

Bot/Toy: Botomian and Toyonian Stages.

From S.M. Porter, Seawater Chemistry and Early Carbonate Biomineralization, Science, 316, p. 1302 (2007) http://dx.doi.org/10.1126/science.1137284. Reprinted with permission from
AAAS. The years given in this figure have been taken from the International Commission on Stratigraphy International Stratigraphic Chart (2007) and [184].

Lowenstein [79] and Hardie [80] found oscillations in the ion
composition of seawater and especially in the Mg?"/Ca?" ratio. These
variations correlate with the mineralogies of nonskeletal carbonates
found by Sandberg in the sense that a ratio of approximately Mg?*/
Ca?*>2 corresponds to aragonite and approximately Mg?*/Ca%* <2
favours calcite as mineral (information on the Mg?*/Ca®* threshold
can be found in references given in [81] and [80]).

An influence of the magnesium to calcium ratio on the polymorph
of growing calcium carbonate crystals is well known. Earlier studies
of precipitation of calcium carbonate from artificial seawater (e.g.
[82,83]) show that in present day seawater (Mg?*/Ca®™ ~5) the
precipitation of aragonite and calcite with high magnesium content
is favoured in comparison to calcite or calcite with low magnesium
content. The authors of the last-mentioned study point out that the
critical Mg?*/Ca®* ratio, where the precipitate changes from calcite
to aragonite is temperature dependant. The critical ratio decreases
with increasing temperature.

In the absence of magnesium in the system CaCO5;-C0,-H,0 calcite
has a lower equilibrium constant than aragonite under physiological
conditions. It is log Kcaiciee = — 8.48 and log Karagonite = — 8.34 at 25 °C
[84]. Gutjahr and co-workers [85] showed that in this “pure” system
the growth rate of calcite is larger than that of aragonite. Recently J.W.
Morse and R.S. Arvidson reviewed the vast topic of dissolution kinetics
of carbonate minerals [86].

Checa and co-workers [87] studied the response of bivalves with
respect to shell mineralogy in magnesium enriched seawater (Mg?*/
Ca’*~8 to 9). The chemical composition of the water forced the
organisms - with predominantly calcitic shells - to produce aragonite
on the inner shell surface instead of calcite. It has to be added that the
best survival rate was around 63% for one species whereas other
species died before the end of the experiment.

Furthermore the authors point out that some molluscs have both
aragonite and calcite as shell constituents (for a taxonomic distribu-
tion of aragonite and calcite in bivalves see [88]). They conclude that if
bivalves (as well as other molluscs) can form an outer calcite layer,
even in seawater with high Mg?*/Ca®* ratio, this process must be
biologically controlled (see Section 4 in this review). Checa et al.

support this with the fact that the extrapallial fluid has nearly the
same Mg?"/Ca?" ratio as seawater (see e.g. [89]).

The purpose of an outer calcite layer of mollusc shell (e.g. as
protection against dissolution) in present day seawater seems to be
unclear to date. See [90] for a general discussion and additionally
Cubillas et al. [91] for dissolution rates of bivalve shells.

3.3. Mechanical properties of nacre

3.3.1. Introductory remarks

Recently Meyers and co-workers published an extensive review
about the structure and mechanical properties of different biological
materials [9]. Here we focus on the structure and mechanical properties
of nacre of gastropods. Due to the massive amount of available literature
dealing with this topic we cannot provide the citation of each available
publication. This chapter should be regarded as a summary.

Wainwright commented already in 1969 [92] that shells of bi-
valves are remarkable composites of minerals and proteins. Shells are
formed by the organism under ambient conditions and the formation
process does not require non-physiological conditions often used
during the production of artificial/man-made materials.

Nacre as a structural part of shells is composed of a mineral (ap-
proximately 95 wt.%) and an organic phase (Figs. 1 and 2). The single
components of nacre, the mineral aragonite and the organic molecules
(mainly proteins and chitin) exhibit “minor mechanical properties”.
Nevertheless if these constituents are arranged in a specific manner
(Figs. 1B and 3) a composite with “superior mechanical properties”
emerges. In the following the mechanical properties are summarised
so that the aforementioned distinction between “minor” and “superior”
is fortified by experimental results. Additionally the underlying
mechanisms responsible for the outstanding mechanical properties
are highlighted.

Efforts are being undertaken to understand design principles of
nacre evolved during millions of years. It is being aimed to mimic the
formation process of nacre and exploit the design principles with
utilisation of the great variety of inorganic and organic compounds
available to researchers (e.g. see [93-96]).
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3.3.2. Mechanical properties of nacre in numbers

A quick but rough comparison of biological with some custom-
engineered materials and other biological tissue is possible through
material property charts [97,98].

Considering small isothermal deformations of an isotropic solid in
the linear elastic regime the Young modulus E relates the stress o to
the strain € of a solid according to

(1a)

This is Hooke's law in a simple uniaxial tension notation. A more
general formulation can be given in terms of a tensor formalism (see
e.g.[99])

1+v v
Ej = —F— 05— Oudy

(1b)
where &; is the Kronecker Delta and v describes the Poisson ratio.
Rigorous mathematical derivations can be found e.g. in [100] whereas
more descriptive representations are subject to undergraduate engineer
textbooks (e.g. [101]).

Fig. 10 shows the specific Young modulus E/p (p denotes the density)
plotted against the specific strength o/p for various natural materials.
Here 0fis defined in a different way for each material class [97] but can
in general be regarded as the applicable stress to a solid before perma-

nent deformations or damage occurs. If the properties of the mollusc
shell and aragonite and calcite respectively, which contribute the major
part of the shell, are compared, a reduction of the specific modulus and
an increase of the specific strength (at least of some shells) can be seen.

Nevertheless a look at Table 3 clarifies that the specific modulus
and strength for mollusc shells - as a subset of natural ceramics and
ceramic composites - is comparable to those of some steels and alloys.

Additional important quantities for the characterisation of a material
are toughness or fracture toughness. These quantities describe the
resistance of a material to propagation of cracks. For materials that obey
Hooke's law following relations hold [102,103].

Considering a body containing a crack one can define an “energy
release rate” G as the amount of energy available for an extension of the
crack area A.

6=-1 = & w,—w,) @)

IT= W, — Wy can be regarded as the potential energy of an
elastic body and therefore G is sometimes called “crack driving force”.
The potential energy of an elastic body is stated as the difference of
the elastic energy W, stored in the solid and the work W, done by
external forces. If G reaches a critical value G=G.=R a crack ex-
tension occurs. Consequently the critical energy release rate can serve
as a measure of resistance of a material to cracks.
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Fig. 10. Specific Young's modulus plotted against specific strength for various natural materials [98]. The data sources for the plotted values are given in the aforementioned reference.
Reprinted with kind permission from Taylor & Francis Ltd. (http://www.informaworld.com/1478-6435).
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Specific Young’s modulus, specific strength and toughness of some common material classes. Approximate value ranges were taken from the materials selection charts given in [97].

Material class Specific Young's modulus Specific strength Toughness
GPa/(10° kg/m?) MPa/(10° kg/m?) kJ/m?
Polymer foams Up to 2 Up to 40 Up to 4
Elastomers (e.g. silicone rubber, polyurethanes) Up to 0.2 Up to 50
Engineering polymers (e.g. PTFE, PMMA, PP) 0.1to9 6 to 100 Up to 25
Engineering alloys (e.g. steels, aluminium alloys) 1 to 200 1 to 300 Up to 530
Engineering ceramics (e.g. alumina, zirconia) 15 to 300 300 to 7000 Upto 0.3
Porous ceramics (e.g. concrete, common rocks) 10 to 30 10 to 125 Up to 0.04
Engineering composites (e.g. fibre reinforced polymers) 10 to 100 100 to 1000 Up to 110
The resistance of material to crack extension R needs not to be a and unstable crack propagation
constant. R can depend on several variables, for example the
crack extension. Toughening with crack extension (“rising R-curve”) aG < drR (4)
da da

is caused by extrinsic toughening mechanisms (e.g. crack bridging).
These mechanisms “act” behind the advancing crack opposed to
intrinsic toughening mechanisms (e.g. crack-tip blunting in me-
tallic materials) being independent of crack size and geometry (see
[104]).

In this context one distinguishes the conditions of stable crack
(crack length a) propagation

Another measure of crack resistance is provided by the stress
intensity factor K. It describes the proportionality between the
increase of local stress in the body and distance to the crack tip. The
relation between K and the remote stress o applied to a solid with a
crack of characteristic dimension a

K =Yova (3)
dG < dR 3) Y is a dimensionless constant depending on the test geometry and
da ~ da mode of loading. The index “I” as it can be found in Fig. 11 refers to
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Fig. 11. Toughness plotted against Young's modulus for various natural materials [98]. The data sources for the plotted values are given in the aforementioned reference.
Reprinted with kind permission from Taylor & Francis Ltd. (http://www.informaworld.com/1478-6435).
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Compilation of measured mechanical properties of mollusc nacre and shell respectively. The indicators of directions and planes are explained in Fig. 12. Bivalves are included in the
section about toughness due to lacking measurements on gastropod nacre.

Value Specimen (number of specimens) Method Comments Animal Author
Elastic modulus (values in GPa, round to integers)
90 Nacre without the calcitic layer under Quasi-static tensile test; tensile Specimen shows linear elastic Haliotis rufescens [112]
dry conditions (2) load L z-axis behaviour
80 Nacre without the calcitic layer under Quasi-static tensile test; tensile Determined in the initial linear Haliotis rufescens [112]
wet conditions (2) load L z-axis regime
79415 Single dry aragonite tablet under Nanoindentation; compressive Assumptions for properties of Haliotis rufescens [125]
ambient conditions load Il z-axis organic layers required
6947 Nacre without the calcitic layer under Three-point bending; load Il z-axis Flexural modulus Haliotis rufescens [33]
wet conditions (20)
66+2 Nacre without the calcitic layer under Three-point bending; load L z-axis Flexural modulus Haliotis rufescens [33]
wet conditions (20)
70 Nacre without the calcitic layer under Four-point bending; load Il z-axis; See [187] how to obtain compressive Haliotis rufescens  [33]
wet conditions (5) value for compression face and tensile properties
8 Nacre without the calcitic layer under Compression test; load 45° to z-axis Cyclic loading reveals hysteresis Haliotis rufescens [33]
wet conditions (8) indicating internal friction
11449 Freshly cleaved nacre tablet under Nanoindentation; compressive Depending on maximum loads; Trochus niloticus  [29]
ambient conditions (14) load Il z-axis Oliver-Pharr-method
103+10 Hydrated nacre tablet under ambient  Nanoindentation; compressive Trochus niloticus  [29]
conditions (14) load Il z-axis
54 Shell pieces under wet conditions (4) Three-point bending; load Il z-axis Pre-dried samples were hydrated; Turbo marmoratus [105]
5446 Shell pieces under wet conditions (4)  Three-point bending; load Il z-axis flexural modulus Turbo marmoratus  [106]
6442 Shell pieces under wet conditions (3)  Three-point bending; load Il z-axis Trochus niloticus  [106]
10 Nacre without the calcitic layer under Shear test; load L z-axis Shear modulus; initial linear Haliotis rufescens [112]
wet conditions response
14 Nacre without the calcitic layer under Shear test; load L z-axis Shear modulus; initial linear Haliotis rufescens [112]
dry conditions response
Strength (values in MPa, round to integers)
135 and 95 Nacre without the calcitic layer under Quasi-static tensile test; Ultimate strength Haliotis rufescens [112]
dry conditions (2) tensile load L z-axis
70 Nacre without the calcitic layer under Quasi-static tensile test; Value when large deformation starts Haliotis rufescens [112]
wet conditions (2) tensile load L z-axis
2504120 Single dry aragonite tablet Nanoindentation; compressive Assumptions for properties of Haliotis rufescens [125]
under ambient conditions load Il z-axis organic layers required
22347 Nacre without the calcitic layer under Three-point bending; load Il z-axis Flexural strength Haliotis rufescens  [33]
wet conditions (20)
194+8 Nacre without the calcitic layer under Three-point bending; load L z-axis Flexural strength Haliotis rufescens  [33]
wet conditions (20)
>370 Nacre without the calcitic layer under Four-point bending; load Il z-axis; See [187] how to obtain compressive Haliotis rufescens  [33]
wet conditions (5) value for compression face and tensile properties from
105 Nacre without the calcitic layer under Four-point bending; load Il z-axis; four-point bending tests Haliotis rufescens [33]
wet conditions (5) value for tension face
160 Nacre without the calcitic layer under Compression test; load 45° to z-axis Cyclic loading reveals hysteresis Haliotis rufescens  [33]
wet conditions (8) indicating internal friction
540 Shell pieces under dry condition (7) Quasi-static compression test, Weibull statistics [188] was applied; Haliotis rufescens [128]
load Il z-axis the given value indicates a 50% fracture
235 Shell pieces under dry condition (9) Quasi-static compression test, probability loading rates for dynamic Haliotis rufescens [128]
load 1 z-axis tests in the order of ~10* GPa/s
735 Shell pieces under dry condition (13) Dynamic compression test, Haliotis rufescens [128]
load Il z-axis
548 Shell pieces under dry condition (14) Dynamic compression test, Haliotis rufescens [128]
load 1 z-axis
29+7 Shell pieces under dry condition (6) Shear test; load L z-axis Ultimate shear strength Haliotis rufescens [128]
12 Shell pieces under dry condition (6) Shear test; load L z-axis Yield shear strength Haliotis rufescens [128]
20 Nacre without the calcitic layer under Shear test; load L z-axis Yield shear strength Haliotis rufescens [112]
wet conditions
55 Nacre without the calcitic layer under Shear test; load L z-axis Yield shear strength Haliotis rufescens [112]
dry conditions
108 Shell pieces under wet conditions (4) Tensile test; tensile load L z-axis Ultimate strength; pre-dried Turbo [105]
samples were hydrated marmoratus
116+ 15 Shell pieces under wet conditions (6)  Tensile test; tensile load L z-axis Turbo [106]
marmoratus
85+4 Shell pieces under wet conditions (4) Tensile test; tensile load L z-axis Trochus niloticus  [106]
353+19 Shell pieces under wet conditions (10)  Compression test; load L z-axis ultimate strength depends on aspect Turbo [106]
ratio; pre-dried samples were hydrated marmoratus
320424 Shell pieces under wet conditions (5) Compression test; load L z-axis Trochus niloticus  [106]
267410 Shell pieces under wet conditions (4) Three-point bending; load Il z-axis ultimate bending strength; pre-dried  Turbo [106]
samples were hydrated marmoratus
220+4 Shell pieces under wet conditions (3)  Three-point bending; load Il z-axis Trochus niloticus  [106]
4 Fresh nacre without the calcitic layer (22) Tensile test; tensile load Il z-axis Weibull statistics (see [188]) was Haliotis rufescens [9]
210 Fresh nacre without the calciticlayer (12) Compressive test; load Il z-axis applied; the given value indicates and Haliotis [9]
a 50% fracture probability fulgens
197 Processed shell pieces Three-point bending; load Il z-axis Flexural strength Haliotis rufescens [13]
177 Processed shell pieces Three-point bending; load L z-axis Flexural strength Haliotis rufescens [13]

(continued on next page)
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Value Specimen (number of specimens) Method Comments Animal Author
Strain
0.01 Nacre without the calcitic layer under Quasi-static tensile test; tensile Failure strain Haliotis rufescens [112]
wet conditions load L z-axis
0.001 and 0.01 Nacre without the calcitic layer under Four-point bending; load Il z-axis; Initial linear strain and failure strain Haliotis rufescens [33]
wet conditions value for compression face (order of magnitude)
0.08 Nacre without the calcitic layer under Compression test; load 45° to z-axis Failure strain Haliotis rufescens [33]
wet conditions (8)
0.45 Shell pieces under dry condition (6) Shear test; load L z-axis Maximum failure strain Haliotis rufescens [128]
0.15 Nacre without the calcitic layer under Shear test; load L z-axis Failure strain Haliotis rufescens [112]
wet conditions
0.1 Nacre without the calcitic layer under Shear test; load L z-axis Failure strain Haliotis rufescens [112]
dry conditions
Work of fracture/toughness/fracture toughness
1.5 kJ/m? Nacre without the calcitic layer under Single-edge notched bending; notch in Highest value; nacre toughens as Haliotis rufescens [112]
wet conditions yz-plane; crack travels in z-dir.; crack grows
load Il z-axis
(1.65+£0.04) kJ/m?  Shell pieces under wet conditions Notched three-point bending; notch in Work of fracture calculated from the Pinctada [117]
yz-plane; crack travels in z-dir.; area under the load-deformation curve; margaritifera
load Il z-axis pre-dried samples were hydrated (bivalve!)
(0.80+0.08) kJ/m?  Shell pieces under wet conditions Notched three-point bending; notch in Pinctada [117]
yz-plane; margaritifera
crack travels in y-dir.; (bivalve!)
load L z-axis
(0.15+£0.01) kJ/m?  Shell pieces under wet conditions Notched three-point bending; notch in Pinctada [117]
xy-plane; crack travels in x-dir.; margaritifera
load 1 z-axis (bivalve!)
(8+3) MPa vm Shell pieces Notched three-point and four-point Stress intensity factor Kic measured Haliotis rufescens [186]
bending; crack travels in z-dir.;
load Il z-axis
(0.46 +0.14) kJ/m? Nacre without the calcitic layer under Single edge notched three-point bending;  Specimens loaded to failure; work of genus: Pinctada  [6]
dry conditions (8) notch in yz-plane; crack travels in z-dir.; fracture calculated from the area under  (bivalve!)
load Il z-axis the force-displacement curve up to
(1.24+£0.78) kJ/m? Nacre without the calcitic layer under Single edge notched three-point bending; ~ peak load; machine compliance Genus: Pinctada  [6]
wet conditions (9) notch in yz-plane; crack travels in z-dir.; corrected; span-to-depth ratio 4 (bivalve!)
load Il z-axis
(0.44+0.14) kj/m? Nacre without the calcitic layer under Single edge notched three-point bending, genus: Pinctada  [6]
dry conditions (9) notch in yz-plane; crack travels in y-dir.; (bivalve!)
load L z-axis
(0.79+£0.25) kJ/m? Nacre without the calcitic layer under Single edge notched three-point bending; Genus: Pinctada  [6]
wet conditions (7) notch in yz-plane; crack travels in y-dir.; (bivalve!)
load L z-axis
(0.44+0.14) kj/m? Nacre without the calcitic layer under Single edge notched three-point bending;  Crack propagation allowed until Genus: Pinctada  [6]
dry conditions (11) notch in yz-plane; crack travels in z-dir.; load dropped to zero; work of fracture  (bivalve!)
load Il z-axis calculated from the whole area under
(1.03+0.27) k]/m? Nacre without the calcitic layer under ~ Single edge notched three-point bending; the force-displacement curve; Genus: Pinctada  [6]
wet conditions (12) notch in yz-plane; crack travels in z-dir.;  span-to-depth ratio 4 (bivalve!)
load Il z-axis
(0.25+0.07) kj/m?> Nacre without the calcitic layer under Single edge notched three-point bending, Genus: Pinctada  [6]
dry conditions (9) notch in yz-plane; crack travels in y-dir.; (bivalve!)
load L z-axis
(0.55+0.17) kj/m? Nacre without the calcitic layer under Single edge notched three-point bending, Genus: Pinctada  [6]

wet conditions (11)

notch in yz-plane; crack travels in y-dir.;
load 1 z-axis

(bivalve!)

“Mode 1" loading. In this case the applied tensile stress to the
specimen is perpendicular to the crack plane. K. denotes the critical
stress intensity factor, which can be used to determine the critical
conditions in terms of remote stress and crack size leading to failure of

the material caldticlayer
The two parameters that can classify the crack resistance of linear .. nacre layer aragonie
. . . . latelets
elastic solids are uniquely related by animal P Hm range
K12 z 500 nm
T plane stress t *
G= (6)
—F plane strain y
The z-axis is parallel to the
crystallographic [001] direction
. . . f th ite platelets. Th
If the material shows nonlinear behaviour other parameters are oo e
more appropriate for judging the resistance of a solid to crack prop- e arbitrary (here).
agation. One possibility is the measurement of the crack-tip-opening
displacement (CTOD). Due to plastic deformation an initially sharp Fig. 12. Directional indicators used in Table 4.
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crack tip blunts under load and therefore reduces the peak stresses at
the tip. The CTOD can be related to the nonlinear energy release rate J.
The nonlinear energy release rate can be defined in similar manner to
Eq. (2). Nevertheless measurement and computation of J are different
compared to the linear case (see e.g. [102]).

If we take a look at Fig. 11 it is interesting to notice that the fracture
toughness of mollusc shells is at least one to two orders of magnitude
higher compared to calcite although the mineral fraction is in the
order of 95 wt.%. Comparing the toughness range for shells with those
of man-made materials as shown in Table 3 it can be stated that the
natural composite is almost as tough as some engineering ceramics,
engineering polymers and even some alloys.

Table 4 summarizes measured mechanical properties of gastropod
nacre and gastropod shells respectively. It has to be pointed out that
different shell-forming animals build up different shell structures with
varying mechanical properties [ 105-108]. In this review we focus on the
columnar nacre of gastropod shells.

The mechanical properties of nacre depend strongly on the
orientation of the specimen during the experimental investigations —
it is an anisotropic material. Fig. 12 explains the terms used for different
nacre orientations used in Table 4.

Considering Fig. 13A it is obvious that nacre exhibits in the initial
linear regime an elastic modulus - in the order of magnitude of
100 GPa - comparable to that of the mineral phase. It has to be added
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Fig. 13. A. Stress-strain curve for aragonite and nacre (hydrated and dry). B. Rising
R-curve of nacre indicates extrinsic toughening mechanisms.

With kind permission from Springer Science + Business Media: Experimental Mechanics,
An Experimental Investigation of Deformation and Fracture of Nacre-Mother of Pearl, Vol.
47,2007, 311-324, F. Barthelat and H.D. Espinosa, Figs. 5a and 16.

that the mechanical properties of aragonite are anisotropic with
considerable differences in the elastic moduli (see e.g. [109,110]).

But in contrast to aragonite (and dry nacre) wet nacre shows a
distinctive nonlinear regime before failure at a strain in the order of
magnitude of 0.01 (tensile failure strain). The ultimate tensile
strength is around 100 MPa and seems to be lower for hydrated nacre.

As indicated previously a rising R-curve - as in the case of nacre
(Fig. 13B) - can be associated with extrinsic toughening mechanisms.
Some of them will be discussed in the following section.

Unfortunately we were not able to find references to fracture
toughness values for aragonite — not even in articles dealing with
toughness of nacre. But at least we can provide an estimation of required
fracture energy from surface energy values. De Leeuw and Parker [111]
performed atomistic simulation studies to calculate the energies of
different aragonite surfaces. Since the calculated surface energies do not
exceed 2 J/m? and the required fracture energy of a crystal is lowered
due to flaws this value can be regarded as an estimation of the upper
boundary for a perfect crystal. Barthelat et al. [112] claim a maximum of
about 10]J/m? for the toughness of an aragonite mineral. A fracture
toughness value of (0.3940.12) MPay/m for calcite for one distinct
surface/load direction can be found in [113]. This value might serve as a
reference point for the order of the toughness values that can be
expected for aragonite.

In this context the (at least) one hundred fold increase in fracture
energy of nacre containing approx. 95 wt.% of the brittle mineral is
remarkable.

The organic layer seems not to be topic of many investigations. For
attempts to characterise the mechanical properties of the interface
between the platelets consult Meyers [114] and Katti [115].

3.3.3. Toughening mechanisms in nacre

The central question to be answered is: how can a biological
composite like nacre with its characteristic columnar brick-and-
mortar structure made of stiff and brittle aragonite as well as ductile
and weak organic layer achieve strength and resistance against crack
propagation?

Considering briefly the elastic modulus of a composite material
like nacre there are two limiting models (see [6]). The upper boundary
is given by the Voigt model, which assumes that the mineral and
organic phase undergo the same strain. Let & be the volume fraction
of the mineral. E;, and E, are the elastic moduli of the mineral and
organic layer respectively. Then the elastic modulus of the composite
can be stated as

E = ®E, + (1-D)E, (7)

The lower boundary can be estimated from the Reuss model,
which assumes that the components experience the same stress upon
loading. The elastic modulus of the composite then reads

(1—Pd) (8)

Applying the tension-shear model (Fig. 14) to biocomposites Gao
and co-workers [116] give an estimation for the elastic modulus

1 _40-P) 1 ©)
E. G2 PE,

Gp and k denote the shear modulus of the organic layer and the
platelet aspect ratio (longer dimension divided by shorter dimension)
respectively. It is expected that the shear modulus of the polymer is
clearly lower than the elastic modulus of the mineral. Consequently a
high aspect ratio is required to avoid a dominating influence of the
weak organic layer on the composites elastic modulus. The role of the
platelet aspect ratio in toughness is discussed below.
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Fig. 14. A. Mineral platelets orderly embedded in an organic matrix. B. The load is transferred by shearing the organic layer during stress (parallel to the platelets). The mineral

platelets carry most of the load applied to the composite.

From H. Gao, B. Ji, L.L. Jdger, P. Fratzl, Materials become insensitive to flaws at nanoscale: Lessons from nature, Proceedings of the National Academy of Sciences U.S.A., Vol. 100, pp.5597-5600

(2003). Copyright (2003) National Academy of Sciences, U.S.A.

While investigating the surface of fractured specimens Currey
[117] deduced ideas for toughening mechanisms. At first during the
process of fracture new surfaces are formed which requires at least
the surface energy of the fractured material.

Due to the brick-mortar structure a crack running perpendicular to
the shell surface (perpendicular to the tablets) often travels around
single platelets thus increasing the actual crack path length. This means
that the “pull-out” of mineral platelets is preferred instead of mineral
fracture and thus increasing the required work of fracture. But if the
platelets just get pulled out of the organic then the weak organic would
determine the mechanical properties of nacre. Consequently there must
be a load distribution mechanism (see following paragraphs).

If in the case described previously the tensile load is applied
parallel to the mineral platelets then the crack propagates sometimes
in the organic layer parallel to the tensile forces (e.g. [118]).

This is an unfavourable propagation direction in the following
sense. It was shown ([118]) that if a crack travels perpendicular to the
applied load in a solid and approaches a plane of weakness (in the
context discussed here an organic interface) the crack starts travelling
in the plane of weakness parallel to the applied load. The authors
point out that the elastic energy required for crack extension parallel
to the load increases less steep with crack length than perpendicular
to the load. In nacre additionally a separation of adjacent platelets
causes crack blunting and therefore reduces stress at the crack tip.
Thus the microstructure of nacre under appropriate load conditions
leads to toughening.

Analysing the surfaces of fractured specimens Jackson et al. [6]
became aware of organic matrix threads that seemed to bridge stress
generated gaps between platelets. The authors even noticed “globules”
in the organic matrix that could “untie” during the bridging of gaps.

Jackson points out that the mechanical toughness of dry nacre is
worse than the toughness of wet nacre. Since water strongly influences
the condition of the organic layer it has to play an important role in
toughness of nacre. If one assumes that proteins of the organic matrix
are responsible for the platelet-matrix—platelet connection and there-
fore are important for the material toughness then a drying of the
organic matrix removes the “natural water environment” of the pro-
teins. This could lead to protein miss-folding and loss of protein side
chain mobility and consequently the decreasing interaction capabilities
of proteins.

In the course of the past years other ideas were added or refined
(for an overview see [119]).

Nevertheless the essential principles to maximize the work of
fracture remain: increase of the crack surface, resistance to platelet

sliding, platelet interlocking, reduction of peak stresses especially in
notches and use of stretchy molecules for crack bridging.

Smith and co-workers [61] were able to show that force-extension
curves of molecules from the organic layer of a freshly cleaved nacre
surface show a sawtooth-like pattern. This indicates the unfolding of
protein domains, opening of intra-chain loops or rupture of inter-chain
bonds. Upon relaxation of the stretched molecules from the organic
layer no “refolding” into the former arrangement was observed. There-
fore a considerable amount of work is dissipated during the extension.
This molecular feature might contribute to the inelastic deformation
prior to fracture, energy dissipation and efficient crack bridging.

Barthelat et al. [112] calculated that - although the crack-bridging
mechanism is evident in experimental observations - its contribution to
the measured toughness is small compared to energy dissipation in an
inelastic deformation zone emerging around a crack tip (see below).

Ji and Gao appended [120] that the viscoelastic properties of the
biocomposite are beneficial to fracture energy dissipation. If the elas-
tic modulus decreases during loading - this can occur if the initially
entangled polymers in the organic layer rearrange in the course of
loading - a viscous energy dissipation zone is formed around the tip of
a propagating crack. This mechanism increases the required fracture
energy and can even stop crack propagation by reducing the stress
concentration.

Several models have been proposed to explain the load transfer
and stress distribution between the platelets inside the composite
during deformations of specimens. This is an essential process to form
an energy dissipative zone around an advancing crack.

First it can be stated that the organic layer is not capable to resist
large stresses without large plastic deformation and/or rupture.

One possibility to transfer load from the weak organic to the more
tough platelets is simply by shear. This requires that (at least some)
organic molecules are connected to the platelets and are able to sus-
tain the shear stress. On the other hand the platelets must resist
the tensile stresses without fracture. To ensure the fracture resis-
tance of the brittle mineral the dimension of the platelets seem to play
an important role. Currey [117] suggested that the thin (height of
approximately 0.5 um) aragonite platelets of nacre are a further source
of its toughness. Gao et al. [26] estimated a critical length scale from
the Griffith crack criterion.

In linear elastic fracture mechanics from the Griffith relation

of = ay/-mt (10)
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the fracture stress of a material (here the mineral platelet) o, that
contains a crack of length h can be estimated if the elastic modulus E,,
and the surface energy y of the solid are known. The factor aedescribes
the crack geometry. The crack length in the solid cannot be larger than
the solids dimension (here the height) so the crack length can be
identified with the mineral platelet height.

It turns out that if typical values for the surface energy, elastic
modulus and theoretical tensile strength are inserted in Eq. (10) then
a nanometer thick mineral platelet shows a tensile strength close to
the limiting theoretical value.

As well as the mineral platelet height, Gao and co-workers found
that the aspect ratio of the platelets is optimized in natural composites.
The optimal aspect ratio is given by

o longer dimension (width or length) _ %xi (1)
shorter dimension (height) TIJ; vh

where o7, is given by Eq. (10) and T{; is the shear strength of the

protein layer. In Eq. (11) the simultaneous failure of the protein layer

and the mineral is assumed. The authors estimated an optimal aspect

ratio for nacre of approximately 10.

This approach has been criticised e.g. by Ballarini et al. [34]. First
the authors point out that in Gao's model no plasticity and/or other
energy dissipating mechanisms are included. They further question
the validity of the Griffith crack criterion (10) at theoretical stresses.
With an “approximate bond force model of the Lennard-Jones type”
where they state the stress to separate two atoms of a material by a
distance x as

o= )

where b is the equilibrium lattice spacing of atoms and n, m are
material constants (e.g. n=2, m=10 for ionic solids). From Eq. (12)
they could derive a relation between the theoretical strength and
Young's modulus

% - A

In combination with Eq. (10) they estimated the crack length
where the fracture strength equals the theoretical strength to be
approximately eight times the equilibrium lattice spacing (ionic
solid). This is clearly below the postulated 30 nm of Gao et al. So due
to Ballarini et al. every crack with length above ~8b should weaken a
solid. The last-mentioned authors stress that the toughening me-
chanisms for the whole shell of Strombus gigas are crack arrest at the
interfaces between cross-lamellar layers of the shell and separation
of inner-lamellar mineral layers (see Ballarini et al. for details). The
microstructural hierarchy of the whole shell is supposed to be re-
sponsible for the toughness of the biological material rather than
nanoscale minerals.

Another possibility of distributing the applied stress in a piece
of nacre is by platelet interlocking mechanisms (Figs. 15-17). Sever-
al interlocking mechanisms have been proposed discussed in the
following.

During mechanical testing several experimenters (e.g. [33])
noticed an inelastic deformation zone at a tip of a crack. If the crack
notch is orientated perpendicular to the mineral tablet face then the
inelastic deformation zone arises from tablet separations (sometimes
denoted as “dilatation bands”). The authors note similarities to phase
transformation-toughening mechanisms (e.g. [121]).

Wang and co-workers [33] and Evans and co-workers [122]
emphasize the importance of inelastic deformations responsible for
peak stress reduction at stress concentration sites (see e.g. [123,124])
improving fracture resistance. Some characteristics of the aforemen-
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Fig. 15. A. Sketch of two aragonite platelets with nanoasperities sliding over each other.
B. The stress-strain curve of nacre shows strain-hardening.
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Fig. 16. A. “Waviness” of aragonite platelets in nacre. B. Interlocking of aragonite
platelets.

With kind permission from Springer Science + Business Media: Experimental Mechanics, An
Experimental Investigation of Deformation and Fracture of Nacre-Mother of Pearl, Vol. 47,
2007, 311-324, F. Barthelat and H.D. Espinosa, Fig. 8.
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Fig. 17. A. Image of interlocked aragonite platelets. B. 3-dimensional model of
interlocked platelets.

From K.S Katti, D.R. Katti, S.M. Pradhan, A. Bhosle, Platelet interlocks are the key to
toughness and strength in nacre, Journal of Materials Research, Vol. 20, pp. 1097-1100
(2005). Reprinted with kind permission of the authors and Materials Research Society.

tioned dilatation bands are that they form normal to the applied load
if the elastic strain regime is left and that the formation of gaps
between platelets is possible through platelet sliding.

Evans and co-workers [122] and Wang and co-workers [33] imaged
nanoscale asperities (“nanoasperities”) on the mineral platelets
(Fig. 15A shows a sketch; for SEM images consult [33] and [122])
and developed a model how these small features provide resistance to
platelet sliding and enable strain-hardening. Considering Fig. 15B the
stress-strain curve starts with an initial elastic regime in which the
organic layer and mineral bridges can bear the load. In their model
the following strain-hardening domain is explained by nanoasperities
that climb over each other. If the asperities of two adjacent platelets
shear over each other and get into mechanical contact the platelets
repel each other perpendicular to the shear direction. This separation
leads to internal compression increasing the required force for further
shearing. If the applied load reaches a threshold value the deformation
continues without any additional strain-hardening. This value is ad-
justed so that the formation of multiple dilatation bands is favoured
over platelet fracture.

In this model the mechanical purpose of the organic layer is to
lubricate the interfaces of the shearing plates and to distribute the
stress between the dilatation bands.

Barthelat and colleagues take the opinion [125] that the nanoas-
perities can only provide a shear resistance over smaller sliding
distances than observed in experiments. They proposed an alternative
model for the observed large inelastic deformation of nacre and the
hardening mechanism [112,126].

While investigating cross sections of nacre they noticed a “tablet
waviness” (Fig. 16A). The authors argued that the unfolding of the
biopolymer(s), which occurs roughly at constant load, and that
nanoasperities, for reasons given previously, cannot provide the
observed hardening. Instead they propose a progressive interlocking
of the wavy platelets during sliding as the source of hardening and
deformation spreading (Fig. 16B). This works in principle the same way

as described previously for the asperties. A macroscopic model of nacre
with interlocking of adjacent nacre platelets is described in [96].

Katti and co-workers [127] took images of the fracture surface of
nacre and detected “interlocks” of stacked platelets (Fig. 17). Two
adjacent platelets that are stacked extend into each other. Simulations
show that if load is applied parallel to the platelets progressive failure
of the interlocks causes strain hardening and explain the observed
strength and strain values.

The load distribution and hardening models introduced so far are
applicable for a specimen in tension. If nacre is subjected to com-
pressive loads another energy dissipation mechanism occurs. Menig
et al. [128] observed plastic microbuckling during compression of
shell specimens parallel to the tablets (Fig. 18). Since the platelets are
not oriented exactly parallel to the applied load the layers shear
against each other if the load reaches a threshold. This plastic
deformation reduces the stored strain energy.

We assume that this compilation of information regarding the
toughening mechanisms of nacre is not complete but nevertheless
contains the most important features. Additionally we neglected the
whole complex of computational approaches to the problem due to
the fact that the simulations rely on the accuracy of the experimental
input values.

4. Growth

In light of the iridescent beauty of nacre, its outstanding mechanical
properties, and its highly ordered structure (described in the previous
sections), a detailed understanding of the formation process is
obviously of great interest. An understanding of how nacre forms
could provide inspiration for the creation of new types of biomimetic
engineering materials, either formed or repaired by the use of self-
organising processes.

Furthermore, nacre could stand as a model system for biominer-
alisation: principles valid for nacre growth may be common for CaCO3
biomineralisation, or even turn out to be general principles of
biomineralisation itself. This is justified by the relatively simple and
organised structure and its early occurrence in the history of life:
nacre was found in fossil records of the earliest shell-forming molluscs
[129].

It must be pointed out that many aspects of nacre growth are not
conclusively elucidated and are the object of ongoing research. This
especially applies to the detailed mechanisms of how the organisms
control nucleation and growth as well as the assembly of the organic
matrix.

Fig. 18. Microbuckling in nacre after compressive load parallel to the xy-plane of the
platelets [128].

This article was published in Acta Materialia, Vol. 48, R. Menig, M.H. Meyers, M.A. Meyers,
K.S. Vecchio, Quasi-static and dynamic mechanical response of Haliotis rufescens (abalone)
shells, 2383-2398, Copyright Elsevier (2000).
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Fig. 19. Photograph of the nacreous inner side of a shell of the marine snail Haliotis
laevigata (greenlip abalone). The diameter of an adult greenlip abalone shell is
approximately 15 cm. Shell growth takes place at the outer edge of the shell, the region
of nacre growth is visible with the naked eye as a region of dull appearance. The inset
shows a SEM micrograph of the nacre growth region with stacked aragonite platelets.
Remnants of the organic matrix can be observed between the stacks.

4.1. Growth morphology

In abalone shells, the location of nacre growth is often visible with
the naked eye as a region of dull appearance located at the border of
the inner side of the shell (Fig. 19). Scanning electron micrographs of
this area (Fig. 19, inset) reveal the structure of gastropod nacre growth
to be platelets of aragonite crystals that stack up into pyramidal shapes
[5,130,131]. Lateral growth of the crystals proceeds until the crystal
layer is continuous, forming the finalised nacreous layer (Fig. 20). This
mode of nacre deposition is different from that which occurs in
bivalves, where aragonite crystals are deposited layer by layer [132].
The pyramidal growth morphology of gastropod nacre seems to
provide a faster growth rate than that of bivalves, since several
platelets can grow simultaneously. This is thought to compensate for
the small growth area in gastropods compared to bivalves, where
almost the entire inner side is a growth surface [131,133]. Although the
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presence of an organic component in finalised nacre was identified
decades ago (in older articles sometimes referred to as ‘conchiolin’;
referred to here as ‘organic matrix’) [134,135], its structure before and
during growth was unclear.

After development of suitable preparation and investigation
methods, pioneering SEM imaging of the nacre growth region re-
vealed the presence of well-organised organic sheets prior to complete
mineralisation [130,131]. Using transmission electron microscopy of
ultramicrotome sections, it was possible to observe the structure of the
growth region in great detail. Initial observations were made on
bivalve nacre around 1970 [132,136,137]. Investigations on gastropod
species by Nakahara and colleagues followed about 10 years later [3,5].

Fig. 20C shows a typical TEM micrograph of growing gastropod
nacre. Prior to nucleation of the first aragonite tablet, a part of the
organic matrix forms roughly even-spaced interlamellar sheets, which
are then filled by laterally growing aragonite crystals. On top of the
aragonite stack, several sheets lie more densely packed (denoted ‘SS’ in
Fig. 20C). These stacked sheets are thought to form a protective shield
of the growth area against distortions caused by the relatively mobile
gastropods, as well as provide a reservoir for the further vertical
growth of nacre [3,131].

The identification of organic sheets formed prior to mineral de-
position was interpreted as a confirmation of the ‘compartment
theory’, which postulates that nucleation and growth of the mineral
phase occur in pre-formed organic compartments [3,5,132].

4.2. Cells of the mantle epithelium control the mineral deposition

Secretory epithelial cells of the mantle are responsible for the
inductions of the different stages of shell formation. These cells are
located at the dorsal (shell side) surface of the mantle of the animal,
which forms a closed space between the organism and its shell
[12,132]. This so-called extrapallial space (pallium, Latin for cloak/
mantle) is filled with extrapallial fluid, which is supposed to contain
the required inorganic ions [89] as well as the complex organic matrix
[132,133,136]. It is a central assumption of shell biomineralisation
that the type of secreted organic matrix plays a major role in defining
the type of shell layer formed [138]. Fig. 20A shows a schematic
vertical cross fracture surface of shell growth in abalone.

Mantle epithelium

Nacre
(Hypostracum)

- _Prismatic calcite

/ (Ostracum)

*~——Periostracum

Fig. 20. A. Schematic vertical cross section (not to scale) of the outer mantle edge and the growing shell in Haliotis. The cells of the mantle epithelium control the composition of the
extrapallial fluid. The different shell layers grow by a self-organisation process. Initially (left), the organic Periostracum is deposited, followed by the growth of prismatic calcite and
nacre. Intermediate shell layers have been omitted for simplicity. B. Scheme of nacre growth. The mineralisation takes place in pockets of the interlamellar matrix soaked with ions,
soluble matrix proteins and presumably a silk-like gel. C. TEM micrograph of a thin cut of growing gastropod nacre (species Tegula pfeifferi, lead citrate single stain). (‘A’) Aragonite
crystal stack. (‘S’) organic sheet. (‘SS’) Surface sheets [133]. With kind permission of Springer Science + Business Media.
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Fig. 21. A. AFM image of a calcite surface in deionized water. The different gray levels represent monomolecular layers of the calcite [441] surface. B. AFM image of a calcite surface in
the presence of the small 4.8 kDa nacre protein Perlinhibin (in 7.5 mM CaCl,). The protein binds to steps and kinks of the calcite crystal and locally prevents dissolution of the crystal
at the binding site. The resulting surface has a fringed appearance due to bound proteins which are visible as small white spots. The line plots a the right side compare the height
profile over a step without (gray) and with (black) bound protein. Without protein the typical step height for calcite of about 0.35 nm is observed, whereas with bound Perlinhibin

the step height is increased to 0.7 nm.

Reprinted from K. Mann, F. Siedler, L. Treccani, F. Heinemann, and M. Fritz, Perlinhibin, a cysteine-, histidine-, and arginine-rich miniprotein from abalone (Haliotis laevigata) nacre, inhibits
in vitro calcium carbonate crystallization, Biophysical Journal 93 (2007) 1246-1254. Reprinted with the kind permission of the authors and Elsevier.

The relationship between organic matrix secretion by the cells of
the mantle epithelium and mineral deposition can be studied in vivo
by inserting inorganic substrates (e.g., glass slides) between the shell
and the mantle of the animal [12,17,21,139,140]. This so-called flat
pearl technique [17] triggers the formation of new shell layers on a
flat surface. The newly formed overgrowth resembles the arrange-
ment of the native shell in spatial and temporal order (organic sheet
followed by calcite and nacreous layers), and is used to investigate the
different stages of shell formation. The organism'’s ability to restart
the sequence of shell deposition after sensing an inserted surface
indicates that individual cells of the mantle epithelium are able to
secrete different types of organic matrix. Sharp transitions between
the different shell layers were observed, showing the strict control
that the organism has over mineral formation [12]. Another in-
vestigation, using in situ hybridisation of mRNA coding for two pro-
teins of either the prismatic calcite or the nacreous layer in the bivalve
Pinctada fucata, revealed that cells at the outer edge of the mantle
epithelium secrete proteins necessary for the calcite layer formation
and cells located at the inside secrete proteins necessary for nacre
formation [49].

Possibly due to the small amount of extrapallial fluid and com-
plicated experimental access, only two studies focusing on the
inorganic composition of the extrapallial fluid have been published
to date [89,141]. In the investigated marine bivalves (no gastropods
and no freshwater species were investigated) the inorganic compo-
sition was similar but not equal to sea water [89] and the
haemolymph [142] (Table 5). In nearly all results, the concentration
of inorganic carbon (CO, or HCO3") in the extrapallial fluid was higher
than in sea water; calcium was always slightly elevated. The CaCO;
supersaturation level of the extrapallial fluid deviated greatly due to
the difference of reported pH values, which mainly control supersat-
uration by the pH-dependent distribution of the carbonate species.
The values reported by Wada and Fujinuki [141] represent a strong
supersaturation, whereas the values reported by Crenshaw [89] do
not. The high magnesium concentration of the extrapallial fluid is of
interest: at about 50-60 mM it is 5-6 times higher than the calcium
concentration. In precipitation assays, such high magnesium/calcium
fractions were found to favour aragonite growth [143] and to delay
the onset of precipitation [144]. Nevertheless, it seems unlikely that
shell growth depends on the detailed ionic composition of the
extrapallial fluid, considering the organism's ability to induce the
growth of different shell layers containing different CaCO3 poly-
morphs in close proximity simply by changing the type of organic
matrix secreted.

4.3. Pores, mineral bridges, domains and implications for nacre growth

Although the existence of defined organic compartments prior to
mineral deposition was generally accepted after publication of the
first TEM images of ultramicrotome thin sections of growing nacre in
gastropods [3], it was not known whether each platelet was nucleated
independently or if the platelets were connected by mineral bridges
through pores in the interlamellar matrix sheets. Pores had been
observed by electron microscopy (SEM and TEM) in early studies on
the interlamellar sheets on bivalves [132,136] and gastropods [5,133].
However, due to the sensitivity of the organic material, the possibility
remained that these structures might also be preparation or imaging
artefacts [21].

Investigations of the interlamellar sheet of demineralised flat
pearls by atomic force microscopy and scanning ion conductance
microscopy verified the existence of pores in the interlamellar matrix
in an aqueous solution. It was found that the matrix sheets are
pervaded with pores of 5-50 nm in diameter and a density of about
50-100 pores/um?. These pores were shown to be conductive for
ions, but, due to their size, it was assumed that they also allowed the
diffusion of soluble proteins. The possibility of mineral growth through
these pores, forming so called mineral bridges connecting adjacent
aragonite platelets, was also suggested [21].

Schiffer and colleagues produced the first TEM images of inorganic
material crossing the pores inside the organic matrix in 1997 [21], but
the authors noted that the image quality was not sufficient to prove
the existence of mineral bridges conclusively. In the following years,

Table 5

Range of measurements of the inorganic composition of the extrapallial fluid of several
marine bivalve species compared with sea water and the haemolymph of Strombus gigas
(a marine gastropod). Analysis 1 represents the range of values from 3 species [89],
analysis 2 represents the range of values from 4 species [141].

Ion Analysis 1 Analysis 2 Haemolymph Sea water
[89] [141] [142] [89]
Na® (mM) 441-444 422.8-431.5 495.9 427
K* (mM) 9.4-9.6 9.6-12.7 10.9 9.0
Ca** (mM) 10.65-11.6 9.5-9.9 11.3 9.3
Mg?* (mM) 57-60 48.2-50.7 58.28 53
Cl~ (mM) 472-480 520.1-552.6 557.8 496
SO5~ (mM) 46.1-47.3 26.2-33.3 20.48 51.1
CO, (mM) 42-52 - - 2.5
HCO3 (mM) - 24-52 10.16 -
pH-value 7.33-7.41 8.4-8.53 7.91 7.91
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several further studies reported the discovery of connections be-
tween stacked platelets and provided TEM images of good quality
[32,125,140,145].

Synchrotron spectromicroscopy of vertical nacre cross sections
demonstrated that the a- and b-axis of up to 40 platelets are parallel
oriented in the abalone Haliotis rufescens. This parallel orientation of
platelets was for the most part along the vertical direction, but
laterally parallel oriented platelets were also observed [146], possibly
due to growth via mineral bridges in the lateral direction. These
findings are supported by recent studies using high resolution TEM on
stacked aragonite platelets of Haliotis laevigata [32] and Pinctada
fucata [147], which show that the crystal lattice is continuous over
mineral bridges, resulting in a transfer of the platelet orientation.

The existence of domains of platelets with constant orientation led
to conclusions about the growth mechanism [146]. Nucleation events
of aragonite platelets occur at randomly distributed sites on or in the
preformed organic matrix. These nucleated aragonite crystals then
grow in a vertical and lateral direction through pores in the organic
matrix until they come into close contact with neighbouring crystals
to form the finalised material (see also Fig. 5).

4.4. Formation of the interlamellar matrix

To date, the processes that form the interlamellar matrix inside the
extrapallial space are only partially understood. Since the interlamel-
lar matrix itself has a hierarchical construction [129], a full formation
model of the interlamellar organic matrix should comprise all struc-
tural levels, beginning with the synthesis of the individual compo-
nents and ending with the modalities that produce the assembly of
evenly spaced interlamellar matrix layers.

A protein involved in chitin synthesis by the cells of the mantle
epithelium was recently described by Weiss et al. [148]. The authors
report the cDNA of a chitin synthase (Ar-CS1) for the bivalve species
Atrina rigida and a homologous gene (Mg-CS1) for the bivalve Mytilus
galloprovincialis. The reported chitin synthase is a transmembrane
protein containing motifs similar to insect chitin synthases. In ad-
dition, it contains an intracellular myosin head domain, supposing a
connection with the cytoskeleton [148]. After secretion into the
extrapallial space, the chitin possibly crystallises with neighboring
chitin polymer chains to B-chitin fibrils [129].

Chitin of the bivalve M. galloprovincialis was reported to be co-
valently modified with additional hydrophobic side-groups, appar-
ently resulting in an amphiphilic property of the modified chitin [149)].
This amphiphilic property could be an important driving force for self-
organisation, resulting in the observed layered organic sheets. The
modified chitin fraction might form the interface between the chitin
core and the interlamellar matrix surface, which is in contact with the
proposed hydrophobic silk-like gel [49,150-153] between the inter-
lamellar layers.?

In 2009, Checa et al. showed TEM images of extracellular vesicles,
fusing with the surface of the interlamellar matrix sheets at the mantle
side of gastropods [154]. Already in the TEM images by Nakahara et al.
these vesicles are perceivable to some extent (above ‘SS’ layer, right
side in Fig. 20C). In the new images of higher resolution, the vesicles
are hollow and have a two-layer appearance. Surprisingly, the surface
sheet itself (‘SS’ in Fig. 20C), which is formed by the layered vesicles, is
apparently homogeneous. On the nacre side (below ‘SS’ sheets in
Fig. 20C), interlamellar sheets were shown to detach from the surface
sheet, a process that occurs simultaneously with the vertical pen-
etration of the topmost aragonite crystal into the surface sheet. The
reasons for this detachment from the homogeneous surface sheet are

2 To date, this silk-like component has not been reported for the gastropod species,
but its presence seems likely due to the close relationship of the nacreous layers
formed by the two classes.

yet unknown, but result in a layered interlamellar matrix sheet (con-
taining a chitin core and attached proteins). Possibly, the amphiphilic
nature of a chitin fraction cited previously helps to separate the
interlamellar sheets.

4.5. Control over mineral formation

In the last decades, the high degree of control that organisms
have over the mineralisation process has attracted the attention of
many researchers. The following aspects of mineralisation are es-
pecially noticeable:

- Polymorph control: aragonite is nucleated exclusively.

- Morphology control: the aragonite in nacre forms platelets of
about 500 nm height and several pm in diameter, which is a strong
deviation from the needle like geologic crystal habit.

- Orientation control: the c-axes of the aragonite platelets are
oriented almost perpendicular to the interlamellar matrix.

- Inhibition: no uncontrolled nucleation inside the extrapallial
space.

- Nucleation: to some extent newly nucleated crystals must form,
although most crystals seem to grow via mineral bridges.

- Transport of required ions to the site of crystal growth.

Several models have been developed to explain various aspects of
the mineral formation process. A future comprehensive model should
integrate the formation mode of the interlamellar matrix sheets as
well as the entire mineralisation process. It will likely include and
combine components of the different hypotheses presented below.

4.5.1. lonotropic model

Ion binding studies performed in the 1970s and early 1980s led to
the conclusion that the soluble matrix is capable of selectively binding
calcium in the presence of other ions [155] (see below for the present-
day view). Greenfield et al. reported a calcium binding capacity of
0.67 umol/mg of EDTA extracted soluble matrix from the nacre of the
clam Mercenaria mercenaria [156], whereas Wheeler et al. determined
a calcium binding value of approximately 23 umol/mg of EDTA ex-
tracted soluble matrix of the oyster Crassostrea virginica [157]. Al-
though these values differ quite radically, both express a very high
number of calcium ions bound to one matrix macromolecule. As-
suming, for example, 50 kDa for the average molecular mass of a
matrix molecule, this yields 33 (0.67 pg/mg) or 1150 (23 pg/mg)
bound calcium ions per macromolecule.

Early histochemical investigations of the interlamellar matrix
revealed that a part of the EDTA extracted soluble matrix, which was
previously shown to bind calcium, remains located at a central region
under each platelet when performing demineralisation under protein
fixing conditions (in the presence of 4% formaldehyde). This central
region was identified as sulphur and acid mucopolysaccharide con-
taining, as well as calcium binding [158]. Thus, at least some fraction of
the ‘soluble matrix’ is attached to the interlamellar matrix before
demineralization with EDTA.

These calcium binding properties and the presence of charged
groups at the central region of the interlamellar matrix led to the
proposal of the ionotropic model [159] as a hypothesis for the nu-
cleation process in nacre [156,160]. It was stated that calcium-binding
groups, e.g., anionic sulphated polysaccharides bound to proteins,
locally attract calcium at a nucleation site by electrostatic accumula-
tion. These ions would then re-attract their counter ions and so forth.
Due to the increased local super saturation of CaCOs, a crystallisation
of CaCOs; should occur. Since no perfect positioning of ions was
assumed, it was also proposed that the initial nuclei could be
amorphous, with a subsequent phase transformation to crystalline
aragonite [156].

The reports of the calcium-binding properties were re-evaluated by
Wheeler et al. in 1987. The team carefully investigated the influence
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of residual EDTA present in soluble matrix fractions on the results of
calcium binding studies, and found that EDTA is very difficult to
remove from matrix samples, since it interacts with matrix proteins.
Calcium binding studies on EDTA-free samples showed no calcium
binding, reversing previous results [161].

However, a more recent investigation, avoiding the artefacts
induced by EDTA demineralisation, led to a partial confirmation of
histochemical results obtained earlier by Crenshaw et al. [158]
suggesting a tentative re-proposal of the ionotropic model. Nudelman
et al. analysed the distribution of several chemical groups on the
interlamellar matrix of nacre from the cephalopod Nautilus pompilius
and the bivalve Atrina rigida by applying several staining methods [23].
A similar study was recently published for the gastropod Haliotis
rufescens [22]. There was good evidence for a ring-shaped area with
sulphate anions present on the interlamellar matrix of Haliotis and
Nautilus. In addition, carboxylates could be stained in a central spot. In
all species, a central region could be labelled with polyclonal
antibodies against a soluble protein fraction extracted from nacre of
A. rigida [162]. This protein fraction showed in vitro the capability to
induce aragonite growth by using the ammonium carbonate method
[19]. Therefore, it was assumed that the central spot has nucleating
capabilities, for example, by highly ordered carboxylic groups of
acidic proteins (see next section), whereas the negatively charged
sulphate ring may help to locally supersaturate the environment by an
ionotropic effect [23] (as already 1987 proposed by Addadi et al.
[163]). Since the central spot is also the most likely region for the
penetration of the first mineral bridges in a newly forming platelet, the
ionotropic effect may also help to accumulate ions and foster further
mineral growth of the newly growing platelet connected via a mineral
bridge to an underlying platelet [22].

4.5.2. Epitaxy model of nucleation

One of the earliest (proposed in the 1960s) hypotheses for the
nucleation of oriented aragonite was heteroepitaxy [130,131,136,137].
Heteroepitaxy (often shortened to the general term, epitaxy) in
biomineralisation refers to a nucleation of the mineral on an organic
matrix with chemical groups aligned so that they perfectly position the
ions of the nucleating mineral phase. This represents a contrast to the
ionotropic model, where a local supersaturation is assumed to favour
nucleation. Initially the argument for the epitaxy model was based on
the observation that the mineral grows on top of the surface of the
organic matrix sheets [137].

The epitaxy model gained further support in 1980, when Weiner
and Traub published results of X-ray diffraction measurements on the
organic matrix of 10 nacre-forming species. Their interpretation of the
diffraction patterns resulted in the description of an ordered protein
component in the B-sheet conformation as a constituent of the
interlamellar matrix (attributed to a silk-fibroin like protein due to
results of amino acid analysis) as well as 3-chitin in some cases. In one
of the investigated species, Nautilus repertus, they found that the
chitin fibrils and the p-sheet protein chains were oriented perpen-
dicular to each other and aligned with the a- or b-axis of the aragonite
platelets [45].

It was unclear whether or not this spatial relationship between
mineral and organic matrix for N. repertus was typical for other species
but not visible due to the large area investigated by XRD, thereby
causing an averaging of differently oriented areas. By performing
electron diffraction on a small area (about 6 um?) and consequently
avoiding averaging effects on partially demineralised samples, Weiner
et al. reported three years later that the protein chains were aligned
along the aragonite b-axis [40] in all investigated species (gastropod,
bivalve and cephalopod). This co-orientation of the mineral phase and
a p-sheet protein component of the organic matrix made a strong case
for the epitaxy model [40,41], since it is difficult to explain why the
organic phase should align exactly with a specific crystal axis using
other concepts.

Earlier findings by Weiner and Hood revealed that the soluble
proteins contain a high fraction of aspartic acid. They proposed a
hypothetical protein with B-sheet conformation and sequence asp-
x-asp (with x representing glycine or serine). The distance between
the carboxylic groups (6.95 A) roughly matched Ca-Ca lattice spacing
for aragonite and calcite (3.0 A-6.5 A) [18]. Considering that the soluble
matrix originates to some extent from the interlamellar sheets, they
proposed that the nucleation centers on the organic matrix were the
previously reported asp-x-asp sequences, which align calcium ions by
epitaxy [41].

Since the position of the calcium ions on the (001) faces of calcite
and aragonite is almost identical, additional features to explain the
selectivity between aragonite and calcite were required [164]. It must
also be noted that to date, the main evidence for the epitaxy model is
based on the results of the electron diffraction experiments from 1983
[40], which are supported by the finding of a central region of acidic
proteins [22,23]. However, no similar XRD or electron diffraction
results from other groups have yet been published, which show a co-
orientation of ordered parts of the organic phase and the aragonite
crystals.

4.5.3. Amorphous precursors

The idea that calcium carbonate in nacre and other biominerals
does not crystallise directly from a solution but via a transient amor-
phous phase was briefly implied in older publications [136,156]. In
recent years, the amorphous precursor hypothesis has been elaborated
due to new experimental results and general considerations about the
mineralisation process [152,165-168].

Investigations of different developmental stages of larval shells of
the gastropod Biomphlaria glabrata indicated the involvement of
amorphous calcium carbonate (ACC) in nacre formation before crys-
talline matter is present [169]. In a similar follow up study, [170], the
authors confirmed the finding of ACC in larval shells. In comparing
early stages of the shells, they found no X-ray diffraction signal (only a
scattering contribution) although the shells already contained
amounts of CaCOs (detected by thermogravimetry) as well as calcium
(detected by electron spectroscopic imaging and extended X-ray
absorption fine structure measurements). Furthermore, a recent study
using SEM, IR-Spectroscopy and Raman imaging spectroscopy on
shells of larval stages of two bivalve species yielded a similar result
[171].Hence, itis concluded that in the larval shell, amorphous calcium
carbonate is a precursor stage which subsequently transforms into the
more stable form aragonite [171], possibly according to Ostwald's
empirical step rule [170,172].

ACC has also been reported as a transient phase in a number of
other calcifying species (for an overview, see [165]). Since amorphous
calcium carbonate is difficult to detect, especially when combined
with a crystalline phase, some authors conclude that ACC precursors
are a very common and previously overlooked feature of calcification
[165,166,168].

A further argument for the involvement of ACC is the observation
that minerals formed by controlled biomineralisation seem to adopt
almost arbitrary shapes depending on their specific function. In con-
trast, geologically formed minerals usually adopt a specific crystal
habit. Therefore, mechanisms must exist which allow the organism to
control the geometry of the growing mineral. One way of achieving
this could be the pre-filling of an organic mold (i.e. the organic matrix
compartments present during nacre formation) with ACC [165,168],
which is subsequently consumed by a growing crystalline phase nu-
cleated on the matrix.

Finally, the transport of the ions and removal of solvent were taken
as indicators for ACC precursors [152,168]. Addadi et al. considered
the following [152]: an aragonite platelet of volume 10x10x
0.5um>=0.5-10" "2 contains about 1.5- 10~ '2 mol of CaCO;. Due
to the low solubility of aragonite (solubility product: K, = 10~ 8336 M2
at 25°C [84]) a more than 10° times higher volume of CaCOs;
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containing solution would be required to dissolve and transport this
amount of ions when assuming a saturated solution. According to the
authors, “this clearly represents a logistical problem (...), both in
transporting sufficient mineral (...) and removing large volumes of
water.” They proposed the possibility of mineral transport by ACC-
containing vesicles [152]. However, it could be argued that nacre
formation is relatively slow (typically 0.5 um in the vertical direction
per day [140]) and diffusion lengths are short, presumably allowing
the animals to re-supply expended calcium and carbonate to the
extrapallial fluid, which then might distribute due to diffusion. In the
case of calcium (diffusion coefficient: D~3.73-10~©m?/s [173]),
assuming a diffusion length of 10 pm, the diffusion time would be less
than one second.® Further, Addadi et al. assume a saturated CaCOs
solution, but the exact saturation level of the extrapallial fluid is not
well known (see Section 4.2) and supersaturation with respect to
CaCOs is possible, which would lower the volume factor discussed
previously. Stabilisation of the extrapallial fluid could be achieved by
soluble nacre proteins, which are known to act as strong inhibitors of
CaCOs nucleation and growth [157].

However, the existence of an amorphous precursor in nacre is a
serious possibility, especially in light of the detection of ACC
precursors in a number of calcifying species as well as in larval shells.
But to date, there is no direct evidence proving the existence of ACC in
the growing nacre of mature animals.

4.5.4. Control of growth by soluble nacre proteins

In all of the models discussed previously, the role of the soluble
matrix is not clearly defined. Studies showed a strong inhibiting ability
of the total soluble matrix [157]. With ongoing success in the pu-
rification and characterisation of nacre matrix proteins from Haliotis, a
strong interaction with calcium carbonate in vitro was also found for
most isolated nacre proteins. Some matrix proteins enhanced the
crystal growth on calcite surfaces; (Perlucin [39,176], AP8 o, P
[63,177]), whereas others were inhibitory on a calcite surface or in
precipitation experiments (Perlwapin [58], Perlinhibin [59], AP7 and
AP24 [62,177]).

The mechanism of crystal growth inhibition can be concluded from
AFM studies on calcite surfaces in the presence of nacre proteins, e.g.,
Perlinhibin, which binds to monomolecular steps of calcite. Since
crystal growth is most favorable on crystalline steps and kinks, a
blocking of steps decreases the overall growing velocity. At moderate
CaCOs supersaturations, this results in an inhibition of crystal growth,
since dissolution and growth are competitive mechanisms. The pro-
tein binding sites can be clearly observed by a fringing of the calcite
steps, which are locally blocked by proteins (Fig. 21) [59].

In the case of a preferred attachment of nacre proteins to specific
crystal faces, this inhibitory capability would result in modified crystal
growth velocities of the different crystal faces, finally resulting in
crystals of strongly modified habit [138]. Due to the fact that the
slowest-growing crystal faces govern the surfaces of a growing crystal,
it is possible that the faces with strongest inhibition, e.g., due to
protein binding to steps, represent the faces of the finalised crystal.

Elhadj et al., who found an increase of the calcite step propagation
rate in AFM studies with artificial peptides at low concentrations,
recently investigated the mechanism of crystal growth enhancement.
This enhancing effect increased with both hydrophilicity and net
negative charge of the peptide. The authors proposed that negatively
charged and hydrophilic compounds increase the kinetics of ion
attachment. Negatively charged compounds could help ions to attach
to the crystal surface by the locally created electrostatic force gradient,

3 The diffusion time was calculated by using t =<r?>/6D. If the situation inside the
organic matrix is considered as diffusion in a gel, an effective diffusion coefficient Deg
has to be calculated [174,175]. But due to the short distance r the resulting time t will
remain small (<10 s), even under the assumption of strongly hindered diffusion (Deg/
D=0.01).

whereas hydrophilic molecules might do so by restructuring water
around the ions and at the crystal surface, both representing a barrier
to ionic attachment [177].

A further effect of some of the soluble matrix proteins is the capacity
to control the polymorph of forming CaCOs3 crystals [19,59,178,179]. By
creating artificial substrates from p-chitin and silk fibroin, Falini et al.
showed that proteins extracted from either the calcitic or aragonitic
shell layers were capable of inducing their respective crystal poly-
morphs [19]. In a different study, polymorph selectivity for an isolated
protein was found. After incubation of a calcite surface with a su-
persaturated CaCOs solution in the presence of the nacre protein
Perlinhibin, an overgrowth of aragonite was found, possibly due to
specific inhibition of calcite growth [59].

Hence, the possible roles of the crystal interacting proteins from
the soluble matrix might be diverse, ranging from the control of
crystal shape (growth inhibition or promotion of specific crystal faces)
and polymorph selectivity (by specifically inhibiting calcite), to the
general inhibition of uncontrolled growth from solution. For some of
the proteins the attribute ‘soluble matrix’ may be misleading, since at
least some of them are attached to the interlamellar matrix in vivo
[158].

4.6. Crystallisation studies on the interlamellar matrix

In order to investigate the influence of the interlamellar matrix on
mineral formation in vitro, a few crystallisation studies using water
insoluble matrix extracts have been performed [156,180-182].

Greenfield et al. placed matrix sheets extracted with EDTA from
septal nacre of Nautilus pompilus in metastable solutions with an ionic
composition similar to the extrapallial fluid. Under these conditions,
only a few crystals formed on the matrix. However, when matrix
sheets with fixed soluble matrix proteins were used, a favoring of the
crystallisation process was observed.* The authors concluded that
soluble proteins are able to promote nucleation, when bound to the
insoluble sheets [156]. This finding is in accordance with the study
discussed earlier, of possible nucleating regions which require the use
of protein fixating methods during demineralisation [23].

In a recent study, the authors remineralised the interlamellar
matrix by using the ammonium carbonate gas diffusion method and
simultaneous incubation with charged polymers (like poly-aspartic
acid) which are known to stabilise amorphous calcium carbonate
[181]. Electron micrographs of the resulting samples strongly re-
sembled nacre's stacked mineral sheets and intercalated organic ma-
trix; however, the polymorph formed was calcite. It is unclear whether
the procedure used imitates processes in vivo, but obviously it supports
the possibility of filling the organic compartments with crystalline
matter by using stabilised ACC particles, which then subsequently
transform to crystalline CaCOs.

The common CaCOs crystallisation methods suffer from large
deviations in pH value and concentration of the ions [183], which
affects the rate of CaCOs precipitation as well as possibly important
surface charges. These problems could be avoided by using a double
diffusion method with constant renewal of the diffusing ionic
solutions. When this method was used by Heinemann et al., crystal-
lisation on the interlamellar matrix (demineralised by EDTA) resulted
in the nucleation of flat aragonite crystal aggregates on and inside the
interlamellar sheets (however, also unspecific crystals with the typical
morphology for CaCOs; precipitates were obtained). The specific
crystals obtained resembled the aragonite tablets in nacre, whereas
on several polymeric foils only the common morphologies of the
water-free CaCOs; polymorphs calcite, aragonite and vaterite were
obtained. Thus, despite the aforementioned problems of EDTA de-
mineralisation, as well as the possible loss of nucleating proteins, this

4 Although the crystal polymorph was not determined in the article, the needle-like
morphology of the resulting crystals strongly resembled precipitated aragonite.
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study showed the general capability of the EDTA demineralised
interlamellar matrix to nucleate flat aragonite crystals in vitro [182].

5. Final remarks and future challenges

In this article we summarised our current view on structure,
properties, and growth of gastropod nacre. With ongoing research and
progress in scientific methods it became evident that these three
aspects have to be considered in an integrated manner since they are
tightly connected. For example, the discovery of structural details like
the mineral bridges, the presence of correlated crystal axes over
several platelets, or the heterogeneity of the chemical surface com-
position of the interlamellar matrix allowed to draw conclusions
about the mechanism of growth. Also, macroscopic properties, like
mechanical or optical characteristics, can only be understood in the
light of a detailed structural understanding of nacre.

These mechanical and optical properties are features of nacre
worth to imitate in biomimetic approaches. Inspired by the brick and
mortar architecture at the micro-scale, artificial materials designed in
a similar manner are promising approaches to obtain comparable
fracture energies or optical properties. Since such artificial materials
have a less restricted choice of ingredients, e.g. ceramics or engi-
neered polymers, such materials may become even superior to their
natural prototypes. However, the number of structural details, which
are important for the properties are difficult to imitate in artificial
multilayered composites. These details include the nanoasperities, the
tablet waviness, the connection of the soft polymeric “mortar” with
the hard ceramic “bricks” and the low thickness of the platelets.
Additionally, so far the bio-inspired approaches for the production of
nacre-like composites are time-consuming and laborious processes.

Therefore, a key feature of nacre biomineralisation, which would
be highly promising to imitate in an artificial material, is its me-
chanism of growth. Such a material would possibly be self-growing in
an aqueous solution and at ambient temperature. However, before
biomimetic approaches are likely to succeed, which also imitate the
growth process of nacre, a number of open questions needs to be
solved. They can be grouped into questions related to the structure
and composition, the assembly of the organic matrix, and the details
of the calcium-carbonate crystallisation process.

Concerning the structure and composition a precise understanding
of the configuration of the interlamellar matrix, including the lateral
distribution of surface proteins and especially the arrangement and
chemical nature of the putative nucleating regions on the inter-
lamellar matrix is required. Moreover, it is still not conclusively
known if, before mineralisation, the space between the interlamellar
matrix sheets is filled with a proteinaceous gel, or if it can be con-
sidered as a relatively simple aqueous solution. In the case that such a
gel exists before mineralisation, its fate during and after mineralisa-
tion would be highly interesting. For example, it could be either
pushed away by the growing mineral or be included and form an
intracrystalline network.

The second set of questions towards successful in vitro biominer-
alisation is a better understanding of the assembly of the interlamellar
matrix in the extracellular space. Recent reports on amphiphilic
properties of chitin purified from nacre suggest that this might drive
at least partially the self-assembly of the interlamellar matrix. Further
biochemical and structural characterisation of the chitin fraction as
well as in vitro aggregation studies could provide more information
here. Also, the recently published TEM images of vesicle like
structures fusing with the surface of the developing interlamellar
matrix point into an interesting direction.

Finally, crucial details of the crystallisation process resulting in the
formation of oriented aragonite crystals with a defined morphology
are unclear and represent obstacles to mimic this process. This is
connected to a number of aforementioned unknown structural de-
tails of the organic matrix. For example, the ratio of free volume to

nucleating surface in the extrapallial fluid during growth is not
known, although this parameter is of great importance to the CaCO3
nucleation process. Obviously the presence of a gel between the
interlamellar sheets would greatly affect this ratio. Also, the detailed
physical and chemical mechanisms of aragonite nucleation in nacre
are still not clear (e.g., heteroepitaxy and ionotropy). A related
question is the function and location of the soluble proteins in vivo.
Some of these proteins seem to bind to the interlamellar matrix,
where they possibly promote nucleation, whereas others might act as
inhibitors in the volume. Furthermore, despite several indicators, a
phase transition from amorphous calcium carbonate to a crystalline
phase during adult nacre growth has not definitely been proven yet.
Further crystallisation studies, ideally combined with physical
modelling, might promote a better understanding of the influence
of different organic fractions on the crystallisation process.
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