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Extended abstract

Biominerals are organomineral composites synthetized by organisms. A
composite is defined as the material that results from the combination of two
or more different and structurally complementary materials. A composite has
certain structural or functional properties, which are not present in the
individual components. These emergent properties appear from the
interaction of their individual constituents, which normally involves an
organic matrix and a reinforcing material, organized in a hierarchical
manner. Vertebrate bone, echinoderm spines and molluscs shells are some
examples of composite biomaterials. The field of biomineralization aims to
understand the formation, structure and properties of the minerals deposited

by biological systems.

Molluscs are excellent biocomposite constructors. Making use of a
reduced number of elements (shells are mainly composed of calcium
carbonate, in the form of calcite or aragonite, and 1-5.5% of organic

material) they can produce more than a dozen microstructures. The
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crystallites and the organic matter organize into particular patterns termed
microstructures, characterized by recurrent spatial and crystallographic
relationships. Frequently, shells are composed by layers with different
microstructures, and even different mineralogies. For this to occur,
organisms exert an exquisite multi-level control over the transport,

aggregation and deposition of the mineral.

The formation processes of the different microstructures are of great
interest, in part due to their applicability in the development of biomimetic
materials. One of the hot topics today is the formation of crystalline
materials through amorphous phases. Its discovery attracted great scientific
interest, since the classical mineralization models developed in the last
century described the crystal growth through the addition of ions, but not by

aggregation of higher-order particles.

The present PhD work addresses the issue of the amorphous precursors in
one of the best studied mollusc microstructures, the nacre. The presence of
amorphous calcium carbonate (ACC) in the forming tablets has been
recently demonstrated. Our approach was to make a high resolution study
encompassing two main lines of evidence: imaging and elemental analysis.
We have studied three stages of the nacre formation process using a
gastropod species as model system. The peculiarity of gastropods is that they
present a dense organic membrane (the surface membrane) which covers the
mineralization compartment. Within such compartment, the organic
membranes (interlamellar membranes) are arranged first and the mineral

forms between them. The gastropod nacre tablets stack forming towers.
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This PhD study is divided in three sections:

Determination of the transport mechanism of the ACC (vesicles
function and surface membrane dynamics).

Characterization of the ACC in the forming tablets (distribution and
relationships with the crystalline phase).

Study of the morphology in the mature tablet (nanogranularity).

For the first section we have used transmission electron microscopy
(TEM) and electron energy loss spectroscopy (EELS). We have imaged and
analysed the vesicles segregated by the mantle cells and the surface
membrane. The results show that some of these vesicles transport calcium-
rich material attached to their inner surface; the membranes of these vesicles
also contain calcium. The surface membrane and the interlamellar
membranes show high amount of calcium. The surface membrane undergoes
a structure modification process, from a fuzzy aspect looking towards the
mantle cells, to a defined porous structure at the mineralization compartment
side. When the interlamellar membranes detach from the surface membrane

the porous structure is evident.

For the second section, about the transformation and crystallization of
ACC, the amorphous phase has been imaged by means of TEM/STEM. The
forming tablets are composed by an aggregation of globular particles (20-50
nm) that present a crystalline core (~ 30 nm average size) embedded in
amorphous matrix (5-10 nm thickness). This amorphous layer presents a
mixture of organic material and ACC, both identified by EELS. The
crystalline nanodomains present complex, pseudodendritic forms, which

might be connected in the third dimension.
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The third section of this PhD study is dedicated to the study of the
lineations in the surface of the nacre tablets. It was carried out by scanning
electron microscopy (SEM), electron backscattered diffraction (EBSD) and
atomic force microscopy (AFM). Images clearly show that lineations are the
result of the aggregation of calcium carbonate nanoglobules. EBSD maps
show that the lineations are aligned with the a-axis of the tablets. Our model
proposes that this morphology results from the differential absorption of
macromolecules along the aragonite crystallographic axes.

Finally, it is interesting to note that the results of the two latter sections
match well, reinforcing our hypothesis that the nanogranular pattern
characteristic of biominerals might not represent the aggregation unit sizes
as was implied by some authors, but are the result of the subsequent

crystallization process.



Resumen extendido

Los biominerales son materiales compuestos sintetizados por organismos.
Un material compuesto se define como el resultante de la combinacion de
dos o mas materiales distintos y estructuralmente complementarios. El
material compuesto presenta ciertas propiedades estructurales o funcionales
gue no se encuentran en los componentes individuales, sino que resultan de
su interaccion. Estos componentes normalmente involucran una matriz
organica y un material de refuerzo, organizados de una forma jerarquica. El
hueso de vertebrados, las espinas de equinodermos y las conchas de
moluscos son ejemplos de biomateriales compuestos. Los estudios de
biomineralizacion tienen como objetivo entender la formacion, estructura y

propiedades de los minerales depositados por sistemas bioldgicos.

Los moluscos son excelentes productores de biominerales. Haciendo uso
de un reducido nimero de elementos (las conchas estdn compuestas
principalmente de carbonato célcico, en forma de calcita o aragonito, y un

1-5.5 % de materia organica), pueden producir mas de una docena de
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microestructuras. Los cristales y la matriz orgénica se organizan en
microestructuras, que se caracterizan por presentar relaciones espaciales y
cristalograficas recurrentes. Frecuentemente las conchas estdn compuestas
por capas con diferentes microestructuras, e incluso diferentes mineralogias.
Para que esto ocurra, los organismos ejercen un exquisito control a varios

niveles para regular el transporte, la agregacion y la deposicion del mineral.

Los procesos de formacion de las diferentes microestructuras son de gran
interés, en parte debido a su aplicabilidad en el desarrollo de materiales
biomiméticos. Uno de los temas candentes a dia de hoy es la formacion de
materiales cristalinos a través de fases amorfas. Su descubrimiento atrajo
gran interés cientifico, ya que los modelos clésicos de crecimiento cristalino
desarrollados en el ultimo siglo se basaban en mecanismos de adicién de
iones, pero no contemplaban el crecimiento mediante la adicidn de particulas

de mayor tamafio.

El presente trabajo aborda el tema de los precursores amorfos en una de
las microestructuras de moluscos mejor estudiadas, el nacar. La presencia de
carbonato calcico amorfo (ACC, por sus siglas en inglés) en las tabletas de
nacar en formacion ha sido demostrada recientemente. Nuestra
aproximacién ha sido hacer un estudio de alta resolucion aunando dos
técnicas principales: imagen y analisis elemental. Hemos estudiado tres fases
del proceso de formacion del nacar usando como sistema modelo una
especie de gasteropodo. Los gasteropodos tienen la peculiaridad de
presentar una membrana densa (la membrana superficial) que cubre el
compartimento de mineralizacion. Las membranas organicas (membranas

interlamelares) se disponen en este compartimento y entre ellas crecen las
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placas minerales. Las placas de nacar de gasterépodos se apilan formando

torres.

Los tres bloques en los que se divide esta tesis doctoral se enumeran a

continuacion:

Determinacion del mecanismo de transporte del ACC (funcion de las
vesiculas y dindmica de la membrana superficial).

Caracterizacion del ACC en las tabletas en formacion (distribucion y
relacion con la fase cristalina).

Estudio de la morfologia resultante en las tabletas maduras

(nanogranularidad).

Para el primer bloque hemos usado microscopia electronica de
transmision (TEM) y espectroscopia de pérdida de energia de electrones
(EELS). Hemos visualizado y analizado las vesiculas que segregan las
células del manto y la membrana superficial. Los resultados muestran que
algunas de estas vesiculas transportan material rico en calcio unido a la
superficie interna de la vesicula; también hemos encontrado calcio en la
doble membrana de las vesiculas. La membrana superficial y las membranas
interlamelares muestran una buena cantidad de calcio. La membrana
superficial sufre un proceso de cambio en su estructura y pasa de un aspecto
denso y poco estructurado en el lado del manto, a una estructura porosa bien
definida en el lado del compartimento de mineralizacion. Cuando las
membranas interlamelares se separaran de la membrana superficial, dicha

estructura porosa es evidente.

Para el segundo bloque, sobre el estudio de la trasformacion vy

cristalizaciéon del ACC, se han tomado imagenes mediante TEM/STEM. Las
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tabletas en formacion estdn compuestas por la agregacion de particulas
globulares (20-50 nm) que presentan un nucleo cristalino (30 nm de tamafio
medio) embebido en una matriz amorfa (5-10 nm de espesor). Esta capa
amorfa estd compuesta de una mezcla de material organico y ACC, ambos
identificados mediante EELS. Los nanodominios cristalinos presentan
formas complejas, pseudo-dendriticas, que podrian conectar en la tercera

dimension.

El tercer blogue de esta tesis lo compone el estudio de las lineaciones en
la superficie de las tabletas de nacar. Se ha llevado a cabo mediante
microscopia electronica de barrido, difraccion de electrones
retrodispersados (EBSD) y microscopia de fuerza atomica (AFM). Las
imagenes demuestran claramente que las lineaciones son el resultado de la
agregacion de nanoglébulos de carbonato célcico. Los mapas de EBSD
muestran que las lineaciones estan orientadas segun el eje a de las tabletas.
Nuestro modelo propone que esta morfologia resulta de la absorcion
diferencial de macromoléculas a lo largo de los ejes cristalograficos del

aragonito.

Finalmente, cabe decir que los resultados de las dos ultimas secciones
encajan bien, reforzando nuestra hipotesis de que el patron nanogranular
caracteristico de los biominerales puede no representar los tamafios de las
unidades de agregacion como han sugerido ciertos autores, sino que, mas

bien, es resultado del proceso de cristalizacion posterior.









Chapter 1

Introduction

1.1 Motivation

It was assumed for a long time that organisms produce mineralized tissues
directly from supersaturated solutions by ion-to-ion addition. However in the
last decades, several amorphous transient phases have been discovered in
biomineralization systems based on completely different mineralogies, such
as the chiton teeth (ferrihydrite, an amorphous hydrated iron hydroxide
phase) (Towe and Lowenstam, 1967), the sea urchin larval spicule
(amorphous calcium carbonate) (Beniash et al. 1999) and bone (amorphous
calcium phosphate) (Mahamid et al. 2010). Currently, the formation of
biominerals through amorphous precursors is considered a widespread

strategy.
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This is a fascinating area of enormous interest and applicability in material
sciences and biomedicine. The production of mineralized tissues is often
limited by the rigidity and toughness imposed by their crystallographic
structure. The synthesis through an amorphous phase, a space-filling material
(Yang et al. 2011) that may be shaped more easily by the space in which it
forms, opens a great range of technological applications.

Particularly, amorphous calcium phosphate (ACP) has proven to have in
vivo properties, such as osteoconductivity, biodegradability and bioactivity,
which make it an ideal material for dentistry, orthopaedics and medicine
(Zhao et al. 2012). Amorphous calcium carbonate (ACC) nanoparticles are
used as novel nanomaterials for the conservation of the cultural heritage such

as buildings, murals and sculptures (Rodriguez-Navarro et al. 2016).

Nacre is a typical aragonitic microstructure found in molluscs. It is one of
the most studied due to its great resistance to fracture and toughness, higher
than bone. Its osteocompatibility and adhesion have also been revealed
(Camprasse et al. 1990, Atlan et al. 1997). However, the knowledge about
nacre formation through ACC is scarce. The presence of two amorphous
phases (hydrated and anhydrous) has been demonstrated by DeVol et al.
(2015), who mapped their distribution in growing nacre tablets. Nevertheless,
a basic understanding about its aggregation and transformation mechanisms

is still lacking.

The objective of this PhD study is to gain insight into the transport,
aggregation and crystallization processes of amorphous calcium carbonate in

nacre.
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1.2 Objectives

The aim of the present PhD study is to elucidate the involvement of a
transient mineral phase in the formation of nacre. We have focused on three
main stages of the process: the transport to the mineralization compartment,
the transformation and crystallization into aragonite inside the forming tablet
and the formation and distribution of the characteristic morphological

features of the crystalline biomineral (i.e. nanogranularity).
The mayor objectives are formulated as follows:

e Localization of calcium in the vesicle layer that the mantle cells
produce, and which fuses with the surface membrane that covers
the mineralization compartment in gastropods.

e ldentification of the amorphous phase and its distribution in the
forming tablets.

e Determination of the crystallographic relationships of the
crystalline nanodomains embedded in the amorphous matrix.

e Characterization of the lineations present in the surface of the

nacre tablets and their relation with the crystallography.

The experimental character of the research, the nanometre resolution
needed to solve the questions, and the delicate conditions required to
maintain the stability of the amorphous phase, implied a great effort in
designing and executing the analytical approach. A great variety of sample
preparation, electron microscopy and spectroscopy techniques have been
applied. Their learning and adequate performance have become a main

additional objective.






Chapter 2

Biomineralization

2.1 Introduction

Biomineralization is the process by which organisms synthetize
mineralised structures. These structures provide organisms with structural
support and defence, and are involved in functions such as motion, feeding
and sensing. It is a widespread phenomenon found in a multitude of phyla of

the six kingdoms (following Cavalier-Smith 2004 classification).

The first appearances of mineralized skeletal parts in animals correspond
to siliceous and calcareous spicules attributed to sponges (c. 750 Ma)
(Kouchinsky 2000). A great diversification of the mineral skeletons took
place during the Early Cambrian radiation, probably driven by an
antipredatory selective advantage (Bengtson 1994). An 80% of the modern

skeletal designs (spicules, sclerites, exoskeletons, bivalved shells, internal
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skeletons, mineral-impregnated cuticles, etc.) were already present in the
middle Cambrian (Thomas et al. 2000). Although some mineralogies could
be lacking (strontium sulphate, i.e. Acantharia), the diversity of minerals
employed in the early skeletal evolution is basically the same as today (Knoll
2003).

The chemical compounds and the types of minerals involved in
biomineralization range from silicon dioxide (e.g. sponges spicules, diatoms),
calcium carbonate in the form of calcite (echinoderms spicules and mollusc
shells), aragonite (mollusc nacre) and vaterite (plant cystoliths); calcium
phosphate in the form of the mineral hydroxyapatite (vertebrate bone, tooth

enamel), and iron oxides (chiton teeth, limpet radula, magnetotactic bacteria).

The physicochemical factors that drive inorganic mineralization, such as
solubility product, supersaturation, nucleation and crystal growth, are finely
controlled by organisms producing a set of crystallochemical properties that
differentiate the biominerals from their inorganic counterparts. Biominerals
characterize by having complex morphologies, singular textures and
preferential crystallographic orientations and by forming hierarchical

structures via high order assembly (Mann 2001).

The presence of an organic matrix, the segregation of soluble additives,
such as ions, organic molecules, macromolecules and polymers and the
confinement of the forming structures are some of the mechanisms used to

control this features.
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2.2 Nucleation and crystal growth

The classical nucleation theory (Volmer and Weber 1925) establishes that
crystals nucleate from metastable clusters of a critical size and grow by the
addition of monomers (atoms, ions or molecules, depending on the crystal) in
a supersaturated solution. Supersaturation is essential for the crystallization to
occur and can follow two ways: (i) through the formation of a new nucleus
(primary nucleation) or (ii) through the growth of pre-existent crystals
(secondary nucleation). At the same time, primary nucleation can occur
spontaneously in the absence of any foreign particles (homogeneous
nucleation) or can take place over the surface of foreign particles

(heterogeneous nucleation).

Although the classical nucleation theory has been developed with great
success over the past century, there are certain phenomena that cannot be
explained by classical models, among which are the habits and
microstructures of biominerals (Lowenstam and Weiner 1989). In the recent
years, a set of particle-accretion processes have been identified and proposed
as the basis of non-classical crystallization pathways (Colfen and Antonietti
2005). Crystallization can occur by attachment of species more complex than
simple ions: ion complexes (Habraken et al. 2013), ionic polymers
(Demichelis et al. 2011) and nanoparticles, both crystalline (Li et al. 2012)
and amorphous (Beniash et al. 2009). The latter (the accretion of amorphous
nanoparticles) is currently considered a widespread mechanism in

biomineralization.

Particle aggregation mechanisms might produce what has been called a
mesocrystalline structure (Colfen and Mann 2003). A mesocrystal diffracts as

a single crystal, but its lattice is not continuous but composed of a myriad of
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nanocrystallites, which are highly co-oriented but separated spatially. These
nanocrystallites are connected by crystalline bridges which enable the
transmission of the crystallographic orientation and confer a highly porous
character to the structure (Colfen and Mann 2003).

This structure has been defined in synthetic crystals such as TiO, (Penn
and Banfield 1999), FeOOH (Banfield et al. 2000) and others (Colfen and
Antonietti 2005). Nevertheless the application of this definition to the
biominerals has been controversial. It is the sequence of events (aggregation
and transformation) what seems to determine whether the biominerals can be
defined as mesocrystals (Bergstrom et al. 2015) or not (Kim et al. 2014).
Whether amorphous nanoparticles crystallize first and then aggregate by
oriented attachment or whether the amorphous precursors aggregate and

crystallization propagates subsequently, is an open debate nowadays.

2.3 Amorphous phases in biomineralization

The first studies about the capacity of the organisms to synthetize
amorphous minerals date from the nineteenth-early twentieth century (silica,
Ehrenberg 1834; amorphous calcium carbonate, Minchin 1909). However
their use as transient phases for biomineralization was not described until the
second half of the twentieth century. Lowenstam (1962) showed that the
mature teeth of chitons (Polyplacophora) were composed by magnetite
(Fe203-Fe0). In a later study, Towe and Lowenstam (1967) demonstrated
that in the immature teeth the mineral was deposited as ferrihydrite (an
amorphous hydrated iron hydroxide phase), which later suffered a phase

transformation to magnetite, acquiring the characteristic reddish colour.
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Several attempts to detect amorphous phases in bone were carried out
during the eighties without success (Glimcher 1984, Grynpas et al. 1984). It
was not until 1997 that an amorphous transient precursor in biogenic calcium
carbonate was identified. The infrared spectra of the sea urchin larval
spicules indicated the presence of a mixture of amorphous CaCO3 and calcite
(Beniash et al. 1997), consistent with X-ray diffraction patterns of lower
intensity than those of geologic calcite (Berman et al. 1993). In a subsequent
study, electrodense amorphous granules were detected inside the spiculogenic
cells. After beam irradiation the granules crystallized, and the reflections
were indexed as calcite (Beniash et al. 1999). Successive studies on sea
urchin larval spicules revealed the transformation of two disordered phases
(an unstable hydrated ACC and a more stable anhydrous form) to crystalline
calcite (Politi et al. 2008). The mechanism is not restricted to embryonic
stages, but the growth through disordered phases was also demonstrated for
adult spines (Politi et al. 2004).

The first evidence of the presence of ACC in molluscs was found in
Biomphalaria glabrata (Gastropoda) eggs and embryos (Hasse et al. 2000,
Marxen et al. 2003). The initial mineral phase was identified as ACC with an
aragonite short-range order. No other CaCO3z phases were detected (Hasse et
al. 2000). Until 72 h the eggs were completely ACC, and the first X-ray
reflections appeared at 120 h (Marxen et al. 2003). Weiss et al. (2002)
detected, by Raman, a poorly crystalline phase in addition to aragonite in
larval shells of Mercenaria mercenaria (Bivalvia). The change in the ratio of
the two phases was measured over the 13 days of development, thus implying

a transformation into aragonite.
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The first indication of ACC in adult shells was provided by Nassif et al.
(2005) who highlighted the presence of an amorphous layer 3-5 nm thick
around mature nacre tablets; after recrystallization under the electron beam
the reflections were indexed as aragonite. Subsequently, crystalline
nanodomains immersed in amorphous material were imaged (Zhang and Xu
2013), but without a conclusive confirmation of the nature of the amorphous
matrix. The unequivocal identification of ACC in adult nacreous shells was
carried out by DeVol et al. (2015) in Haliotis rufescens (Gastropoda) by
means of photoemission electron spectromicroscopy (PEEM). These authors
showed the distribution of ACC in young tablets mainly at the growth front,
but also inside the tablets close to the interlamellar membranes. Only reduced
amounts of hydrated ACC were detected in this study, probably due to its fast
transformation to anhydrous ACC, which was monitored in experiments

under radiation.

The presence of stable ACC is well documented in Crustacea (Chave
1954) but it was not until recently that its transformation to calcite was
demonstrated (Dillaman et al. 2005). In other groups such a corals (Cnidaria)
the presence of high amounts of magnesium in the calcification centres
(Meibom et al. 2004) and the morphology of the crystals obtained by
crystallization experiments in the presence of soluble organic matrix
extractions (Goffredo et al. 2011) have been taken as indicators of the

presence of ACC, but clear evidence is still lacking.

In vertebrates, the first disordered precursor identified was octacalcium
phosphate (OCP) in the calvaria mouse bone (Crane et al. 2006). Amorphous
calcium phosphate (ACP) was identified in the fin-ray bones of the zebrafish

(Mahamid et al. 2008). ACP nanospheres were deposited within the collagen
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matrix and then transformed to carbonated hydroxyapatite, the mineral phase
of mature bone (Mahamid et al. 2010).

Therefore the crystallization from a transient disordered phase rather that
ion-by-ion addition has been demonstrated to be a widespread strategy in
biogenic systems, which might present advantages in terms of packing,
transport efficiency and mineral deposition (Mahamid et al. 2011).

2.4 Nanogranularity

Mutvei (1972) described with SEM that the nacre of Nautilus
(Cephalopoda) is composed of 50-100 nm wide aragonite granules. This
texture was again highlighted by means of atomic force microscopy (AFM)
by Dauphin (2001). Subsequent studies revealed that it was not only present
in nacre (Rousseau et al. 2005, Li et al. 2006, Checa et al. 2013), but in all
molluscan microstructures (Dauphin 2008), corals (Cuif and Dauphin 2005),
vertebrates (Tai et al. 2006, Dauphin and Dufour 2008) and other taxonomic
groups (reviewed by Wolf et al. 2016). This nanogranular texture is currently

considered an intrinsic characteristic of biominerals.

AFM phase images evidenced that the nanogranular structure is composed
of two materials with different mechanical properties: a stiffer material
identified as the mineral granules and a softer, more adhesive material in the
form of pellicles (5-10 nm thick) that surround the granules. The latter was
identified as organic (Dauphin 2001, Rousseau et al. 2005) or as a mixture of

ACC and organic macromolecules (Seto et al. 2012).
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This nanogranular texture has been hypothesized to be the result of an
ACC accretion particle mechanism (Seto et al. 2012, Gal et al. 2014). Based
on the morphology, some authors argue that the aggregation units have a
similar size to the nanoglobules observed in the crystalline structure (Gal et
al. 2014), although with no conclusive evidence. The organic material would
be expelled from the crystal as crystallization takes place and would remain
in the form of pellicles surrounding the crystals (Seto et al. 2012).

In vitro experiments showed that the nanogranular morphology typical of
biominerals (Dauphin 2008) appears only in the presence of organic
molecules, likely by the accumulation of such molecules around the
nanoparticles. In absence of these molecules, calcite faces grow flat

(Rodriguez-Navarro et al. 2016).

2.5 Transformation mechanisms

The disordered phases are transported to the mineralization compartments
where they undertake transformation to crystalline material. Two main
mechanisms have been proposed to explain the transformation from the
disordered to the crystalline phase: solid state transformation via secondary
nucleation (Politi et al. 2008, Killian et al. 2009) and dissolution—
reprecipitation (Aizenberg et al. 2003, Xu et al. 2006).

2.5.1 Solid-state phase transformation
A phase transformation occurs when a material changes its composition or
structure. If the composition is the same but differs in the structure, local

atomic movements can induce the change. Phase transitions in solids can
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occur because atoms are not locked in place, but can move, although at
infinitively slower rate than gases and liquids (Carter and Norton 2007).

A solid-state epitaxial secondary crystallization mechanism (also referred
in the literature as secondary nucleation) has been proposed to explain the
crystalline growth based on the aggregation of amorphous nanoparticles. It is
defined as a crystal growth process operating through the addition of clusters
(or ions) to pre-existent crystals, driven by a reduction of the Gibbs free
energy (Burton et al. 1951).

In the sea urchin larval spicule, the ACC particles are added to the
syncytium compartment under dehydrated conditions (Beniash et al. 1999)
and transform onto the initial rhombohedral calcite crystal (Beniash et al.
1997). Although small amounts of hydrated ACC can exist, most of the ACC
is anhydrous (Addadi et al. 2003). The integration of the ACC into the
forming spicule does not produce a net crystallization front and both phases
are found juxtaposed in the surface of the forming spicule (Politi et al. 2008).
This evidence suggests that ACC crystallize by secondary nucleation, where

the transformation is induced by contact (Politi et al. 2008).

A similar mechanism has been proposed for the sea urchin tooth (Killian
et al. 2009). It is composed of plates and fibres, which are single crystals of
low-magnesium calcite, surrounded by a polycrystalline high-magnesium
calcite matrix (Wang et al. 1997) that is secreted afterwards. These three
structural elements are highly aligned (Ma et al. 2009), and two c-axis
orientation exist: the one of the plates and the one that the fibres and the
matrix share (Killian et al. 2009). When some fibres are misaligned, the
surrounding matrix acquires the same orientation, suggesting that alignment

is transferred by secondary nucleation (Killian et al. 2009).
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It is interesting to note that these examples argue for a secondary
nucleation mechanism for the transformation of the added ACC onto a seed
(i.e. the rhombohedral calcite crystal in sea urchin larval spicules). For the
ACC transformation to a crystalline phase to be triggered it is necessary to
surpass an activation energy barrier. In the case of ACC to calcite is
extremely high (~245 kJ mol™) (Ihly et al. 2014); other activation energies of
dehydration of crystalline solids are around ~100 kJ mol? (Galwey et al.
2000). This means that for the reaction to take place at room temperature,

another mechanism with low energy activation barrier should operate.

2.5.2 Dissolution—reprecipitation mechanism

A dissolution—reprecipitation mechanism involves the dissolution of the
parent phase and the precipitation of a secondary (usually more stable) phase
at the surface of the parent phase (Putnis and Putnis 2007). This mechanism
operates when a solvent is present and has been proposed as an alternative to
a solid-state transformation of ACC in synthetic systems (Aizenberg et al.
2003, Xu et al. 2006). The former process involves the precipitation of the
anhydrous ACC (in solution) at the expenses of the dissolution of the
hydrated phase of ACC (Rodriguez-Navarro et al. 2015). In air, an increase
of the ambient humidity (~85%) would be enough to trigger the
transformation (Xu et al. 2006) by forming a thin layer of water (2-5 nm)

around the ACC particles (Rodriguez-Navarro et al. 2015).

The preservation of the morphology of the parent phase and the
crystallographic orientation matching between the parent and the product
phases have been largely interpreted as a result of a solid-state mechanism.

Nevertheless, in a fluid boundary, the epitaxial precipitation of the product
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also maintains the crystallographic relationships and the morphology of the
parent phase (Putnis and Putnis 2007).

2.5.3 Further discussion about transformation mechanisms

In biogenic systems, the stabilization of ACC to avoid fast transformation
is achieved by the addition of soluble macromolecules and ions, such as
Mg*?, silica, sulphate and phosphate (Aizenber et al. 1996, Gal et al. 2013)
and by enclosing it in an impermeable organic sheath (Beniash et al. 1999,
Gal et al. 2013).

The sea urchin larval spicule grows in the absence of water surrounded by
the syncytial membrane (Beniash et al. 1999). The plant cystoliths, the
amorphous calcium carbonate concretions formed in the leaves of certain
plants, are stable for long periods. This is achieved with a polysaccharide-
rich overlay (Gal et al. 2012). In molluscs, the silk fibroin gel (a hydrophobic
proteinaceous gel that fills the spaces enclosed by the interlamellar
membranes where the mineral grows) has been proposed to fulfil the same
function, by avoiding the contact with water molecules (Weiner et al. 2005).
Accordingly, the coating of the ACC nanoparticles seems to be an efficient

method to avoid crystallization.

Working with synthetic ACC coated particles, Ihli et al. (2014)
demonstrated the presence of small amounts of water in the ACC
nanoparticles and the need of an initial dehydration to trigger the
crystallization of ACC (both in water and in air). This dehydration was
delayed by coating of the ACC particles, which provided a barrier to water.
The authors proposed a coupled mechanism for the transformation of ACC

nanoparticles: the water present on the particle surface could initiate a local
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dissolution-reprecipitation process followed by the crystallization of the bulk
material by solid-state transformation.

Although the exact sequence of events is still unknown, and both
transformation mechanisms could cooperate for the crystallization of ACC in
biogenic systems, what seems to be clear is that the dehydration process is a
key step in the transformation of ACC. The changes in the structure and the
removal of water are intimately linked, and to make dehydration possible at
ambient temperature, the water must be transferred to a state that lowers the
free energy of the system or an active transport (with ATP expenditure) must
be involved (Navrotsky 2004).
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Role of vesicles in biomineralization

3.1 Introduction

The presence of vesicles has been described in different stages of the most
common crystallization pathways with different roles (Weiner and Adaddi
2011). Vesicles are fluid-filled compartments generally enclosed by a double
lipidic membrane (4 to 5 nm thick) crossed by transmembrane proteins. The
interior of a vesicle constitutes an encapsulated space where the ion content
and the permeability can be finely tuned (Mann 2001). The supersaturation is
controlled by multi-subunit complex proteins that act as transport channels
for specific ions and molecules. The mechanisms involved in the regulation
of the vesicle ion content are the same that act in other parts of the organism
(ion pumping, ion complexation and enzymatic regulation) with the

advantage of containing a reduced volume (Mann 2001).
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lon pumps are transmembrane proteins that transport different ions against
gradient with the hydrolysis of adenosine triphosphate (ATP) to adenosine
diphosphate (ADP). They normally transport two different ions with the same
electrical charge in opposite directions across the membrane. The enzyme
Ca*2-ATPase pumps Ca*? against gradient while removing 2H*, which
indirectly helps to concentrate carbonate ions by the removal of protons
(HCO® — CO3?). The Ca*-ATPase is implicated in the transport of Ca*?
ions to the mineralization compartment in coccolithophorids (Klaveness
1976, Okazaki et al. 1984), corals (Isa et al. 1980, Kingsley and Watabe
1985), bird eggs (Coty and McConkey 1982), and bones (Shen et al. 1983).

The ion complexation mechanism implies binding of the cations to be
transported with ligands as citrate or pyrophosphate to reduce the

supersaturation (Mann 2001).

In the enzymatic regulation of the supersaturation, one of the main
enzymes that participate in active calcification is carbonic anhydrase (CA).
CA is a superfamily of enzymes that catalyse the conversion of carbon
dioxide and water into bicarbonate and protons (CO2 + H20 <> HCOs + HY).
It takes part in the acid-base balance and participates in diverse biological
functions (Tashian 1989). CA activity has been identified in calcifying cells
responsible for skeleton formation and in the organic matrices of thirty
calcifying species (Le Roy et al. 2012), probably facilitating the input of
inorganic carbon within the calcifying medium. In molluscs, a tissue specific
CA was recently discovered in the outer mantle epithelium of Haliotis

tuberculata (Le Roy et al. 2012). The active site of the transmembrane
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domain is located in the extracellular medium; accordingly, the enzyme is
only active in the extrapallial space. No other CA sequences have been
detected in the shell matrix (Marie et al. 2010).

3.2 lon uptake

The calcium concentration in the cytoplasm of eukaryotic cells is
maintained rather low (107 M) in comparison to the free calcium in the
extracellular fluids (10 M) (Mann 2001). Calcium acts as an intracellular
signalling molecule and is involved in multiple biological processes (muscle
contraction, glycolysis and gluconeogenesis, ion transport, cell division and
growth) (Forsen and Kordel 1994). Small concentration changes might
trigger multiple chemical reactions inside the cell. Therefore intracellular
calcium transport implies specialized mechanisms to maintain the low

concentration.

The direct participation of vesicles in the calcium uptake for
biomineralization was first described by Bentov et al. (2009) in foraminifera.
Foraminifera are unicellular organisms that generate an extracellular skeleton
of calcium carbonate. The authors identified three different vesicle formation
processes that introduced sea water to the cytoplasm: vesicles of less than 1
pum, between 1-5 um and large vacuoles (> 5 pum). By adding a membrane-
impermeable fluorescent dye to the water, they could track the transport to
the mineralization compartment, demonstrating that the water introduced into

the cytoplasm was not transported by transmembrane channels.

By using a pH-dependent dye, they showed that the pH inside most of the

vesicles was higher than that of sea water (pH ~8.7 vs. ~8.2 of sea water).
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This is a striking result, since pinocytosis processes generally imply the
acidification of the vesicle fluid (Swanson and Watts 1995). The alkalisation
mechanism is unknown, but it is likely that it is carried out by ion pumps
and/or enzymes in the vesicle membrane. Alkalinisation facilitates the
concentration of carbonate ions, which are likely to function as a carbon
source for mineralization (Bentov et al. 2009).

Recent studies have demonstrated the participation of vesicles in the ion
uptake mechanism of the sea urchin embryo (Vidavsky et al. 2016). By
means of fluorescence confocal microscopy, the authors demonstrated that
calcium ions first penetrate into the blastocoel in the form of free ions, which
are afterwards introduced into the primary mesenchymal cells (PMCs) by an
endocytosis mechanism. Nevertheless, this mechanism is not exclusive, but
works together with L-calcium channels. The inhibition of the L-calcium
channels does not inhibit the first deposition of the calcite rhombohedral
core, but precludes the elongation of the triradiate spicules (Vidavski et al.
2016), which demonstrates that both mechanisms are required for the spicule

to grow.

3.3 Stabilization of the amorphous phase

Vesicles concentrate ions that might precipitate, forming disordered
mineral phases (Beniash et al. 1999, Mahamid et al. 2010).

In the sea urchin larvae, PMCs are the cells responsible for spicule
formation and surround the membrane-delimited spiculogenic compartment.
Large amounts of calcium-containing vesicles were detected in the Golgi

complex of these cells (Decker et al. 1987), which transport calcium
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intracellularly and fuse with the spiculogenic compartment (Decker and
Lennarz 1988). Beniash et al. (1999) detected for the first time the presence
of amorphous calcium carbonate (ACC) granules in the cytoplasm of these
cells. A subsequent study with cryo-SEM, which allows a better preservation
of the cell native state, showed the presence of a multitude of vesicles (0.5 —
1.5 pum in diameter), some apparently empty but others containing solid
calcium carbonate aggregates (Vidavsky et al. 2014). Although the
polymorph nature was not confirmed in this study, the morphology of the
nanospheres (20 — 30 nm in diameter) points to an ACC nature.

A similar strategy is followed in bone formation. In mouse calvaria,
several types of cells adjacent to the forming bone (pre-osteoblasts,
osteoblasts and osteocytes) form intracellular mineral-bearing vesicles
(Mahamid et al. 2011). These vesicles (1 um in diameter) enclose membrane-
bound amorphous calcium phosphate (ACP) granules (~80 nm) which in turn
are composed of smaller globules (~10 nm). Interestingly, the relative
concentration of phosphate inside the vesicles is high, which inhibits the
crystallization of hydroxyapatite. It is likely that these vesicles extrude their
content into the extracellular matrix by direct exocytosis, as was observed in

an in vitro study of osteoblast (Rohde and Mayer 2007).

These recent studies involving a transient amorphous phase challenge the
previous models of bone mineralization. The matrix vesicle (MV) model
focuses on the role of extracellular vesicles as mineral transporters to the
collagen matrix (Anderson 1995). It establishes that ion concentration inside
the vesicles proceeds extracellularly by a complex pool of transmembrane

enzymes located in the vesicle membrane (Anderson 2003).
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The Ca*? concentration increases inside the vesicles by a combined action
of calcium binding proteins such as annexins, which function as
transmembrane Ca*? channels, and the calcium binding acidic phospholipids,
located in the inner membrane of the vesicles. The PO4? concentration is
raised principally by enzymes like alkaline phosphatase and a Na*-dependent
P; transport system (Montessuit et al. 1991). When the concentration of Ca*?
and PO, ions exceeds the solubility product, precipitation of CaPO crystals
occurs inside the vesicles (Anderson 1995). The first crystals would be
stabilized by the transmembrane CA enzyme (Stechschulte et al. 1992) by
preventing the acidification of the vesicle interior.

The connexion between the two models (intracellular ACC-bearing
vesicles vs. extracellular matrix vesicles) is unclear, and bone formation
might proceed via cooperative/redundant mechanisms. Nevertheless the
presence of the amorphous phase in the matrix vesicles might have gone
unnoticed, which would question if the hydroxyapatite really crystallizes
inside the vesicles or if it does when the content is released. Further

investigation is required to clarify the exact sequence of events.

Another interesting example of the stabilization of an amorphous phase
inside vesicles exists in prokaryotes. Magnetotactic bacteria are a
polyphyletic group of bacteria that use magnetic particles (~30 nm) to
orientate through a magnetic field. These iron oxide particles are formed
inside a chain of specialized phospholipidic vesicles (the magnetosomes) by
precipitation of amorphous iron oxide. The magnetosome vesicles exist
before the nucleation of the iron oxide crystals, which takes place
simultaneously on the inner surface of the membrane (Komeili et al. 2004).

The even distribution of the nucleation sites indicates the existence of
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polarity in the localization of the membrane proteins that direct nucleation
(Komeili et al. 2004).

3.4 Deposition of the mineral phase

The deposition of the mineral phase is not clear, and two main hypotheses
are considered: (i) a process of direct exocytosis or (ii) a process of
dissolution of the transient phase.

In sea urchin larvae, small vesicles and mineral granules have been
observed at the interface between the PMCs and the membrane of the spicule
compartment (Vidavski et al. 2014). This suggests that mineral is exocytosed
in solid state to the spicule compartment, where it integrates to the spicule
(Beniash et al. 1999). If the phospholipid membrane stabilises the ACC, the
vesicle fusion and the ACC release might trigger the crystallization process
(Weiner and Addadi 2011).

In the limpet tooth radula, no presence of vesicles or preformed spaces has
been detected. It seems that mineral is secreted by the adjacent cells and is
deposited directly over a preformed chitin matrix. Although cells store iron as
ferrihydrite, a metastable phase, it seems that the goethite deposition does not
involve this precursor. So it is likely that the deposition is carried out by the
dissolution and subsequent transport of the constituent ions (Sone et al.
2007).
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3.5 The gastropod vesicle transport system

In nacreous gastropods Checa et al. (2009) highlighted the existence of a
myriad of vesicles over the membrane that encloses the mineralization
compartment, the surface membrane (SM). This membrane, of unknown
composition, lies between the mantle cells and the growing nacre. Nakahara
(1979) imaged it for the first time, and was thereafter recognized in
additional nacreous gastropods (Cartwright and Checa 2007).

The double membrane (10-15 nm in thickness) vesicles are presumably
secreted by the mantle cells and progressively fuse into the SM; at the nacre
side, the interlamellar membranes (ILMs) detached from the SM. This
scenario suggests that the SM maintains a dynamic equilibrium whereby the
material supplied by the vesicles is added at one side and released at the

opposite side in the form of interlamellar membranes (Checa et al. 2009).
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Nacre

4.1 Introduction

Nacre is an organomineral composite made of the calcium carbonate
mineral aragonite with small amounts of proteins and polysaccharides which
is secreted by some molluscs. It could have appeared independently in the
Late Cambrian or Ordovician (during the Great Ordovician Biodiversification
Event), in monoplacophorans, gastropods, bivalves and cephalopods
(Vendrasco et al. 2011). Currently it is still present in the same four classes,

but with a lesser prevalence.

Nacre is one of the most studied mollusc microstructures, partly due to its
mechanical properties, beauty and economic interest. The high resistance of
nacre to fracture (around 3000 times more than its inorganic counterpart,

Jackson et al. 1988) is related with the alternation of organic and inorganic
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layers in the structure. The organic layers absorb much of the energy by
shearing (Currey 1990) in such a way that it hinders the propagation of
cracks.

The main economic interest of nacre is due to the pearl industry. More
than 20 tons of marine cultured pearls and 1500 tons of freshwater cultured
pearls are yearly produced only in China, the world’s larger producer of
pearls. The pearl jewellery industry represents a global market of 5 billions of
dollars annually (Anon 2006), so methods to improve breeding, harvesting,
and quality of pearls are continuously under research (Yu and Chu 2006, Liu
et al. 2017).

4.2 Secretion

Shell secretion is carried out by the mantle cells, a secretory epithelium
which extrudes all the components that constitute the different layers. A
highly cross-linked proteinaceous layer (the periostracum) is secreted in the
first place. It is assembled in the periostracal groove, between the two
outermost mantle folds, and functions as a matrix for the first mineral
deposits. Immediately, a prismatic layer either calcitic or aragonitic is

formed, and nacre grows internal to it.

The nacre components are secreted by the mantle cells. The surface of the
mantle cells are covered by microvilli that project into the extrapallial space
in close proximity to the forming nacre (Bevelander and Nakahara 1969). It
is not well understood how the nacre components organize for the formation
of the organic sheets and their subsequent mineralization. It is thought that an

auto-organization process of the macromolecules in the extrapallial space
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leads to the formation of the interlamellar membranes (Cartwright and Checa
2007).

Nacre formation starts with the segregation of the so called interlamellar
membranes (ILMs). Bevelander and Nakahara (1969) were the first to
highlight the importance of these organic sheets. The ILMs form
compartments where the crystals grow, and they account for the uniform
thickness of the tablets (~500 nm) (Nakahara 1991). ILMs are composed of
polysaccharides (B-chitin) and acidic proteins, which adopt antiparallel -
sheet conformation (Weiner and Traub 1980). These membranes contain
pores, whose sizes and frequency are different between bivalves and
gastropods (Grégoire et al. 1955). It is not clear if chitin is present in all
species and the amount is rather low (Goffinet and Jeuniaux 1979, Osuna-
Mascaro et al. 2015).

The formation of nacre differs by groups. In bivalves, nacre grows in a
terrace-like manner (Bevelander and Nakahara 1969, Nakahara 1991). The
lamellae are formed parallel to the mantle surface, and the new tablets
emerge close to the boundaries of the tablets of the previous lamella. Several
layers can be formed at the same time, producing a stepped or terraced
pattern. In gastropods, nacre tablets are stacked vertically forming columns
(Wise and Hay 1968). The mineralization compartment is delimited by a
dense organic sheet, the surface membrane (SM) (Nakahara 1979) that is
absent in bivalves; under the SM, the ILMs are distributed in parallel.

The tablets first grow vertically, always in contact with the SM; when the
core of the tablet reaches the definitive height, the tablet starts to expand
sideward (Checa et al. 2009). Well before it impinges on the corresponding

tablet of the neighbouring tower, another tablet grows on top of it, always
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along the tower axis; in this way, each stack adopts a pyramidal shape
(Nakahara 1979).

4.3 Crystallography

The first study on the crystallography of nacre was made by Schmidt
(1922). In this first paper, he established that the aragonite c-axis was
perpendicular to the shell surface. In subsequent papers (1923, 1924) he
inferred the orientation of the a- and b-axes based on the outlines of the
tablets. Successive studies based on electron microscopy (Grégoire 1962,
Wada 1972) corroborated Schmidt’s findings.

Nacre tablets show invariably their c-axis nearly perpendicular to the
tablet, oriented towards the outer surface of the layer. Nevertheless the
orientation of the a- and b-axis varies by groups. The first studies in bivalves
showed that the a- and b-axes of tablets were co-aligned. The a-axis was
aligned parallel to the growth lines and the b-axis along the local growth
direction of the shell (Wada 1958). Subsequent studies with EBSD (Dalbeck
et al. 2006, England et al. 2007) demonstrated some degree of rotation
between the a- and b-axes. Fryda et al. (2010) showed that the a- and b-axes
are distributed randomly in some bivalve species (Mitilus californianus, M.
galloprovincialis, M. edulis and Nucula nucleus). This was confirmed in
Mytilus edulis by Griesshaber et al. (2013), who, at the same time, showed
that crystal co-orientation could extend up to 20 stacked tablets, often

obliquely aligned.

Gastropods tablets have their a- and b-axes randomly oriented. Tablets

stacked along a single column show great c-axis co-orientation. Sarikaya and
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Aksay (1992) described that the c-axis oscillates by 0-5° from one tablet to

the next.

Subsequent studies based on electron diffraction (Gries et al. 2009), X-ray
diffraction (Younis et al. 2012), TEM/STEM (Checa et al. 2011) and
polarization-dependent imaging contrast (PIC) images (Olson et al. 2013)
gave a c-axis misorientation of 2° or less between tablets stacked along a
single column. The changes in the orientation between adjacent columns

reach a c-axis spread of +10° (Olson et al. 2013).

It is interesting to mention that the first 50 um of nacre from the prismatic
layer underneath present great disordering regarding c-axis orientation (up to
180°), which is reduced gradually within the nacre (Gilbert et al. 2008).

4.4 Mineral bridges

The perfect alignment of the crystallographic axes in nacre is difficult to
explain if a new nucleation event would be necessary in each tablet.
Currently the existence of mineral bridges in nacre, both in gastropods and
bivalves, is accepted, although it was largely debated in the past. Schéffer et
al. (1997) were the first to propose the growth of nacre through mineral
bridges rather than by heteroepitaxial nucleation. They presented evidence
based on AFM about the presence of pores (5-50 nm in diameter) in the
interlamellar membranes that would allow the initiation of a new tablet as an
offshoot of the underlying tablet through the pore. This paper fostered new

research about the growth of nacre tablets.
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A series of papers were published afterwards (Barthelat et al. 2006, Lin et
al. 2008, Gries et al. 2009), which bring up the possibility of the existence of
mineral bridges. The problem focused on whether the nanoasperities or
hillocks, the protrusions of the surface of nacre tablets which intrude the
pores of the interlamellar membranes, were continuous between two
superimposed tablets. Hillocks and tablets are normally co-oriented, which
gives the false impression of being crystallographically continuous (Checa et
al. 2011).

The unequivocal demonstration of the existence of mineral bridges in
nacre was made by Checa and collaborators in two successive papers (2009,
2011). In the first one, the presence of an organic-rich tower axis continuous
throughout the superimposed tablets was shown. The core of each new
forming tablet (the tip of the column) grows in contact with the surface
membrane from where organic molecules are adsorbed. Once the core
reaches its full height, a new ILM is secreted and the tablet starts to grow
laterally (Checa et al. 2009).

In the second paper (Checa et al. 2011) by means of HRTEM and
tomography, the authors demonstrated the alignment of holes in the ILMs of
gastropod nacre, through which the mineral bridge goes through. In bivalves,
these holes are not aligned, but close to the boundaries of the tablets. The
authors proposed a model that explains the breakage of the ILM by the rise of
the osmotic pressure when the tablet underneath is in an advanced stage of
growth, due to the concentration of organic molecules in the compartment.
The hole enables another tablet to grow on the boundary of the parent tablet,

maintaining the crystallographic continuity. The disposition of holes at the



Nacre 41

edges of the tablets explains why co-aligned tablets are staggered in bivalves
(Checa et al. 2011, Griesshaber et al. 2013, Olson et al. 2013).






Chapter 5

Materials and methods

5.1 Material

Along this PhD study, we have mainly worked with the nacreous
gastropod species, Phorcus turbinatus (Born 1978), family Trochidae
(Rafinesque 1815), Vetigastropoda. It is a middle size (15-45 mm) sea snail,
with a more or less elevated conical shell. The genus is characterized by a
fibrous prismatic outer shell layer, a nacreous middle shell layer and by an
internal platy aragonitic layer with nacreous lustre. All the specimens were
caught in La Herradura (36° 43° 44°° N, 3° 43’ 35> W), at the intertidal zone

of the coast of the province of Granada (south Spain).

For the study of the lineations of nacre tablets, we selected a
representative group of bivalves (7), gastropods (3) and cephalopods (1)

nacreous species. They are listed herein:
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Bivalves: Acila divaricata (Turtle Island, Taiwan), Nucula nitidosa
(Mélaga coast, Spain), Perna viridis (loc. unknown, Indonesia),
Pinctada margaritifera (French Polynesia), Anodonta cygnea (Mira,
Portugal), Pinna nobilis (coast of Almeria, Spain), Pteria hirundo
(Fuengirola, Spain).

Gastropods: Bolma rugosa (Granada coast, Spain), Gibbula cineraria
(Quiberon, France), Gibbula umbilicalis (Séo Jacinto, Portugal).

Cephalopod: Nautilus pompilius (loc. unknown).

5.2 Treatments

Etching treatments were widely used in early biomineralization studies
(Mutvei 1977, 1978, 1979). The aim is to erode the surface of the material to
gain insight into the inner structure. Mutvei (1977) developed a protocol
which mixed diluted acetic acid (pH 3-4) and glutaraldehyde solution (12%),
with the aim of fixing the partially soluble organic matrix of nacre (Crenshaw
1972) as the dissolution takes place. The protocol was applied in combination
with sodium hypochlorite for cleaning the surface of the sample. The steps
and times are as follow: sodium hypochlorite 10% (step 1) for 2-30 min —
glutaraldehyde 25% + acetic acid 1% in cacodylate buffer (step 2) for 2-10
min — sodium hypochlorite 1% (step 3) for 1-5 days (optional).

To reduce the protein content from the surface of the sample, a proteinase
K treatment (0.1 or 0.2 g/ml for 1-2 h at 30°C) was applied to some samples.
After deproteinization, samples were washed three times for ten minutes
under constant stirring in saline solution (Phosphate Buffered Saline, PBS)

and additionally washed for ten minutes in milli-Q water.
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5.3 Electron back scattered diffraction (EBSD)

EBSD is a technique based on the analysis of the Kikuchi patterns that
arise from the interaction of the electron beam with the surface of a
crystalline sample, normally in a scanning electron microscope (SEM),
although STEM/EBSD and TEM/EBSD are presently available. The
electrons from the incident beam are diffracted by crystalline planes and
leave the sample surface as backscattered electrons. Viewed in three
dimensions, these electrons form diffraction cones of different intensity and
angle which are recorded as lines (the Kikuchi lines) on the detector screen.
These lines form patterns (the Kikuchi patterns), which are characteristic of
the phase and the orientation of the crystal (Williams and Carter 2009).

For EBSD a very finely polished sample is located at an angle of 20° to
the incident beam (70° if we take into account the stage tilt). Accelerating
voltages of 10-30 kV and beam currents of 1-50 nA are normally used
(Maitland and Sitzman 2007). The spatial resolution of the technique is
defined by the electron optics of the SEM, but with a field emission SEM
(FESEM) grains as small as 100 nm for carbonates and 20 nm for materials

with high atomic number can be resolved (Troost 1993).

With the aim of relating the morphology of the tablet surface with the
crystallography, we performed EBSD on unpolished samples. The percentage
of indexable patterns dropped drastically compared with polished samples,
because this technique is very sensitive to surface irregularities, although
relevant information was obtained. We used two sets of equipment. First, we
used an Inca Crystal (Oxford Instruments) detector coupled to a Gemini-1530
(Carl Zeiss) FESEM (Scientific Instrumentation Centre (CIC), Universidad

de Granada). To avoid excessive charging, samples were coated with a
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thickness of 2 nm of carbon in a Baltec MED 020 electron beam evaporator.
The second equipment was an Edax detector coupled to FEI Field Emission
Gun (FEG) SEM Quanta 3D micro-scope of the Institute of Metallurgy and
Materials Science of the Polish Academy of Sciences (IMIM, Krakow,

Poland). Operation in low vacuum mode made coating unnecessary.

5.4 Atomic force microscopy (AFM)

AFM is a kind of scanning probe microscopy (SPM) that forms images by
scanning a physical probe over the surface of the specimen. In AFM the
probe is a sharp metallic tip (15-40 nm wide) located in a cantilever. The
interaction of the tip with the sample surface causes the cantilever to deflect
laterally and vertically. The vibration of the cantilever is transmitted by a
laser to a photo-detector. The laser is focused over the cantilever, and its
reflection strikes a position-sensitive photo-detector divided in four
segments. The laser deviations allow measuring the surface topography at

atomic resolution (Fig. 5.1).

Two main modes are used. In contact mode the tip is static and it is
dragged across the surface of the sample; the short range repulsive forces are
mostly monitored (i.e. electron-electron Coulomb interactions). In tapping
mode the tip oscillates during the displacement; the attractive forces are
recorded (van der Waals interactions, electrostatic forces and chemical
forces). Tapping mode produces less damage on the sample surface and is

therefore more suitable for organic samples.
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Fig. 5.1. AFM principle. A laser beam from a laser diode (LD) is focused at the end of the
cantilever, and a reflected beam is aligned at the centre of the position-sensitive photo diode
(PSPD). When the cantilever bends, the A-B signal of the PSPD is changed and transmitted
to the proportion-integration (PI) controller to control the height of the cantilever through the
Z-actuator (from Seo and Jhe 2008).

For the study of lineations we prepared both, polished and unpolished
samples. For polishing, we used Struers water-grinding papers (DP Mol and
DP Dur), followed by a thin polishing with Struers diamond pastes (3, 1, and
0.25 pm) and finally with silica gel suspension (~3 h). The sample was
etched in a 0.1 wt% acetic acid with 3% glutaraldehyde solution for 8 s. It
was later repolished, immersed in commercial bleach for ~90 s and dried
before placing in the AFM sample holder. The bleached or protease-treated
samples were scanned without polishing. Observations were made both in air

and liquid.
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For the study of the nanogranularity and its relation with the amorphous
phase, AFM was performed directly on the TEM grids. Areas of interest were
previously selected by SEM on uncoated samples (Phenom Pro, University of
Granada, Spain) and later manually located under the AFM using the X-Y
translator of the optical head. Images were recorded in air at room
temperature. Different areas of the sample were scanned using a ~14 x 14
um? piezo scanner and tips with a nominal radius of 8 nm supported by
rectangular cantilevers with a nominal resonance frequency of 320 kHz, and
a maximum spring constant of 80 N/m (Bruker TESP-V2). The scan rate was
set to 1 Hz, and 256 to 512 lines per scan were recorded.

All the observations were made using an AFM (Multimode Illa Veeco
Instruments) of the Centro Nacional de Microscopia Electrénica (Universidad
Complutense de Madrid, Spain). Recorded AFM images were subsequently
analyzed using the Nanoscope 5.30 and Nanotec WSxM 2.1 software’s
(Horcas et al. 2007).
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5.5 Transmission electron microscopy (TEM)

Electron microscopy is a family of microscopy techniques that use
electrons instead of light as source of illumination. In these microscopes an
electron beam is accelerated and projected towards the sample by means of
electromagnetic lenses. The interaction of the electrons with the specimen
produces multiple signals that are analysed by a combination of imaging and
spectroscopic techniques. These signals give insight about the structure,
topology, morphology and composition of the materials at nanometre scale.

The employment of electrons overcomes the limitation in resolution
typically found in optical microscopes. The resolution limit of optical
microscopy and, in general, of any optical system was envisaged by Ernst
Abbe in 1873. The Abbe diffraction limit states that the propagation of a
wave throughout an aperture generates greater interference as the size of the
aperture is reduced (resulting in blurred or distorted images). That means that
for a fixed small aperture, a shorter wavelength allows a higher resolution
(Abbe 1873).

The resolution is defined as the minimum distance at which two proximal

features can be distinguished:
Resolution (r) = A/(2NA)

where A is the wavelength of the source (the mid spectrum wavelength of
light is A = 550 nm) and NA is the numerical aperture of the lens, which
varies between 0.95 in air and 1.5 in oil. The maximum resolution of light

microscopy at 100x magnification is around 200 nm.
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The possibility of using an electron source (with a wavelength 1000 times
shorter than that of light) was envisaged by Hans Busch in 1927. He
theoretically demonstrated that electrons can be focused when they go
through a magnetic field generated by a current applied to a coil. Even more
interesting, he stated that it is possible to modify the focal length (the
distance at which a parallel beam converges into a single point) by varying
the intensity of the current. This implies that a magnetic field affects the
electron beam in the same way that a glass lens affects light and it constitutes
the basis of electron optics.

Ernst Ruska constructed the first electron-lens in 1931, experimentally
demonstrating the Busch’s equation. The design (a coil enclosed in an iron
chasing with a narrow gap) remains unchanged until today. By placing two
lenses one above the other, he demonstrated that the resulting magnification
was the product of the magnifications of the two individual lenses (Hawkes
1990), like in an optical system. The first commercial electron microscope

was produced by Ruska at Siemens in 1938.

5.5.1 The transmission electron microscope

The transmission electron microscope consists in an electron source (the
electron gun) and a series of electromagnetic lenses that focus the beam

through the specimen and form the image in a photographic plate or camera.

The electron gun can produce the electrons by heating (thermionic guns)
normally a tungsten (W) metal filament or a LaB6 crystal, or by the
application of an electric field (Field Electron Guns, FEG). These electrons

are accelerated by applying an electric potential difference (accelerating
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voltage, Vo), which in commercial TEMs varies between 100-300kV. The
higher the accelerating voltage, the faster the electrons travel and the more
penetrating power they have.

To avoid the dispersion of the electrons due to collisions with air
molecules, high vacuum conditions are needed inside the column. The type
of electron gun also determines the vacuum conditions needed (tungsten ~
10° Torr, LaB6 ~ 107 Torr, FEG ~ 107 Torr).

Ina TEM there is a complex set of electromagnetic lenses located along
the column that (1) form the beam and focus it (condenser lenses) and (2)
form the image and magnify it (objective, diffraction, intermediate and

projective lenses).

The condenser lenses (normally two sets) are located at the top of the
column. Condenser lens 1 (C1) controls the amount of current that passes to
the column and it is traditionally called spot size. The condenser lens 2 (C2)
controls the intensity of the beam (the degree of focusing). The alignment of
these two lenses makes the beam symmetrical and centred along the optical

axes of the column.

The specimen is located below, and subsequently the objective lens. This
is the most important lens of the microscope, since it creates the first image
of the object that afterwards will be magnified by the rest of the lenses. If the
objective lens is misaligned, it will not be possible to correct the errors

introduced.

The objective lens forms a diffraction pattern in the back focal plane from
the electrons scattered from the sample that afterwards are combined to form

the first intermediate image (Fig. 5.2). Image and diffraction are
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simultaneously present at the TEM. Switching from one mode to the other is
achieved by changing the focus of the intermediate lens.

Specimen

Objective lens

Back focal plane
objective aperture

1. intermediate image
SAED aperture ™ o

Intermediate
lens

2. intermediate
image

Prof'ective
ens

Viewing
screen
Image Diffraction pattern

Fig. 5.2. Simplified ray diagram of the image and diffraction modes in the TEM (image from

www.ETH zlrich.ch).

Two main aberrations affect the electromagnetic lenses, the spherical
aberration (Cs) and the chromatic aberration (Cc). The spherical aberration is
due to the fact that electrons far from the axis are more strongly deflected
than those closer to the centre. The chromatic aberration is caused by

electrons with different wavelengths being deflected differently.

Spherical aberration has been the main limitation to achieve increasingly
higher resolutions. Since magnetic lenses are far from being perfect, the
magnetic field will never be perfectly symmetric, and in practice that means

that spherical aberration cannot be eliminated. Nowadays spherical aberration
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is corrected with the addition of one or two (TEM and STEM) correctors to
the microscope column. This increases the complexity, since an aberration
corrected microscope does not behave in the same way as a conventional
TEM does.

All TEM characterization made during this PhD has been carried out in
the Fritz Haber Institute of the Max Planck Society, in Berlin. There, | first
learnt to operate a Philips CM200 fitted with a post-column energy filter
(GIF Quantum, Gatan) and an Energy Dispersive X-ray (EDS) system
(EDAX Genesis-4000). Afterwards, | got access to a Jeol JEM-ARM200F
(Fig. 5.3), an state-of-the-art double Cs corrected microscope, fitted with a
cold-field emission gun, an UltraScan 4000 camera (Gatan), a Imaging Filter
(GIF Quantum, Gatan), an EDS detector (Jeol), and secondary (SE) and
backscattered (BSE) electron detectors (Jeol).
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5.5.2 Sample preparation

Due to the low penetration power of the electrons, TEM samples are
thinned to 50-100 nm to allow the electrons to go through (in the same way
light goes through a photographic slide). This is one of the main drawbacks
of TEM, since sample preparation can be limiting and tedious.

Different sample preparation techniques have been used along this PhD
study, with the aim of testing its suitability for the material and for achieving
the different objectives. We have mainly used ultramicrotomy and a cross-
section preparation procedure that combines mechanical thinning and ion
milling. Because the main results were achieved with ultramicrotomy, | will

only describe this method.

Ultramicrotomy consists in embedding a small piece of sample (0.5 x 0.5
mm) in a polymerizing resin that enables the specimen to maintain its
structure during the cutting process. Once polymerized, the block is trimmed

manually or with a trimming device.

The block is placed in the mobile arm of the ultramicrotome, which
performs ellipsoidal movements over the diamond knife, which remains
stationary. This design offers high stability and reduces the compression

effects.

The diamond knife has a fluid collecting trough where the thin sections
float after cutting. Thin sections are then collected (“fishing”) and located on
the grids for staining and/or TEM observation. The ultramicrotome and the
diamond knife were invented in 1951, allowing a great development of the
TEM studies.
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5.5.2.1 Fixation and embedding

Due to the vacuum conditions inside the microscope, samples must be
previously dehydrated. Water is sequentially eliminated from the specimen
and replaced by resin. Most of the protocols for biological samples entail a
fixation pre-step and a final staining step (Hayat 1981). Fixation preserves
the structure of the cells (volume, morphology and spatial relationships) by
means of cross-linking of proteins (Hayat 2000). This protects the specimen
against subsequent treatments (dehydration, staining, vacuum and beam

exposure).

The goal of the study will determine the type of fixation method used.
Fixation with a mixture of glutaraldehyde and formaldehyde followed by a
postfixation with osmium tetroxide (OsOs4) is widely used for ultrastructure
studies. Nevertheless, for the study of water-soluble molecules the freeze-
drying method gives better results (Hayat 2000). Mobile molecules and ions
are washed out in contact with aqueous solutions, so they must be avoided for

applying analytical techniques.

We have used both protocols with different purposes: (1) the
ultrastructural study of the surface membrane and the associated vesicles, for
which we have used the chemical fixation, and (2) the study of the
amorphous transient phase in nacre, for which we applied a freeze-drying
protocol. Both are described below. The sample preparation, fixation and
embedding protocols were carried out in the Sample Preparation Lab
(LPMB) of the Scientific Instrumentation Centre (CIC) of the University of
Granada by Juan de Dios Bueno Perez and/or in our group’s lab in the
Andalusian Institute of Earth Sciences (IACT) by the candidate.
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i.  Chemical fixation

Samples were prefixed in a mixture of 1.5% glutaraldehyde and 1%
formaldehyde in cacodylate buffer 0.05 M at pH 7.4 for 15 minutes at 0-4 °C.
Samples were cut in 1 mm?® fragments and maintained in the same solution
between 45 min and 2 hours at 0-4 °C. Afterwards they were rinsed in
cacodylate buffer 0.1 M three times for 10 minutes. The postfixation was
carried out with 1% osmium tetroxide in water during 1 hour at 0-4 °C in
darkness; pieces were subsequently washed in distilled water three times for
5 minutes. Dehydration was carried out in graded ethanol series (50, 70, 90,
and 100%) at room temperature.

The infiltration with Embed 812 (EMS) epoxy resin was completed in
three steps of one hour each by varying the relative proportion of ethanol and
resin (1:2, 1:1, 2:1). For the final step, the sample was infiltrated with pure
resin overnight at 0-4 °C. Polymerization was carried out in an oven at 60 °C

during 48 hours.

ii. Freeze drying
Freeze drying involves the dehydration of a frozen sample by sublimation
of ice. The fast freezing and the lack of chemical reagents ensure a more

native state, although relative movement of the constituents might occur.

The specimens of Phorcus turbinatus were frozen in liquid nitrogen after
capture and stored in a Dewar flask. Freeze-drying was carried out the day
after; the initial temperature (-170 °C) was raised slowly at an average
pressure of 75 mTorr (Flexi-Dry MP). At the end of the drying cycle (2
days), when room temperature was reached (20 °C), the specimens were

removed and stored at 4 °C. This process implies the removal of unbound
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water (sublimation phase or primary drying). Note that the extraction of
bound water requires a second phase (secondary drying or desorption) at
relatively high temperatures (25° to 40 °C) (Rey and May 2010).

Postfixation with osmium tetroxide was avoided, since heavy metals can
interfere in the detection of light elements with analytical techniques by
increasing the background. Embedding was accomplished in three steps with
different proportions of resin to ethanol, and avoiding contact with water.

5.5.2.2 Sectioning

TEM studies of mineralized tissues are mainly limited by the difficulty of
sectioning. Crystals can damage the edge of the diamond knife and the
hardness difference between the two materials (the crystals and the resin)
produces tension that results in breakage of the slices. Different aspects of the
technique can be tuned in order to get slices good enough for TEM
investigation. A low density resin (that infiltrates pores of small size), the
increase of the amount of hardener in the resin (to reduce the tension between
the materials) and a slow cutting speed are advisable to improve the quality
of the slices. These and other hints are extensively explained in Hayat’s
books (Hayat 1981, 1993, 2000) which are recommended.

Thick sections (1 — 2 um) of the chemically fixed samples were prepared
for a preliminary study under the optical microscope. Sections were
deposited on a microscope glass slide, stained with 1% toluidine blue and 1%
borax in water and dried on a hot plate. Toluidine blue is a metachromatic
dye that can produce different colours depending on how it chemically binds
to the different cell components (Hayat 2000). The observation of the thick

slices allows the location of the area of interest in the embedded sample,
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which can be subsequently re-trimmed. The size of the block face should be
less than 0.5 mm on a side. The smaller the block face, the less the
compression, and the better the sections (Hayat 2000).

The trough of the diamond knife is typically filled with distilled water up
to the formation of a meniscus. The water edge should be in any moment in
contact with the border of the diamond knife, which allows the sections to
float smoothly, ideally forming a ribbon. To avoid dissolution of mineralized
samples, it can be useful to add calcium carbonate until saturation. Care
should be taken not to exceed the CaCOsz supersaturation, which would
produce precipitates on the surface of the sample. In our case, the time of
sample-water contact in the trough was minimized, by collecting the slices as
soon as some of them were cut. Sectioning was carried out in the Fritz Haber
Institute (Berlin) by the candidate using a PowerTome X Ultramicrotome
(RMC Boeckeler) (Fig. 5.4).

To image the organic fraction, some grids were post-stained. Uranyl
acetate in alcoholic solution partially dissolves the mineral (see for example,
Bevelander and Nakahara 1969), so we used 1% uranyl acetate in aqueous
solution during 1 minute followed by lead citrate for 5 minutes in a CO,-free

atmosphere (Reynolds 1963).

To study the amorphous mineral phase and to apply analytical techniques,

we avoided the use of any stain.



60 Chapter 5

Fig. 5.4. Sectioning. A) The ultramicrotome PowerTome X (RMC Boeckeler) in the Fritz
Haber Institute. B) Ribbon of slices floating in the trough. The light grey slices are around 60
nm in thickness whereas the silver ones range between 60-90 nm. C) A slice of Phorcus
turbinatus nacre. D) Closer view of the area framed in C) where it is possible to distinguish a
strip of incipient towers (appearing as dots in top view) and an area of mature nacre (where

the material becomes continuous).
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5.5.3 High Resolution Transmission Electron Microscopy
(HRTEM)

A HRTEM image results from the differences in the phase of the electron
waves scattered through a specimen (i.e. it is an interference pattern). The
fringes can appear by different mechanisms (Fresnel fringes, Moiré fringes),
but in the case of lattice fringes they appear by a transmitted wave exiting
from a crystal and a wave diffracted from one lattice plane of the crystal. The

spacing between the fringes corresponds to that of the lattice planes.

The phase-contrast mechanism is very sensitive to orientation, thickness,
focus or astigmatism, and sometimes phase-contrast images are difficult to
interpret. However, this sensitivity is the reason why phase-contrast can be

used to image the atomic structure of the materials.

55.3.1 Fast Fourier Transform (FFT) analysis

The Fourier transform (FT) is a mathematical transformation that
decomposes any function (waveform) into a sum of simple sinusoids: a sum
of sine and cosine functions (Brighan 1974). So any signal can be expressed
as the frequencies that make it up. The fast Fourier transform (FFT) is an
algorithm to compute the discrete Fourier transform, a simplified form of the
FT. Its development facilitated its applicability, since high computational

power is needed to perform it (Brigham 1974).

In optics there is a Fourier transform relation between the light amplitude
distribution at the front and the back focal planes of a converging lens
(Brigham 1974). In the TEM, which behaves similarly to an optical

microscope, the objective lens performs (1) a FT that creates a diffraction
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pattern in the back focal plane and (2) an inverse FT that combines again the
diffracted beams forming an image in the image plane (Fig. 5.5).

optic axis

object exit wave

FT

Back focal plane diffraction pattern

FT'

Image plane

image wave

Fig. 5.5. FFT in the TEM. Mathematical interpretation of the ray diagram at the objective
lens of a TEM (image modified from www.ETH zirich.ch).

In image processing, the FT works in a similar way. The image is
decomposed into its sine and cosine components, giving back a set of points,
each one representing a frequency. In HRTEM images, the periodic
information that results from a set of lattice fringes is transformed by the FFT
in a spot. Each spot is located at a distance 1/d (being d the interplanar
spacing) from the centre (the transmitted beam). In this way, measuring the
distances of each spot from the centre and the angles between them is

possible to identify the planes (as we will see below).

The diffractogram that results from a FFT gives similar information as a
diffraction pattern. The advantage against selected area electron diffraction

(SAED) is that the FFT can be obtained from areas as small as dozens
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nanometres in a HRTEM image (such as crystalline nanodomains). Although
SAED is site-selective, it samples areas several hundred nanometres in size,
which is determined by the diameter of the smallest selected area aperture
(10 pm in the JEOL JEM-ARM200F).

5.5.3.2 Indexing

For indexing a diffraction pattern (or a diffractogram derived from a FFT)
is necessary that the electron beam is along a low-index zone axis of the
crystal. In the TEM this can be achieved by means of a double tilt holder that
allows the tilting of the sample in two perpendicular directions.

The identification of the planes (that is given by their Miller indices, hkl)
is carried out on the basis of the interplanar spacing (d-spacing) and the
angles between them. In the diffractograms, we measured the distances r1 and
r. between the spots (reflections) and the centre (the transmitted beam), and

the angle o between them (Fig.5.6).

spot |

transmitte
beam

Fig. 5.6. Indexing of the reflections in a diffraction pattern (image from CaRine

Crystallography).

The distances r (r = 1/d) and the angles between the spots (o) were
extracted with the DiffTools script package (Mitchell 2008) for Digital
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Micrograph (Gatan Inc.). These parameters were exported subsequently to
CaRlIne Crystallography 3.1 (Boudias and Monceau 1998), where we used
the refined aragonite parameters of Caspi et al. (2005) to construct the unit
cell model.

The approach for identifying the planes is to consult the tables of distances
and angles for the low index reflections for the structure we are studying.
That is what CaRIne software does, giving a list of the possible solutions of
planes and angles ordered by ascending error (Boudias and Monceau 1998).
In our study, the possible solutions (planes) with an error greater than 5%
were discarded. For a coherent indexing, all the spots that form the

diffraction pattern should share a zone axis.

Indexing allows an accurate identification of the crystal structure, thus
enabling the differentiation between polymorphs (i.e. same chemical
composition and different crystal structure), unlike other inaccurate

approximations, such as measuring single d-spaces.

5.6 Electron Energy Loss Spectroscopy (EELS)

This analytical technique employs the focused electron beam of a TEM as
a probe source to analyse the interaction with the specimen. The high-energy
electrons of the beam (accelerated through a voltage about 100-300 keV in
most commercial TEMS) interact with the atoms of the specimen, and part of
its Kinetic energy is transmitted to the material. The amount of energy
absorbed depends strictly on the composition and the electronic structure of

the atoms of the material, in such a way that measuring the loss of energy of
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the primary electrons it is possible to identify, not only the elemental
composition and distribution, but also the element local coordination, valence
electron density for phase identification, anisotropic density of states, etc.
(Egerton 2011).

When the electrons interact with the material they scatter, and both the
amplitude and the phase of the incident electrons might change. The two
main types of scattering are elastic and inelastic. Roughly, elastic scattering
involves no change in energy and maintains the phase relationship (i.e. they
are coherent) whereas inelastic scattering involves a loss in energy of the
incident electrons, which lose the phase relationship between waves (i.e.
incoherent) (Brydson 2001). The energy lost by the primary electrons is
transferred to the electrons of the specimen, causing the atoms to move to an
excited state. To return to their ground state a process of de-excitation occurs,
which implies the liberation of the energy in form of X-rays, Auger electrons
or photons (that also carry compositional information that can be analysed by

other spectroscopic techniques) (Brydson 2001).

Inelastic scattering is the basis of the EEL spectroscopy, and the two main
mechanisms of inelastic scattering that are measured are the plasmon
excitations and the single electron excitations (Fig. 5.7A). The plasmon
excitations occur when the primary electrons provoke collective excitations
of the valence electrons of the atoms of the material, generating collective
oscillations (plasmons). The energy loss ranges between 5 and 30 eV, so the
plasmon excitations appear in the low loss region of the EELS spectrum. This
mechanism is quite frequent, and the probability for it to occur increases with
the material thickness. With the increase of the sample thickness it may also

affect other inelastic signals in other parts of the spectrum (Brydson 2001).
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The plasmon peak is used to measure sample thickness and to correct the
effects of multiple inelastic scattering.

A single electron excitation occurs when the primary electron transfers
part of its energy directly to a single inner shell electron of the material,
producing ionization (so-called ionization edges) (Fig. 5.7B). The energy
losses range from 50 to thousands of eV (the core loss region of the
spectrum). The binding energy of a particular electron subshell within an
atom is unique and characteristic of each element, so that it is possible to
determine its nature. For example, to ionize a carbon electron located in the
K shell 284 eV are necessary, but much more energy is needed to ionize a
silicon electron in the same shell (1839 eV). The intensity of the edge is

given by the number of atoms; it hence being possible to quantify them.

A typical spectrum plots the scattered electron intensity as a function of
the decrease in kinetic energy (Energy loss, eV). The first and more intense
feature in the spectrum is the zero loss peak (ZLP), at 0 eV energy loss (Fig.
5.7A). This peak represents the electrons that have no energy loss (elastic
scattering). The full width half-maximum (FHWM) of the ZLP (i.e. the
difference between the two extremes values of the independent variable, at
which the dependent variable is equal to half of its maximum value) gives the

overall resolution of the spectrum (Brydson 2001).

The first region after any edge threshold is called ELNES (Energy Loss
Near Edge Structure) (30-40 eV), which gives information on the local
structure and bonding (geometrical information). Afterwards, a second region
known as EXELFS (Extended Energy Loss Fine Structure) informs about
bond distances and coordination number (short-range information) (Fig.
5.7B).
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For ELNES and ELXEFS studies it is necessary to achieve high energy
resolution (measured in the FHWM) and a good signal-to-noise ratio (SNR).
These two conditions can be achieved increasing the primary energy, with the
drawback that it can induce beam damage. Working with biomaterials makes
this a tricky issue, and it is necessary to find a balance between resolution

and beam damage.
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Fig. 5.7. The EEL spectrum. A) Low loss region. B) High loss region. The main areas of

interest are indicated.
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Through this PhD study, we have surveyed the high loss region of the
spectra, from 0 to 750 eV (high dispersion), which contains the main
ionization edges of the organic molecules (C, N, O, Mg, P and Ca). For the
study of the mineral phase, we have focused on the ELNES fine structure of
the main edges (carbon, calcium and oxygen).

5.7 Energy Dispersive X-ray Spectroscopy (EDS)

The accelerated electrons of the beam can interact with the electrons of the
atoms of the sample causing one electron from an inner shell to be ejected.
This creates an energetic hole or vacancy in its original shell, which is
subsequently occupied by another electron from an outer (higher energy)
shell. The energy difference between the shells will be liberated in the form
of X-rays (Fig. 5.8A).

The number and energy of each atomic shell and subshells (the atomic
structure) are characteristic of each element. Therefore the energy
transferences, the amount of energy produced and the wavelength of the X-
rays produced, are specific for each element. This constitutes the basis of the

elemental determination.

The de-excitation process or relaxation to the ground state occurs in 1 ps
approximately. The energy transfer occurs in sequential steps. The atom from
the nearest subshell moves to fill the vacancy, leaving in turn a vacant state in
its original shell, which will be filled by an electron from any other shell.
Only transitions between certain subshells are allowed and produce

characteristic X-rays.
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But the primary electrons also produce a continuum X-ray spectrum that
arises due to the interaction between the incident electrons with the nuclei
(Fig. 5.8B). This continuous signal forms the background, and it depends on
the beam current, the atomic Z number and the beam energy (Goldstein
2003). Nevertheless, compared with EELS, EDS presents a quite good signal
to noise ratio, and although it is essential to subtract the background for
quantification, the detection limits of the elements are relatively low. The
smallest detectable peak should be at least three times the standard deviation
of the background count.

Nevertheless, EDS is not as good as EELS for the detection of low Z
elements. For these elements, the difference in energy between the subshells
is rather low, which means that the lines of these elements overlap in the
spectrum, it being impossible to separate them. With higher Z numbers, the
difference in energy between subshells increases, thus making possible this

differentiation.
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Fig. 5.8. EDS. A) De-excitation of an electron that ahas undergone a K-shell ionization by
the primary electrons (image modified from Brydson et al. 2014). B) Characteristic EDS
spectrum showing the continuum and the characteristic X-ray peaks.
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Results

6.1 Amorphous calcium carbonate in nacre

6.1.1 Ultrastructure

Gastropod nacre tablets are stacked in towers (Wise and Hay 1968) (Fig.
6.1A), each tablet having a pseudo-hexagonal contour (Fig. 6.1B). Our
oblique sections revealed the characteristic porous structure of the
interlamellar membranes (Fig. 6.1C). Tablets consisted of an aggregation of
globular particles measuring between 20-50 nm (Fig. 6.1D-F). The irregular
topography became particularly evident with secondary electrons (SE) (Fig.
6.1E), whereas it remained masked in TEM (Fig. 6.1B-D). Similar
nanoparticles were also found over the interlamellar membranes (ILMs) (Fig.
6.1D-F), and are likely the remains of hillocks cut during sample preparation.

Hillocks, i.e. the protrusions (20-100 nm) of the tablet surface across the
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pores of the ILM, maintain crystallographic coherence with the rest of the
tablet (Checa et al. 2011). HRTEM highlights that the cores of these globular
particles both from the tablet interior and/or the hillocks were crystalline
nanodomains (average size 30 nm) embedded in an amorphous matrix (5-10
nm in thickness; Fig. 6.1G-1). Some forming tablets also presented
amorphous edges, which crystallized under the electron beam (as reported by
Nassif et al. 2005). In other instances, edges were fully crystalline.

» Fig. 6.1. Gastropod nacre tablets from macro- to nanoscale. A) Lateral view of nacre
towers (HAADF). B) Tablet at the top of a tower cut almost perpendicular to the growth axis
of the tower, with its characteristic pseudohexagonal shape. C) Slightly oblique section of
some tablets. The characteristic porous structure of the interlamellar membranes (ilm) is
visible. D, E, F) Image contrast comparison of a single tablet in TEM (D), SE (E) and
HAADF (F). The tablet is composed of a myriad of nanogranules. Note the three-
dimensional appearance provided by the SE image (E) compared to the other two modes. G)
HRTEM of the area framed in (D): the nanogranules are composed by crystalline domains
embedded in amorphous material. H) Oval shaped crystalline nanodomains showing lattice
fringes, with amorphous rims. 1) Detail of one such crystalline domain embedded in

amorphous matter.
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6.1.2 ACC and crystalline nanodomains

The examination of nanoparticles spread over the ILMs using High Angle
Annular Dark Field (HAADF) imaging allowed us to differentiate the
amorphous coating from the organic (amorphous) background, which
remained concealed in TEM. HAADF enhances the contrast between
materials of different composition (different average atomic Z number) (Fig.
6.1F). For the same average Z, variations in contrast are due to density or
thickness changes (Williams and Carter 2009). Accordingly, CaCOs
nanoparticles showed an intense contrast (bright areas) with respect to the
organic background (Fig. 6.2A). The highest contrast (Fig. 6.2B)
corresponded to the crystalline core identifiable by lattice fringes (Fig. 6.2C).
Cores were bordered by non-crystalline areas with intermediate contrast (Fig.
6.2B-D) that faded gradually towards the edges (Fig. 6.2C, D). EELS
confirmed the same composition for both the crystalline cores and the

amorphous rims (Fig. 6.2D).

Besides the sectioned hillocks, there were two other types of nanoparticles
scattered over the organic amorphous material: type one, 2-5 nm in size (Fig.
6.2B, F), and type two, 10-20 nm (Fig. 6.2E). Both of these nanoparticles

returned a calcium signal (Fig. 6.2E) and had a non-crystalline structure.
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Fig. 6.2. Nanoparticle crystallinity and composition. A) Crystalline nanoparticles (rest of
the tablet and/or hillocks) over the interlamellar membrane (organic amorphous material)
(HAADF). B) Closer view of the area framed in A. The highest contrast (brightest area)
corresponds to the core of the particle (arrow). The contrast fades towards the lower edge of
the same particle (large arrowhead). The nanoparticle to the right presents an intermediate
contrast. Densely scattered type one nanoparticles (2-5 nm) (small arrowheads) with some
contrast cover the organic amorphous material. C) Bright-field (BF) STEM image of B. The
particle to the left has a crystalline core (arrow) (indicated by lattice fringes and reflections in
the FFT analysis). Its lower part (big arrowhead) does not show lattice fringes. Dashed
rectangles indicate the areas where the FFTs come from. D) Nanoparticle showing the
crystalline area (lattice fringes and reflections) on the left and the surrounding amorphous
material on the right (HAADF). Squares with dashed lines indicate the areas where the FFTs
come from. The EELS spectrum on the bottom left comes from the amorphous area (white
box). E) Line scan EELS performed across the organic membrane (dashed line a) and a type-
two particle (dashed line b). Only the particle with high contrast (12 nm in size) presented an
intense calcium signal (b) (background removed, deconvolved and normalized). F) Densely

scattered type-one nanoparticles (2-5 nm) (small arrowheads) over the organic membrane.
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6.1.3 Indexing of crystalline nanodomains

Indexing of crystalline nanodomains (30-50 nm) surrounded by
amorphous matter of the tablet interior corroborated their aragonitic nature
(error < 5%). No other polymorph was detected. FFT of the image covering
several nanodomains in Fig. 6.3A returned short arcs instead of sharp points,
which result from the addition of slightly misaligned reflections (Fig. 6.3B).
By selecting the reflections of the misaligned planes from the FFT and
inverting the FFT function, we located the source areas of these signals. In
this way, it became evident that the reflections came from adjacent, slightly
misaligned (1.7° and 1.9°) nanodomains (Fig. 6.3C). Remarkably, the
nanodomains were not oval, but had highly irregular contours that connected

with and even overlapped one another (Fig. 6.3D).

When the indexing could be made exactly along the [001] zone axis, we
appreciated that the crystalline nanodomains (Fig. 6.3E) had their c-axes co-
aligned, but they were slightly misaligned in the a-b plane (Fig. 6.3F). An
example of hillocks adhering to ILMs is shown in Fig. 6.3D-F. Some

nanodomains presented twin relationships (Fig. 6.3G-1).
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Fig. 6.3. Orientations of crystalline nanodomains. A) TEM image of crystalline
nanodomains embedded in amorphous material. Inset: general view of the tablet with the
location of the nanodomains. B) FFT analysis of A. The presence of small arcs in the FFT
(arrows) indicates slight misalignment between nanodomains. Colours of lines indicate the

reflections used for the colour reconstruction in C. C) RGB colour model built using the

reflections corresponding to the planes (231), (241), (251) and (261) shown) shown in B.
Overlap of the original TEM image shows that crystallographically coherent nanodomains
are separated by amorphous material. D) Incipient tablet showing crystalline nanodomains
immersed in amorphous material. The position of the interlamellar membrane is indicated
(ilm). Inset: HAADF of the same area. E) HRTEM of the area framed in D. Crystalline
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nanodomains over the interlamellar membrane. F) FFT analysis of the nanodomains
encircled in E (with the same letters). They are all indexed as aragonite along the [001] zone
axis. The nanodomains are slightly tilted, which results in the attenuation or even
disappearance of some reflections. In each FFT the a-axis is marked with a coloured dotted
line. The overlap of all lines (upper left FFT) shows the misalignment of a-axes between
nanodomains. G) HRTEM image of three different nanodomains over an organic membrane.
Two of them show a twin relationship. Inset: FFT of the twin domain (area framed with
dashed line). H) Colour reconstruction of the three different domains. A (110) twin plane
(arrowhead), characteristic of aragonite, separates the blue and red nanodomains. The green
nanodomain is in contact with the blue one with a misorientation of 5.8° around the c-axis. )
Enlargement of the area framed in G (solid line, blue nanodomain) indicating the

crystallographic orientation. The view is from the c-axis.

6.1.4 Nanogranularity

We performed both AFM and S/TEM on single tablets (Fig. 6.4), with
both revealing the globular texture typical of nacre (Dauphin 2001, Rousseau
et al. 2005, Checa et al. 2013), and other biominerals (Baronnet et al. 2008,
Dauphin 2008). AFM phase contrast images (which enable the detection of
variations in adhesion, friction and viscoelasticity (Magonov et al. 1997)
revealed two different materials (Fig. 6.4D): one with more adhesive strength
(low contrast), previously assumed to be either organic material (Dauphin
2001, Rousseau et al. 2005), or a mixture of organics and ACC (Seto et al.
2012), and a second, stiffer material, assumed to be the crystalline phase by
the same authors. The topographic images showed that the low-contrast layer
extended over the stiffer material in the form of discontinuous pellicles (with

variable thicknesses, between 2-10 nm, n = 10).
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Observation of exactly the same areas by S/TEM (Fig. 6.4A-C) provided
complementary information. The topographic contrast generated by SE in
STEM is basically surface-tilt contrast: SEs created on an inclined surface or
close to a surface step have an increased probability of escaping, thus
producing a higher brightness/contrast (Reimer 1998). The irregularities
observed with SEs (Fig. 6.4E) were less pronounced in the AFM images, but
they correlated well with the topographic profiles, that revealed a very
irregular surface. The overlap of both the SE and the low-contrast phase of
the AFM images (Fig. 6.4F) showed that the distribution of the latter
coincided relatively well with the flat (low-contrast, dark grey) areas

observed in SE images.

Fig.6.4. SE and AFM analysis of the same area. A) HAADF image of two tablets and the
intermediate interlamellar membrane (ilm) (darker material). B) SE image of the same area.

The smoothest area corresponds to the interlamellar membrane and some hillocks are visible
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at the boundary between the two tablets. C) SE image with partially superposed AFM image
(topographic + phase mode). D) AFM phase image emphasizing the globular aspect of the
structure. The more adhesive material (dark-brown areas) overlies the crystals (light-brown
areas). E) SE image of the area framed in D. The white dots are particularly steep areas,
whereas darker areas tend to be horizontal. F) Overlap of the high-contrast areas of the AFM
phase (brown) and SE (dark grey) images.

6.1.5 Tomography

The STEM-HAADF tomography revealed the high porosity of the
forming tablet (Fig. 6.5, arrows). The three-dimensional reconstruction of the
tomograms disclosed intriguing pyramid-like elevated areas. These pyramids
were co-oriented and their tips corresponded to higher-contrast areas (more

calcium content or denser material).

Fig. 6.5. Tomography of incipient nacre tablets. This selected tomographic slice has a
multitude of pores (arrows). The colour gradient corresponds with the HAADF contrast, the

tips of the pyramids (light orange) being the areas with higher contrast.
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6.1.6 Elemental analysis

EELS performed in crystalline and amorphous domains revealed
differences in chemical bonding (Fig. 6.6). The C K-edge ELNES structure
showed two main peaks at 290.3 eV and 301.5 eV (Fig. 6.6A) that are
unambiguously indicative of the carbonate group (Hofer et al. 1987, Garvie
et al. 1994, Brandes et al. 2010). The peak at 290.3 eV corresponds to Cls —
n* transitions, whereas the peak at 301.5 eV arises from Cls — o* transitions
of carbon-oxygen bonds of carbonate CO3? groups (Garvie et al. 1994, Zhou
et al. 2008). An unambiguous assignment to either C — O or C = O is not
possible here (Zhou et al. 2008). Minor features related to m* transitions of
carbon-oxygen bonds, 294.2 and 298.3 eV (Zhou et al. 2008), were identified
in only some spectra, with the former shifted to higher energies (295.5 eV)
(Fig. 6.6A, Fig. 6.7A).

Three pre-peaks at 285.0 (+ 0.3), 287.5 (£ 0.3) and 288.4 (£ 0.3) eV (Fig.
6.7A), with different relative intensities depending on the sampled area, were
identified. The 285.0 and 287.5 eV peaks arise from Cls — n* in C=C and
from Cls — o* in C—H in organic molecules, respectively (Kaznacheyev et
al. 2002, Metzler et al. 2008). The 288.4 eV peak results from Cls — 7* in
C=0 of carboxyl groups of organic molecules (Zhou et al. 2008,
Kaznacheyev et al. 2002, Zubavichus et al. 2005).

The calcium L2 3-edge ELNES is characterized by two main peaks at 349.3
and 352.6 eV (Fig. 6.6B), common to all CaCO3z polymorphs. Three minor
features present before Lz and two before L, indicate an aragonite nature
(DeVol et al. 2015).
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The oxygen-K ELNES in the crystalline areas presented a main peak at
534 (Fig. 6.6C) that results from Ols — ©* transitions from the C=0O bonds
(Metzler et al. 2008, DeVol et al. 2014), followed by a shoulder at 537.5 eV.
Two double features are defined at 540/541 eV, associated with the Ols —
o* transitions of the carbonate COs? group (Metzler et al. 2008) and at
544/545.5 eV, corresponding to Ols — o* transitions from the C=0O
absorptions (DeVol et al. 2014).

In the transition to the amorphous areas the three edges presented a
progressive reduction in the intensity of the peaks. The peaks from the C K-
edge graded to a single broad shoulder (Fig. 6.6D) characteristic of
amorphous carbon. The Ca L»3-edge diminished drastically in intensity, and

the O K-edge lost any fine structure and showed only a broad resonance.

<« Fig. 6.6. EEL Spectroscopy from incipient nacre. A) The C K-edge shows two
prominent peaks at 290.3 and 301.5 eV, indicating high crystallinity, but a weak hump at 285
eV that reflects the presence of organic material. B) Ca L, 3-edge. C) O K-edge. For A, B and
C, background was removed before each edge. The spectra are normalized and the intensity
is expressed in arbitrary units (arb. u.) for comparison. No smoothing was applied. D) The
line scan shows changes in the C K-edge along a segment of 143.7 nm. A total of 25 spectra
were taken (each 5.75 nm, dispersion 0.25 eV) and averaged (5 single spectra added) to
reduce the noise. Background was removed before the C K-edge, and the plural scattering

was corrected. No smoothing was applied.
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Fig. 6.7. EEL Spectroscopy. A) Carbon K-edge. The three pre-peaks at 285.0, 287.5, and
288.5 eV, characteristic of organic material, are visible. B) Calcium L;3-edge. The minor
features that indicate the aragonite nature are marked with red bars. C) Oxygen K-edge
characteristic of aragonite. All the peak positions denoted by vertical lines are commented on
Table S1. Emission current 5 pA, dispersion 0.025 eV. Savitzky-Golay smoothing was
applied to the C K-edge (10 pts) and to the O K-edge (50 pts).



Results 85

6.2 Elongation and alignment of nanogranules and
their relation with the crystallography

Mutvei and Dunca (2008, 2010) evidenced the existence of parallel
lineations on the surface of nacre tablets. These lineations appeared after
etching the surface of the tablets with glutaraldehyde-acetic acid solution
(Mutvei’s solution) and are the result of differential dissolution of the
carbonate. The direction of the lineations was inferred to be parallel to the
crystallographic a-axes of the tablet (Mutvei and Dunca 2008).

We applied etching or proteinase treatments to nacreous tablets of
different species. All samples (with the exception of Pinna nobilis) displayed
conspicuous lineations (~40-120 nm thickness) after treatment (Fig. 6.8).
Gastropods tablets appeared divided in different sectors (Fig. 6.8A) (Mutvei
1978) with the lineations meeting at angles of ~60° or 120°. Nautilus and
bivalve tablets were mostly undivided. It is clearly shown that the lineations

are composed of fused carbonate nanogranules (Fig. 6.8B).

Fig. 6.8. A). Gibbula cineraria, treated with Mutvei’s protocol (step 1 for 10 min, step 2 for
5 min). Tablets are composed of several sectors with lineations at 120°. B) Nautilus
pompilius, bleached for 3 min. The two arrows indicate the ends of one such lineation.
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To gain insight into the crystallography, we performed EBSD analysis to
the etched tablets. In all pole figures, the 001 maxima (c-axis) was centred

(perpendicular to the tablet) and the 100 maxima (a-axis) was parallel to the

lineations.

Contours log scale times random

Fig. 6.9. EBSD maps of (A) Acila divaricata, treated with Mutvei’s protocol (step 1 for 4

min, step 2 for 2 min).

AFM performed on samples either untreated or treated with protease (0.2
g/ml, 1h) showed that tablets were composed of nanogranules of sizes similar
to those measured by SEM (~20-120 nm), surrounded by a pellicle of
different contrast (Dauphin 2001, 2008). These granules often form lineations

(40-120 nm) in a very similar way to the lineations observed by SEM.



Results 87

6.3 Vesicles and surface membrane in nacreous
gastropods

We have studied the surface membrane (SM) and the associated vesicle
layer in Phorcus turbinatus (Trochidae, Vetigastropoda). The growth of the
nacreous layer takes place close to the margin at the shell aperture (Wise
1970, Mutvei 1978). It is preceded by a fibrous prismatic layer and covered

internally by an aragonitic structure of nacreous aspect (Fig. 6.10).

Aragonitic structure

Surface membrane

Fibrous prismatic layer and growing nacre

Fig. 6.10. Left, specimen of Phorcus turbinatus indicating the location of the surface
membrane and the growing nacre (sampled area) in relation to the other microstructures
present at the shell aperture. Right, SEM image of an ultramicrotome slice perpendicular to
the shell surface, where it is possible to distinguish the surface membrane (sm), the
interlamellar membranes (ilm) and two towers of growing nacre. The dotted line indicates
the approximate angle of the ultramicrotome cuts carried out in this study.

The SM maintains a constant thickness due to the strict balance between
components acquired via vesicle addition and those lost due to the formation

of the interlamellar membranes (ILMs) (Checa et al. 2009). Therefore, we
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can say it is in a dynamic equilibrium. At the same time, with the
incorporation of material and its concomitant loss, the SM moves in an

adapertural direction, by keeping pace with the animal's growth rate.

6.3.1 Ultrastructure

Low magnification TEM images show a general view of the system (Fig.
6.11A, B). A myriad of vesicles adhere to the mantle side. The SM with a
fuzzy aspect lies over the tip of the towers. Note that the slides are oblique
with respect to the growing axis of the nacre towers (Fig. 6.10), and therefore

the thickness of the ILMs is overestimated.

The vesicle layer contains mostly round vesicles, with an average size
~200 nm (from 50 to 400 nm) (Fig. 6.11C). A double membrane (10-15 nm)
was easily distinguishable (Fig. 6.11D). Electrodense material seems to fill
the interior of the vesicles, attached to the inner membrane (Fig. 6.11C, Fig.
6.12B, E).
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Fig. 6.11. Bright field TEM images of the vesicle layer. A) and B) vesicle layer (v) covering
the surface membrane (sm). The tips of the first towers (marked with an asterisk) are partly
immersed within the surface membrane. Interlamellar membranes (arrowheads) detach from
it. C) Detail of the vesicles showing the material attached to the inner membrane
(arrowheads). D) Closer view showing the double membrane. Samples fixed with

glutaraldehyde 2.5% and post-fixed with 1% osmium tetroxide.

The SM (~100 nm width) appears as a progressively ordered structure. It
has a dense homogeneous structure at the mantle side that organizes
progressively into a fibrous arrangement at the nacre side. The most incipient
crystals of the towers appear towards the interior, and the ILMs seem to
detach from the SM (Fig. 6.12B).
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6.3.2 Elemental analysis

The samples prepared by quick-freezing and freeze-drying preserved the
cell structures relatively well. 1t was possible to localize the areas of interest
(SM and vesicle layer), although some movements of the sub-cellular
components might have occurred. The maintenance of the ion content was
expected to be relatively good, since the water contact was minimized.
Microanalysis was carried out on ~50-70 nm thickness sections.

Systematic EELS measurements were performed on quick-frozen and
freeze-dried samples, either with or without OsOs as post-fixative. Signal
intensity was higher in samples where osmium tetroxide was used. EDS
analysis corroborated the data obtained by EELS. The structures studied in
the outer side of the mineralization compartment were: the vesicles (interior
(v) and membrane (mv)), the surface membrane (sm) and the epoxy resin
(light areas, la). In the inner side of the mineralization compartment, we
analysed the interlamellar membranes (ilm), the electrodense material (em)
aggregates spread between the ILMs and the epoxy resin (light areas, la). A
representative single raw spectrum of each analysed area is presented in Fig.

6.12H and Fig. 6.13B. No smoothness was applied.
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Fig. 6.12. Surface membrane and vesicle layer of Phorcus turbinatus. A) General view in
STEM mode (inverse HAADF) including the vesicles (v), the surface membrane (sm), the
first towers immersed in the surface membrane (asterisks) and the interlamellar membranes
(arrowheads). B) Inverse HAADF image of the vesicle layer, the surface membrane and the
interlamellar membranes detaching from it. C) Bright field imaging mode of mature
interlamellar membranes with the porous aspect typical of gastropods. Section post-stained
with uranyl acetate and lead citrate. D) SEM image of the vesicles covering the exterior of
the surface membrane. E) HAADF image of a vesicle showing the material attached to its
inner membrane. F) Same vesicle as in E) but in bright field mode. G) Bright field image of

the vesicle layer and the surface membrane in an area close to the nacre towers, showing the
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vesicles (v), the membranes of the vesicles (mv), the surface membrane (sm) and the light
areas (la) of the epoxy resin. One spectrum was recorded in each point labelled. The vesicle
shown in E) and F) is marked with a square. H) Core-loss spectra from the areas marked with
an asterisk in G), showing Ca L.3 and N K-edges. Single raw spectra, no smoothness was
applied. Intensity is expressed in arbitrary units (a.u.) for comparison. A) and B) samples
fixed with glutaraldehyde 2.5% and postfixed with 1% osmium tetroxide. C), E), F), G)

samples quick-frozen and freeze-dried. D) Critical point dried sample.

At the outer side of the mineralization compartment (Fig. 6.12), EELS
measurements revealed strong carbon K-edge at 285 eV, indicating poorly
ordered carbon, owing to the epoxy resin used. The nitrogen K-edge at 400
eV and the oxygen K- edge at 532 eV were evident in all the measurements.
A strong Ca Lj3-edge (~348 eV) was detected in the SM (sm) and in the
interior of the vesicles (v). The membrane of the vesicles reported a minor
intensity of the Ca L2 3-edge and an undetectable calcium signal was obtained
from the epoxy (la) (Fig. 6.12G, H).

At the inner side of the mineralization compartment (Fig. 6.13), EELS
spectra from the interlamellar membranes (ilm) revealed the K-edges of
carbon (285 eV), nitrogen (400 eV) and oxygen (532 eV), as well as the L2 3-
edge of calcium (348 eV). The spectra obtained from the electrodense
material (em) spread in the spaces between the ILMs showed the same peaks,
though less intense. In the lighter areas (la) between ILMs, we observed the
K-edges of carbon, nitrogen and oxygen that correspond to the embedding

resin, and a negligible signal from the Ca L2 3-edge.
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Fig. 6.13. A) TEM image of the mineralization compartment. It is possible to discern the
stacked tablets (in diagonal section), the interlamellar membranes (ilm), the electrodense
material (em) in between and the light areas (Ia) in the epoxy. One spectrum was recorded in
each point labelled. B) Core loss spectra recorded at 200 keV from the areas marked with an
asterisk in A (average pixel area 105 nm?), showing C K, Ca L3, N K and O K-edges. Single
raw spectra, no smoothness were applied. Intensity is expressed in arbitrary units (a.u.) for
comparison. Quick-frozen and freeze-dried sample, postfixed in osmium tetroxide and

embedded in EMbed 812.
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Discussion

7.1  Amorphous calcium carbonate in nacre

To gain insight into the formation of the mature nacre through an
amorphous transient phase, we selected incipient tablets of subadult
gastropods. Our TEM study demonstrated that the tablets are composed by
globules with a partially crystalline structure: a crystalline core (~30 nm) and

an amorphous contour (~5-10 nm).

Indexing of adjacent crystalline nanodomains connected by amorphous
material showed a minor misorientation (in the range of 2°). In particular, the
c-axes showed the highest degree of co-alignment. The quantification of the
misalignment of the c-axis in mature nacre tablets of Mytilus edulis with low

acceleration voltage electron backscatter diffraction (EBSD) gave a mean



96 Chapter 7

angular spread in the order of 2° FWHM inside individual tablets
(Griesshaber et al. 2013), in agreement with our present results. The colour
reconstruction of the nanodomain orientation (Fig. 3C) clearly showed that
the sectional outlines of the crystalline nanodomains are not simply spherical
or oval, but complex dendritic. The fact that separate digitiform domains
were in exactly the same orientation indicates that they must connect in the

third dimension.

We also characterized the amorphous rims of nanoparticles by HAADF
imaging. The lack of lattice fringes and the recorded calcium content indicate
that it is ACC. The lower contrast with respect to the crystalline core is likely
to be due to its lower density. The density of ACC (p acc = 1.62 g-cm?)
(Bolze et al. 2002) is significantly lower than that of the crystalline phase
(Paragonite = 2.93 g-cm’®).

The EELS analysis showed three pre-peaks at the C K-edge (285.0, 287.5
and 288.5 eV) that appeared in both crystalline and amorphous material and
are undoubtedly related to the presence of organic matter. Chitin and lipids
can contribute to these peaks (Lehmann 2009, Leung 2011), but their low
content in the organic fraction of nacre (~7% chitin, Bezares et al. 2008; 0.54
% lipids, Rousseau et al. 2006) leads us to believe that mostly proteins are
responsible for these signals. In the O K-edge, the weak intensity of the 534
eV peak indicate poor crystallinity (DeVol et al. 2014).

The phase with more adhesion strength found by AFM, which surrounds
and partially covers the crystalline phase, should correspond to the
amorphous material (ACC + organic matter) imaged by TEM/STEM. This
phase has been suggested to be either organic (Dauphin 2001, Rousseau et al.

2005) or a mixture of organic macromolecules and ACC (Seto et al. 2012),
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but without conclusive evidence. Both our HRTEM and the ELNES analyses
of the amorphous phase in incipient nacre tablets indicate that the latter is the
case. The presence of biogenic macromolecules occluded within the ACC
stabilizes it against dissolution or rapid crystallization (Aizenberg et al. 1997,
Addadi et al. 2003, Gal et al. 2014). Different kinds of additives have been
identified as stabilizers, with amino acids being among the molecules that
permanently stabilize ACC (Addadi et al. 2003). Proteins have been
demonstrated to inhibit ACC-H>O dehydration, allowing the persistence of
ACC-H;O-rich nanoparticles (Gong et al. 2012).

Our data are consistent with a particle-accretion mechanism in nacre. This
mechanism has been intensely studied in the spicule of the sea urchin embryo
(Politi et al. 2008, Gong et al. 2012) and implies that amorphous particles
aggregate and subsequently crystallize. The two types of ACC nanoparticles
detected on the ILMs (type one, 2-5 nm, and type two, 10-20 nm) are in the
size range of the aggregation units described in synthetic systems (Gebauer et
al. 2008, Pouget et al. 2009) and it is likely that they are the first ACC

intermediates.

In nacre, the continuity of the mineral bridges from one tablet to next
(Checa et al. 2009) would allow the propagation of the crystal lattice. A neat
crystallization front is absent. Conversely, we have observed complex,
dendritic fronts that in 3D should branch off throughout the interior of the
material. Transformation from amorphous to crystalline would happen
concomitantly along this large-surface crystalline-amorphous interface.
Concomitant transformation at different sites was implied by Addadi et al.

(2003) to occur also in the sea urchin larval spicule.
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As the tablets mature and ACC crystallizes, some of the organic
macromolecules may be occluded within the crystal lattice, while others
would be expelled by the crystallization force. This process might not be
isotropic, but the expulsion can be favoured along particular crystallographic
directions (see next section). The accumulation might “poison” the
crystallization process (Aizenberg et al. 1996) and permanently stabilize the
residual organic-rich ACC, which would accumulate around crystalline
globules (Seto et al. 2012). These would remain as pellicles around
crystalline globules (commonly observed in low contrast under AFM phase
mode).

The dendritic shape that we found indicate that the nanogranular structure
observed in crystalline nacre might be the result of the crystallization process.
Hence, the sizes of the nanoglobules do not necessarily represent the sizes of

the aggregation particles, as some authors have suggested (Gal et al. 2014).

7.2 Elongation and alignment of nanogranules

Most of the nacre tablets studied showed fused calcium carbonate granules
(lineations) aligned along the a-axis of the tablet. The nanogranules presented
surrounding pellicules of a few nanometres that show high contrast in AFM

phase images.

We propose that these lineations are the result of differential absorption of
organic molecules along the crystallographic axes. In the aragonite structure,
the strongest bonds are along the a-axis, because the distances between the
Ca atoms and the COs?2 groups are the shortest. These strong spatial

constraints would cause the expulsion of the organic molecules by the
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crystallization force along the a-axis, which would accumulate sideways.
Along the b-axis the distances between the calcium atoms and the carbonate
groups are longer, what would enable the incorporation of organic material
along this axis. In the c-axis, the CO3? groups are stacked and bonded by
weak Van der Waals forces (Nelyubina and Lyssenko 2012) which would
allow the incorporation of organic molecules (producing a horizontal
nanolamination of the tablet along this axis).

7.3 Vesicles and surface membrane in nacreous

gastropods

By means of transmission electron microscopy we were able to locate and
image the layer of vesicles located over the surface membrane (SM) of
nacreous gastropods. Vesicles present double-layered membrane (Fig. 6.11D)
that resembles a phospholipid bilayer. The thickness in our samples (10-15
nm) is overestimated due to the oblique cut of the ultramicrotome slides
(thickness of the lipid bilayer is 4-5 nm). The material contained in the
vesicles is often attached to the inner surface of the vesicle membrane (Fig.
6.11C, Fig. 6.12E, F).

The surface membrane seems to undergo maturation and becomes
increasingly better defined and organized in depth (Fig. 6.12B). The typical
porous aspect of gastropod ILMs (Fig. 6.12C) is fully achieved on the nacre
side where ILMs detach from the SM. Proteins, polysaccharides (chitin) and
lipids might suffer an assembly and polymerization processes to produce the

final structure of the ILMs.
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Elemental analysis revealed the presence of calcium in different areas of
the system: inside the vesicles, within the SM and ILMs and in the particles
scattered between the ILMs. In the SM and ILM it seems obvious that
calcium should be bound to organic molecules. Inside the vesicles and in the
particles scattered in between ILMs, the signal always come from
electrodense material (calcium was never detected in the epoxy). In our
samples, the contrast of the organic material is enhanced due to the osmium
tetroxide fixation, which binds to double bounds of lipids and some proteins.
Os0s cross-links and stabilizes proteins, avoiding their loss in subsequent
steps of sample preparation (i.e. dehydration) (Hayat 2000). Therefore, it is
likely that the detected calcium is bound to proteins and/or lipids.

This result does not preclude the existence of ionic calcium and/or ACC.
We expected that at least some of the vesicles transport ACC. The double
membrane vesicles and the distribution of the material attached to the inner
surface are congruent with what has been found in other systems. In the
mouse calvaria, mineral bearing vesicles transport membrane-bound ACP
granules (Mahamid et al. 2011). In magnetotactic bacteria, the first
nucleation proceeds on the inner surface of the membrane (Komeili et al.
2004). It seems probable that the phospholipid bilayer has a stabilization
function of the disordered phase. In this case, the release of the content could

trigger the crystallization process (Weiner and Addadi 2011).

We were not able to detect ACC, likely due to sample preparation. Cryo-
techniques are required to preserve the ion content and the mineral phase.
Unfortunately we had not access to these techniques during this PhD study,

and it will be part of future research.
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The ultrastructure of the forming nacre tablets consists of an aggregation
of globular particles measuring between 20-50 nm. The cores of these
globular particles are crystalline nanodomains (average size 30 nm)

embedded in amorphous matrix (5-10 nm in thickness).

Crystalline nanodomains are highly co-oriented, with a misorientation of
~2°. When it was possible to index the nanodomains along the [001]

zone axis, the misorientation occurred in the a-b plane.

Crystalline nanodomains have highly irregular contours that connect and

overlap with one another, forming a complex crystallization front.

The amorphous material that surrounds the crystalline cores is composed
by a mixture of organic macromolecules, most likely proteins, and
amorphous calcium carbonate. The high concentration of calcium in

these areas and the amorphous structure indicates an ACC nature.

These amorphous areas correspond with the low contrast areas imaged
by AFM, which show more adhesive strength (called pellicles or
nanomembranes). It was inferred to be organic by some authors and a
mixture of macromolecules and ACC by others. Our data indicate that

the latter is the case.
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Conclusions

Our data are consistent with a particle accretion mechanism for the
formation of nacre, and do not support previous models based on the
formation of misoriented nanodomains and their subsequent alignment

by the so called oriented attachment mechanism.

The parallel lineations at the surface of the nacre tablets are composed by
aggregations of calcium carbonate nanogranules, clearly visible after
etching. Lineations invariably align with the a-axis of the tablet. We
propose that these lineations are the result of differential absorption of
organic molecules along the crystallographic axes of aragonite.

The nanogranularity observed at the surface of nacre tablets may not
reflect the size of the aggregation units, but might be the result of the

subsequent crystallization process.

The vesicles which fuse and integrate into the surface membrane of
gastropods show a double, presumably lipidic, membrane. The vesicle

content is attached to the vesicle inner membrane.

The surface membrane undergoes a structural modification from the
outer to the inner side, showing a characteristic porous structure when

the interlamellar membranes detach from it.

The presence of calcium was confirmed in the vesicle membrane and
within the vesicle, as well as within the surface and interlamellar

membranes.
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La ultraestructura de las tabletas de nacar en formacion consiste en una
agregacion de particulas globulares que miden entre 20-50 nm. Los
nacleos de estas particulas globulares son nanodominios cristalinos
(tamafio medio 30 nm) embebidos en una matriz amorfa (5-10 nm de

espesor).

Los nanodominios cristalinos estan altamente co-orientados, con una
misorientacion de ~2°. Cuando ha sido posible indexar los nanodominios
a lo largo del eje de zona [001], la misorientacion fue identificada dentro

del plano a-b.

Los nanodominios cristalinos tienen contornos altamente irregulares, y
conectan y se solapan unos con otros, formando un frente de

cristalizacion complejo.

El material amorfo que rodea los nucleos cristalinos esta compuesto por
una mezcla de macromoléculas organicas, probablemente proteinas, y
carbonato célcico amorfo. La alta concentracion de calcio en estas areas
y su estructura amorfa indican una composicion de carbonato calcico

amorfo.

Estas areas amorfas se corresponden con las areas de bajo contraste

observadas mediante AFM, y que muestran mayores fuerzas adhesivas
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(denominadas peliculas 0 nanomembranas). Hasta ahora unos autores lo
habian identificado como material organico y otros como una mezcla de
macromoléculas orgénicas y ACC. Nuestros datos son congruentes con

el tltimo caso.

Nuestros datos son consecuentes con un mecanismo de agregacion de
particulas para la formacion del nécar, y difiere de modelos previos
basados en la formacion de nanodominios misorientados y su
alineamiento posterior mediante el mecanismo denominado de union o

agregacion orientada (oriented attachment).

Las lineaciones paralelas de la superficie de las tabletas de nacar estan
compuestas por una agregacion de granulos de carbonato calcico,
claramente visibles tras ataque quimico. Las lineaciones estan
invariablemente alineadas a lo largo de los ejes a de las tabletas.
Proponemos que estas alineaciones son el resultado de una absorcion
diferencial de moléculas organicas a lo largo de los ejes cristalinos del

aragonito.

La nanogranularidad observada en la superficie de las tabletas de nacar
no tiene porqué reflejar el tamafio de las unidades de agregacién, sino

que podrian resultar del proceso de cristalizacion posterior.

Las vesiculas que fusionan y se integran en la membrana superficial de
gasteropodos muestran una doble membrana, presumiblemente lipidica.
El contenido de las vesiculas se encuentra unido a la membrana interna

de las vesiculas.
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La membrana superficial sufre una modificacion en su estructura desde
su lado externo al interno, en que se hace visible una estructura porosa

caracteristica.

La presencia de calcio ha sido confirmada en el contenido de las
vesiculas y en la membrana de las mismas, asi como en las membranas

interlamelares y en la membrana superficial.
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SCIENTIFIC REPLIRTS

Transformation of ACCinto
aragonite and the origin of the
nanogranular structure of nacre
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Accepted: 18 September 2017

Currently a basic tenet in biomineralization is that biominerals grow by accretion of amorphous
particles, which are later transformed into the corresponding mineral phase. The globular nanostructure
of most biominerals is taken as evidence of this. Nevertheless, little is known as to how the amorphous-
to-crystalline transformation takes place. To gain insight into this process, we have made a high-
resolution study (by means of transmission electron microscopy and other associated techniques) of
immature tablets of nacre of the gastropod Phorcus turbinatus, where the proportion of amorphous
calcium carbonate is high. Tablets displayed a characteristic nanoglobular structure, with the
nanoglobules consisting of an aragonite core surrounded by amorphous calcium carbonate together
with organic macromolecules. The changes in composition from the amorphous to the crystalline
phase indicate that there was a higher content of organic molecules within the former phase. Within
single tablets, the crystalline cores were largely co-oriented. According to their outlines, the internal
transformation front of the tablets took on a complex digitiform shape, with the individual fingers
constituting the crystalline cores of nanogranules. We propose that the final nanogranular structure
observed is produced during the transformation of ACC into aragonite.

Published: xx xx XXxX

The production of amorphous minerals by organisms is a long-known fact, but it was not until the pioneering
work of Towe and Lowenstam' that evidence for the formation of the biominerals by both vertebrates and inver-
tebrates through the corresponding amorphous transient phases began to accumulate.

Calcium carbonate is, with few exceptions, the most common material used by invertebrates to construct
their hard structures (shells, plates, spicules, etc.). These are made basically of calcite, aragonite and, very rarely,
of vaterite. The first amorphous phase in calcium carbonate systems was detected in the larval spicule of the sea
urchin?, as electrodense granules inside spiculogenic cell vesicles, which are subsequently transported to the min-
eralization site®. Subsequently, amorphous calcium carbonate (ACC) appears in regenerating adult spines and has
been shown to transform into calcite®.

Transformation of ACC into aragonite was proposed in embryos of a pulmonate snail®, in larval bivalves’,
and in freshwater cultured pearls®, based on a large variety of techniques (high-resolution X-ray diffraction,
Raman spectroscopy, Scanning and Transmission Electron Microscopy ~SEM and TEM)°. Although on calcitic
materials, the TEM recognition by Baronnet ef al.!® of an amorphous cortex (several tens of nm thick) in the
prisms of the pearl oyster Pinctada margaritifera is interesting, since the cortex was located exactly at the growth
fronts of the prisms. Despite being the most intensively studied natural organic-inorganic biocomposite in inver-
tebrates, the evidence of ACC associated to nacre is scant. Besides the previously mentioned report of ACC gran-
ules in pearls by Jacob et al.?, Nassif et al.!’ found an amorphous rim 3-5 nm thick around mature nacre tablets;
they recrystallized the amorphous rim under the electron beam and indexed the recrystallized areas as aragonite.
Subsequently, Zhang and Xu'? provided images of nacre crystalline nanodomains immersed in amorphous mate-
rial. Recognition of ACC in nacre was made by DeVol ef al.'*. Their photoemission electron spectromicroscopy
(PEEM) maps clearly showed that ACC is more abundant in younger tablets (towards the top of gastropod nacre
towers). This is consistent with the fact that ACC transforms progressively into aragonite as tablets age.
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There is presently evidence that the formation of biominerals does not seem to proceed via the aggregation
of monomers (as postulated by the classical crystallization theory), but by a nonclassical crystallization via an
aggregation-based growth mechanism of precursor nanoparticles. At the same time, the biominerals are char-
acterized by a nanostructure made of tightly-packed nanosized crystalline granules separated by intergranular
sheaths of a different nature (usually implied to be organic). This nanotextural imprint is taken as evidence of the
particle aggregation mechanism (see the recent comprehensive reviews in'*!?). In nacre, the nanogranular sub-
structure was revealed time ago'®'”. Hovden et al.'® observed that the onset of nacre in the bivalve Pinna nobilis
initiates with nanofibrillar aggregations of nanoparticles, which grade into irregular early-nacre lamellae, and
then into well-ordered mature nacre. They interpreted this as evidence that the process is driven by aggregation
of nanoparticles (50-80 nm).

Until now, a study combining high-resolution imaging with unambiguous recognition of ACC and its distri-
bution within nacre platelets has been lacking. Following DeVol et al.'*, we have selected incipient nacre tablets,
where ACC is more abundant. We have used the relatively common littoral gastropod Phorcus turbinatus. By
combining different high-resolution Scanning/Transmission Electron Microscopy (S/TEM) techniques, Atomic
Force Microscopy (AFM), and elemental analysis we have visualized for the first time the distribution of the
amorphous and crystalline phases at the nanoscale, which has in turn allowed us to elucidate the progressive
crystallization mechanism in nacre and relate it with the nanogranular structure of nacre.

Results

Gastropod nacre tablets are stacked in towers'® (Fig. 1A), each tablet having a pseudo-hexagonal contour
(Fig. 1B). Our oblique sections revealed the characteristic porous structure of the interlamellar membranes
(Fig. 1C). Tablets consisted of an aggregation of globular particles measuring between 20-50 nm (Fig. 1D-F). The
irregular topography became particularly evident with secondary electrons (SE) (Fig. 1E), whereas it remained
masked in TEM (Fig. 1B-D). Similar nanoparticles were also found over the interlamellar membranes (ILMs)
(Fig. 1D-F), and are likely the remains of hillocks cut during sample preparation. Hillocks, i.e. the protrusions
(20-100nm) of the tablet surface across the pores of the ILM (Supplementary Fig. 1), maintain crystallographic
coherence with the rest of the tablet?®. HRTEM highlights that the cores of these globular particles both from
the tablet interior and/or the hillocks were crystalline nanodomains (average size 30 nm) embedded in an amor-
phous matrix (5-10nm in thickness; Fig. 1G-I). Some forming tablets also presented amorphous edges, which
crystallized under the electron beam (in much the same way as reported by Nassif et al.!'; Supplementary Fig. 2).
In other instances, edges were fully crystalline.

The examination of nanoparticles spread over the ILMs using High Annular Dark Field (HAADF) imaging
allowed us to differentiate the amorphous coating from the organic (amorphous) background, which remained
concealed in TEM (Supplementary Fig. 3). HAADF enhances the contrast between materials of different com-
position (different average atomic Z number) (Fig. 1F). For the same average Z, variations in contrast are due to
density or thickness changes?!. Accordingly, CaCO; nanoparticles showed an intense contrast (bright areas) with
respect to the organic background (Fig. 2A). The highest contrast (Fig. 2B) corresponded to the crystalline core
identifiable by lattice fringes (Fig. 2C). Cores were bordered by non-crystalline areas with intermediate contrast
(Fig. 2B-D) that faded gradually towards the edges (Fig. 2C,D). Electron Energy Loss Spectroscopy (EELS) con-
firmed the same qualitative composition for both the crystalline cores and the amorphous rims (Fig. 2D), with the
intensity of the calcium L-edge being significantly higher in the crystalline cores.

Besides the sectioned hillocks, there were two other types of nanoparticles scattered over the organic amor-
phous material: type one, 2-5nm in size (Fig. 2B,F), and type two, 10-20 nm (Fig. 2E). Both of these nanoparti-
cles returned a calcium signal (Fig. 2E) and had a non-crystalline structure (Fig. 2E,F).

Indexing of crystalline nanodomains (30-50 nm) surrounded by amorphous matter of the tablet interior cor-
roborated their aragonite nature (error <5%). No other polymorph was detected. FFT of the image covering sev-
eral nanodomains in Fig. 3A returned short arcs instead of sharp points, which result from the addition of slightly
misaligned reflections (Fig. 3B). By selecting the signals of the misaligned planes from the FFT and inverting the
FFT function, we located the source areas of these signals. In this way, it became evident that the signals came
from adjacent, slightly misaligned (1.7° and 1.9°) nanodomains (Fig. 3C). Remarkably, the nanodomains were
not oval (the case in Fig. 1H is an exception), but had highly irregular contours that connected with and even
overlapped one another (Fig. 3D). A case similar to that in Fig. 3A-C is shown in Supplementary Fig. 4.

When indexing could be made exactly along the [001] zone axis, we appreciated that the crystalline nano-
domains (Fig. 3E) had their c-axes co-aligned, but they were slightly misaligned in the a-b plane (Fig. 3F). An
example of hillocks adhering to ILMs is shown in Fig. 3D-F. Some nanodomains presented twin relationships
(Fig. 3G-1).

We performed both AFM and S/TEM on single tablets (Fig. 4), with both revealing the globular texture typical
of nacre'”?>? and other biominerals'®**. AFM phase contrast images (which enable the detection of variations in
adhesion, friction and viscoelasticity®; see explanation in Supplementary Fig. 5) revealed two different materials
(Fig. 4D): one with more adhesive strength (low contrast), previously assumed to be either organic material'”?2,
or a mixture of organics and ACC?¢, and a second, stiffer material, assumed to be the crystalline phase by the same
authors. The topographic images showed that the low-contrast layer extended over the stiffer material in the form
of discontinuous pellicles (with variable thicknesses, between 2-10 nm, n=10).

Observation of exactly the same areas by S/TEM (Fig. 4A-C) provided complementary information. The top-
ographic contrast generated by SE in STEM is basically surface-tilt contrast: SEs created on an inclined surface or
close to a surface step have an increased probability of escaping, thus producing a higher brightness/contrast””.
The irregularities observed with SEs (Fig. 4E) were less pronounced in the AFM images, but they correlated
well with the topographic profiles, that revealed a very irregular surface. The overlap of both the SE and the
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Figure 1. Gastropod nacre tablets from macro- to nanoscale. (A) Lateral view of nacre towers (HAADF).

(B) Tablet at the top of a tower cut almost perpendicular to the growth axis of the tower, with its characteristic
pseudohexagonal shape. (C) Slightly oblique section of some tablets. The characteristic porous structure of
the interlamellar membranes (ilm) is visible. Inset, detail of the porous structure. (D,E,F) Image contrast
comparison of a single tablet in TEM (D), SE (E) and HAADF (F). The tablet is composed of a myriad of
nanogranules. Note the three-dimensional appearance provided by the SE image (E) compared to the other
two modes. (G) HRTEM of the area framed in (D): the nanogranules are composed by crystalline domains
embedded in amorphous material. (H) Oval shaped crystalline nanodomain showing lattice fringes, with
amorphous rims. (I) Detail of several crystalline domains embedded in amorphous matter.

low-contrast phase of the AFM images (Fig. 4F) showed that the distribution of the latter coincided relatively well
with the flat (low-contrast, dark grey) areas observed in SE images.

EELS performed in crystalline and amorphous domains revealed differences in chemical bonding (Fig. 5).
The C K-edge ELNES (Electron Energy-Loss Near-Edge Structure) spectra of crystalline areas (acquired in vac-
uum) showed two main peaks at 290.3 eV and 301.5eV (Fig. 5A) that are unambiguously indicative of the CO; ™2
groups®~. The peak at 290.3 eV corresponds to Cls — w* transitions, whereas the peak at 301.5eV arises from
Cls— o* transitions of carbon-oxygen bonds of carbonate CO; 2 groups®**!. Minor features related to * transi-
tions of carbon-oxygen bonds, 294.2 and 298.3 eV?!, were identified in only some spectra, with the former shifted
to higher energies (295.5eV) (Fig. 5A, Supplementary Fig. 6). Thus, the C K-edge is typical of carbon in carbonate
groups in the crystalline areas.
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Figure 2. Nanoparticle crystallinity and composition. (A) Crystalline nanoparticles (rest of the tablet and/or
hillocks) over the interlamellar membrane (organic amorphous material) (HAADF). (B) Closer view of the area
framed in A. The highest contrast (brightest area) corresponds to the core of the particle (arrow). The contrast
fades towards the lower edge of the same particle (large arrowhead). The nanoparticle to the right presents

an intermediate contrast. Densely scattered type one nanoparticles (2-5nm) (small arrowheads) with some
contrast cover the organic amorphous material. (C) Bright-field (BF) STEM image of B. The particle to the left
has a crystalline core (arrow) (indicated by lattice fringes and reflections in the FFT analysis). Its lower part
(big arrowhead) does not show lattice fringes. Dashed rectangles indicate the areas where the FFTs come from.
(D) Nanoparticle showing the crystalline area (lattice fringes and reflections) on the left and the surrounding
amorphous material on the right (HAADF). Squares with dashed lines indicate the areas where the FFTs

come from. Two EELS spectra from crystalline (a) and amorphous (b) areas are shown (background removed,
deconvolved, normalized and smoothed). The areas where the spectra where obtained are indicated by solid
squares. (E) Line scan EELS performed across the organic membrane (dashed line a) and a type-two particle
(dashed line b). Only the particle with high contrast (12 nm in size) presented an intense calcium signal (b)
(background removed, deconvolved,normalized and smoothed). The FFT from the whole image shows that no
crystalline structure exists. (F) Densely scattered type-one nanoparticles (2-5nm) (small arrowheads) over the
organic membrane. FFTs show that nanoparticles have amorphous structure, unlike the bright lower right area,
which has crystalline structure.

In amorphous areas, the C K-edge showed an initial peak at 285 eV and a second broad feature at 290 eV,
typical of amorphous carbon (Fig. 5D,E). In areas where both crystalline and amorphous materials overlap
(Fig. 5D-F), the spectrum was a linear combination of the spectra of amorphous carbon and carbon in carbonate
form?.

Three pre-peaks at 285.0 (£0.3), 287.5 (£0.3) and 288.4 (+0.3) eV (Supplementary Fig. 6), with different
relative intensities depending on the sampled area, were identified. The 285.0 and 287.5eV peaks arise from
Cls— 7* in C=C and from Cls — o* in C-H in organic molecules, respectively*>**. The 288.4 eV peak results
from Cls — w* in C=0 of carboxyl groups of organic molecules**>?>. In crystalline areas only the 285.0eV
peak appears (Fig. 5), whereas in non-crystalline areas we recorded all three peaks (Supplementary Fig. 6). This
indicates that although organic material is present in both phases, it is more noticeable in the amorphous phase.

The calcium L, ;-edge ELNES spectrum is characterized by two main peaks at 349.3 and 352.6eV (Fig. 5B). In
the crystalline areas the presence of three and two minor features before the Ca L;- and the Ca L,-edges respec-
tively indicates an aragonite nature'®. Although we were unable to record the typical ACC profile (see methods),
the Ca L, ;-edge in the amorphous areas showed significantly less intensity (i.e. less crystallinity) (Fig. 2D).

The oxygen K-edge ELNES spectra in the crystalline areas are characteristic of aragonite, with a main peak at
534 (Fig. 5C) that results from Ols — 7* transitions from the C=0 bonds***¢, followed by a shoulder at 537.5€V.
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Figure 3. Orientations of crystalline nanodomains. (A) TEM image of crystalline nanodomains embedded in
amorphous material. Inset: general view of the tablet with the location of the nanodomains. (B) FFT analysis of
A. The presence of small arcs in the FFT (arrows) indicates slight misalignment between nanodomains. Colours
of lines indicate the reflections used for the colour reconstruction in C. (C) RGB colour model built using the
reflections corresponding to the planes (231), (241), (251) and (261) shown) shown in B. Overlap of the original
TEM image shows that crystallographically coherent nanodomains are separated by amorphous material.

(D) Incipient tablet showing crystalline nanodomains immersed in amorphous material. The position of the
interlamellar membrane is indicated (ilm). Inset: HAADF of the same area. (E) HRTEM of the area framed in D.
Crystalline nanodomains over the interlamellar membrane. (F) FFT analysis of the nanodomains encircled in E
(with the same letters). They are all indexed as aragonite along the [001] zone axis. The nanodomains are slightly
tilted, which results in the attenuation or even disappearance of some reflections. In each FFT the g-axis is
marked with a coloured dotted line. The overlap of all lines (upper left FFT) shows the misalignment of a-axes
between nanodomains. (G) HRTEM image of three different nanodomains over an organic membrane. Two of
them show a twin relationship. Inset: FFT of the twin domain (area framed with dashed line). (H) Colour
reconstruction of the three different domains. A (110) twin plane (arrowhead), characteristic of aragonite,
separates the blue and red nanodomains. The green nanodomain is in contact with the blue one with a
misorientation of 5.8° around the c-axis. (I) Enlargement of the area framed in G (solid line, blue nanodomain)
indicating the crystallographic orientation. The view is from the c-axis.
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Figure 4. SE and AFM analysis of the same area. (A) HAADF image of two tablets and the intermediate
interlamellar membrane (ilm) (darker material). (B) SE image of the same area. The smoothest area corresponds
to the interlamellar membrane and some hillocks are visible at the boundary between the two tablets. (C) SE
image with partially superposed AFM image (topographic + phase mode). (D) AFM phase image emphasizing
the globular aspect of the structure. The more adhesive material (dark-brown areas) overlies the crystals (light-
brown areas). (E) SE image of the area framed in D. The white dots are particularly steep areas, whereas darker
areas tend to be horizontal. (F) Overlap of the darker areas of the AFM phase (brown) and SE (dark grey)
images.

Two double peaks are defined at 540/541 eV, associated with the Ols — o* transitions of the carbonate CO;~2
group®® and at 544/545.5 eV, corresponding to Ols — o* transitions from the C=0 absorptions® (assignments of
peaks are summarized in Supplementary Table 1). In the amorphous areas, the O K-edge lost any fine structure
and showed only a broad resonance.

In the transition to the amorphous areas the three edges presented a progressive reduction in the intensity of
the peaks. The peaks from the C K-edge graded to a single broad shoulder (Fig. 5G), typical of amorphous carbon.
The Ca L, ;-edge diminished drastically in intensity, and the O K-edge lost any fine structure and showed only a
broad resonance.

Discussion

To test the hypothesis concerning the formation of the mature nacre through an amorphous transient phase, we
selected incipient tablets of subadult gastropods. Our TEM study demonstrated that the tablets are composed by
globules with a partially crystalline structure: a crystalline core (~30 nm) and an amorphous contour (~5-10 nm).
The amount of amorphous material in developing crystals is significantly higher than that found in mature crys-
tals', in line with the results of DeVol et al.'’, which suggests that the amount of amorphous material dwindles
with the advance of the crystallization and the maturation of the tablet.

Within individual tablets, the indexing of adjacent crystalline nanodomains connected by amorphous mate-
rial showed a minor misorientation (in the range of 2°). In particular, the c-axes showed the highest degree of
co-alignment. The quantification of the misalignment of the c-axis in mature nacre tablets of Mytilus edulis with
low acceleration voltage electron backscatter diffraction (EBSD) gave a mean angular spread in the order of 2°
FWHM inside individual tablets¥, in agreement with our present results. The RGB colour reconstruction of the
nanodomain orientation (Fig. 3C) clearly showed that the sectional outlines of the crystalline nanodomains are
not simply spherical or oval, but complex, digitiform. The fact that separate digitiform domains were in exactly
the same orientation indicates that they must connect in the third dimension. Apparently misoriented nanodo-
mains were also found in our samples. Nevertheless, the impossibility of indexing them as aragonite or any other
calcium carbonate polymorph has forced us to disregard them. Their presence might be related to sample prepa-
ration or beam damage (i.e. transformation into CaO), to which biogenic calcium carbonate is highly sensitive®.
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Figure 5. EEL Spectroscopy from incipient nacre. (A) The C K-edge shows two prominent peaks at 290.3

and 301.5 eV, indicating high crystallinity, but a weak hump at 285 eV that reflects the presence of organic
material. (B) Ca L, ; edge. (C) O K-edge. For (A,B and C) background was removed before each edge. The
spectra are normalized and the intensity is expressed in arbitrary units (arb. u.) for comparison. No smoothing
was applied. (D) HAADF image showing the points where spectra E and F were taken. (E) C K-edge and Ca

L, ;-edge from amorphous area. (F) Same edges from an area where crystalline and amorphous materials
overlap (background removed and normalized). (G) STEM-EELS line scan shows progressive changes in the
C K-edge from crystalline to amorphous areas. The top image depicts the segment (142.7 nm) where the line
scan was performed (arrow indicates the direction of measurements). A total of 25 spectra (C K-edge) were
taken (each 5.75nm, dispersion 0.25eV) and averaged (5 single spectra added) to reduce the noise. Background
was removed before the C K-edge, and plural scattering was corrected. No smoothing was applied. Vertical
lines represent locations of peaks described in Table S1. All spectra were acquired in vacuum (with no organic
membrane or support underneath).

The finding of similarly misoriented nanodomains in the nacre of the bivalve Perna viridis led Zhang and Xu'? to
propose a formation mechanism based on the aggregation of completely misoriented nanodomains that after-
wards realign by oriented attachment. Our data do not support this hypothesis. Nevertheless, we might consider
the unlikely possibility of differences related to the independent origins of nacre in the four nacre-forming mol-
luscan classes (gastropods, bivalves, cephalopods and monoplacophorans)®.

SCIENTIFICREPORTS | 7:_####_|DOI:10.1038/s41598-017-12673-0 7


http://S1

www.nature.com/scientificreports/

. okl
: "”c«f"/ <, —
S s
Figure 6. Fused and aligned nanoglobules in nacre. (A) Gastropod Gibbula cineraria nacre tablets, etched with

Mutvefi’s solution, SEM view. (B) Cephalopod Nautilus pompilius septal nacre, bleached for 3 min, SEM view.
(C) Pteria hirundo, treated with protease (0.2 g/ml, 1h), AFM amplitude image.

Both organic matter and ACC have amorphous structures, making it unfeasible to differentiate them under
traditional TEM, unless ACC is transformed by irradiation. Accordingly, the amorphous rims of nanoparticles
were characterized by HAADE. The lack of lattice fringes and the recorded calcium content indicate that it is ACC.
The lower contrast with respect to the crystalline core is likely to be due to its lower density. The density of ACC
(p acc = 1.62 g-cm )" is significantly lower than that of the crystalline phase (pagonite = 2.93 g-cm™3).

At the transition from crystalline to amorphous areas, the C K-edge changed from multiple sharp peaks to a
broad hump (Fig. 5D). Three pre-peaks at the C K-edge (285.0, 287.5 and 288.5eV) appeared in both crystalline
and amorphous material and are undoubtedly related to the presence of organic matter. Chitin and lipids can
contribute to these peaks*"*2, but their low content in the organic fraction of nacre (~7% chitin**; 0.54% lipids*)
leads us to believe that mostly proteins are responsible for these signals.

In the O K-edge, the intensity of the 534 eV peak varies with the degree of crystallinity*®. The intensity of the
534V peak in mature nacre is markedly higher than for the rest of the features**. The weak 534 eV peak found in
our samples indicates poor crystallinity.

In conclusion, our HRTEM and the ELNES analyses of the amorphous phase in incipient nacre tablets indicate
that the phase that surrounds and partially covers the crystalline phase is composed of a mixture of ACC and
organic matter (mainly proteins). This phase was previously suggested to be either organic!”?? or a mixture of
organic macromolecules and ACC?, but without conclusive evidence. We can ascertain that the latter is the case.
This same amorphous phase, when observed under AFM, has a higher adhesion strength.

The presence of biogenic macromolecules occluded within the ACC stabilizes it against dissolution or rapid
crystallization*®-*3. Different kinds of additives have been identified as stabilizers, with amino acids being among
the molecules that permanently stabilize ACC*. Proteins have been demonstrated to inhibit ACC-H,O dehydra-
tion*, allowing the persistence of ACC-H,O-rich nanoparticles.

In nacre, the continuity of the mineral bridges from one tablet to next> would allow the propagation of the
crystal lattice. A neat crystallization front is absent. Conversely, we have observed complex, digitiform fronts that
in 3D should branch off throughout the interior of the material. Transformation from amorphous to crystalline
would happen concomitantly along this large-surface crystalline-amorphous interface. Concomitant transforma-
tion at different sites was implied by Addadi ef al.*” to occur also in the sea urchin larval spicule.

As the tablets mature and ACC crystallizes, some of the organic macromolecules may be occluded within the
crystal lattice, while others would be expelled by the crystallization force and would tend to concentrate in pro-
gressively shrinking ACC areas. Their accumulation might “poison” the crystallization process® and permanently
stabilize the residual organic-rich ACC, which would accumulate around crystalline globules?. These would
remain as pellicles around crystalline globules (commonly observed in low contrast under AFM phase mode).

This model entails a noteworthy conclusion: our observations reveal that the nanoglobules consist of a crys-
talline core and an amorphous cortex; the crystalline cores can be assimilated to the fingers emitted from the
digitiform crystallization front. Accordingly, the observed nanoglobular structure of nacre is due to the presence
of precursor ACC and is modulated during the progressive process of transformation of ACC into aragonite. Our
results match those of Checa et al.>?, who found that the nanoglobules in nacre elongate and/or align in parallel to
the a-axis of aragonite (Fig. 6), i.e., they are crystallographically controlled features.

Our data are consistent with a particle-accretion mechanism in nacre. The two types of ACC nanoparticles
detected on the ILMs (type one, 2-5nm, and type two, 10-20 nm) are in the size range of the aggregation units
described in synthetic systems®** and it is likely that they are the first ACC intermediates. Hence, the sizes of
the nanoglobules do not necessarily represent the sizes of the initial aggregation particles, contrary to what was
implied by some authors*.

Two hypotheses have been proposed for the transformation of ACC into the crystalline phase. First, trans-
formation was hypothesised to occur via secondary nucleation®>>® (but see' for the inadequacy of the term),
whereby both phases are in contact and undergo a solid-state transformation®’. Nevertheless, as described above,
the final nanostructure is modulated by the transformation of ACC into aragonite in the presence of organic
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molecules, which are mobilised towards the contours of grains. This is only possible through the interface-coupled
dissolution-precipitation process'***, which implies the existence of a fluid phase (partly resulting from H,0
released during the transformation of ACC into aragonite). In this way, reshaping of the overall nanogranular
structure of grains takes place by regrowth of the crystalline phase (which can proceed via a classic layer-by-layer
mechanism), until the nanograins acquire their final shapes, sizes (up to one order of magnitude bigger than the
precursor ACC nanoparticles) and arrangements. This mechanism leads to pseudomorphs, thereby preserving
the nanogranular structure imprinted during the early stages of nacre (Carlos Rodriguez-Navarro, personal com-
munication, 2017). Regrowth was experimentally demonstrated in calcite®®. Given the similarity in nanostructure
of nacre with most biominerals, it is likely that all of them followed a similar ACC-crystalline transformation
route.

Methods

Specimens of the nacreous gastropod Phorcus turbinatus were caught alive in La Herradura (36°43/44"N, 3°43/35"W),
on the coast of the province of Granada (S Spain), in vivo frozen in liquid nitrogen and stored in a dewar flask.
They were freeze-dried the day afterwards: the initial temperature (—170 °C) was raised slowly at an average pres-
sure of 75 mTorr (Flexi-Dry MP); at the end of the drying cycle (2 days), when room temperature was reached
(20°C), the specimens were removed and stored at 4 °C. This process implies the removal of unbound water (sub-
limation phase or primary drying). The extraction of bound water requires a second phase (secondary drying or
desorption) at relatively high temperatures (25° to 40 °C)*.

Specimens were cut with a diamond saw and pieces from the nacre growth area were selected for embedding
with Embed 812 (EMS), increasing the proportion of embedding medium to pure ethanol in three steps (1:2, 1:1
and 2:1). Osmication, en bloc uranyl acetate, and post-staining were avoided to prevent water contact and the
addition of heavy metals that can interfere with analytical techniques.

Ultramicrotome (PowerTome X, Boeckeler) slices were cut as parallel as possible to the internal shell sur-
face. With the progress of the diamond knife the crystals break into fragments with parallel edges, but the
nanostructure remains in its original condition. The slices were laid on copper grids with lacey carbon to sta-
bilize them under the electron beam. For imaging and elemental analysis, we used a double Cs corrected JEOL
JEM-ARM200F TEM (Fritz Haber Institute of the Max Planck Society, Berlin) equipped with a cold-field emis-
sion gun, an energy dispersive X-ray detector (JEOL), a Gatan Imaging Filter (GIF Quantum), and a Gatan
UltraScan 4000 camera.

The nanodomains were indexed by Fast Fourier Transform (FFT) analysis, using the DiffTools script package®!
for Digital Micrograph (Gatan Inc.). The refined aragonite parameters of Caspi et al.> were used to construct the
unit cell in CaRIne Crystallography 3.1,

The c-axes of nacre towers rarely coincided with the nanodomain zone axis because sectioning was hardly
perpendicular to the growth axis of the nacre towers (i.e. the normal to the section plane), the angles ranging
between 0° and 24° for 12 nanodomains from different slices (Supplementary Fig. 7). Due to the sensitivity to
electron beam irradiation, tilting of crystalline domains in a zone axis could not be performed. Therefore, we
studied the relative orientations of adjacent nanodomains instead (Fig. 3 and Supplementary Fig. 4).

Electron Energy Loss Spectroscopy (EELS) spectra from 250 to 550 eV were recorded using a dispersion of
0.25 eV/channel, with a collection semi-angle 3 =27.7 mrad and a 5-mm spectrometer entrance aperture. The
energy resolution was ~1.25 eV measured by the full width at the half maximum (FWHM) in the zero-loss peak.
For spectra covering two edges (i.e. from 275 to 375eV), we used a dispersion of 0.05eV/channel, with a col-
lection semi-angle of 3 =20 mrad and a 5-mm aperture. The energy resolution was ~0.65eV at FWHM in the
zero-loss peak. For one edge, we used a dispersion of 0.025¢eV, a collection semi-angle of 14 mrad and a 2.5 mm
aperture; energy resolution was ~0.5eV at FWHM. Emission current was set to 5 A and the acquisition time was
optimised to acquire sufficient signal intensity and to limit beam damage. The appearance of a prominent peak
at 532¢eV in the O K-edge is considered to be an indication of beam damage®*®, so the integral dose applied was
adjusted to below this threshold.

Only changes in the C k-edge could be tracked, given that the edge is very sensitive to bonding changes even
at low-energy resolution. Since differences in the fine structure of the Ca L, ; and O K-edges between ACC and
aragonite are subtle!**, a high signal-to-noise ratio is necessary to unequivocally assign spectra to either of them,
which results in compromising with the dose applied. In other instances, larger areas were used for data acquisi-
tion in order to reduce beam damage, thus precluding the characterization of the fine structure of the nanometric
amorphous domains.

Background was subtracted before each edge using power-law fitting and plural scattering was removed when
necessary using a Fourier-ratio deconvolution, both available in Digital Micrograph 2.30 software (Gatan Inc.).
Plotting of the data and normalization were carried out with OriginPro 8.5 software.

Atomic force microscopy (AFM) was performed directly on the TEM grids. Areas of interest were previ-
ously selected by SEM on uncoated samples (Phenom Pro, University of Granada, Spain) and later manually
located under the AFM using the X-Y translator of the optical head. Images were recorded in air at room tem-
perature using an AFM (Multimode IITa Veeco Instruments) of the Centro Nacional de Microscopia Electronica
(Universidad Complutense de Madrid, Spain). AFM was operated in tapping mode while displaying cantilever
height, phase, and amplitude signals. Different areas of the sample were scanned using a ~14 X 14 pm? piezo
scanner and tips with a nominal radius of 8 nm supported by rectangular cantilevers with a nominal resonance
frequency of 320kHz, and a maximum spring constant of 80 N/m (Bruker TESP-V2). The scan rate was set to
1Hz, and 256 to 512 lines per scan were recorded. All AFM images were subsequently analysed using NanoScope
Analysis 1.50 (Bruker) and Nanotec WSxM. 4.0
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Supplementary Fig. 1. Position and aspect of hillocks. A) Three adjacent tablets of the same column
showing the intervening hillocks and the typical porous structure of nacre tablets (HAADF). B) Hillocks
protrude from both tablets through pores of the interlamellar membranes until they impinge on each
other. Although there is physical separation between the two tablets, the crystalline lattice has the same
orientation. The dotted line indicates a hypothetical cutting plane through the interlamellar membrane
and the hillocks.



Supplementary Fig. 2. Amorphous border in an incipient nacre tablet. A) Overview of the tablet.
B) Magnification of the area framed in A, showing the amorphous edge (2-5 nm) that surround the
crystalline area. C, D) Amorphous edge before and after electron beam irradiation. After irradiation, the

amorphous border becomes crystallized (acceleration voltage 200 kV, emission current 10 pA).



Supplementary Fig. 3. Image contrast comparison of ACC over an interlamellar membrane. A)
Interlamellar membrane with calcium carbonate particles on its surface (HAADF). The highest contrast
areas (white) have crystalline structure, whereas the lowest contrast areas do not. The circle encloses a
low-contrast area. B) TEM image (using an objective aperture to enhance the contrast) of the same area.
The crystalline areas are recognizable due to their high contrast (black). The low-contrast areas (light
grey) have a non-crystalline structure, which is not discernible at this magnification. C) HRTEM from
the area framed in A and B. Crystalline areas, recognisable by lattice fringes, are outlined in black. They
are embedded in non-crystalline material (including the encircled area). ACC cannot be distinguished
from the organic background in HRTEM because of their amorphous structures.



Supplementary Fig. 4. Orientation of crystalline nanodomains. A) General view of an incipient
tablet where it is possible to see the agglomeration of globular nanoparticles. B) Enlargement of the
area framed in A. Crystalline nanodomains are surrounded by amorphous material. C) FFT from the
complete area in B. The particles are oriented along the [102] zone axis, but the sample is slightly tilted,
giving an incomplete diffraction pattern. The small arcs indicate a slight misalignment. D) The RGB
reconstruction using the reflections of the (221) and (231) planes defines adjacent nanodomains

misaligned by 1.2° from each other.
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Supplementary Fig. 5. Differential information provided by tapping mode height and phase AFM
images of nacre tablets. Two examples (A, B and E, F) of relatively flat areas where the topographic
and phase contrasts do not coincide are provided. Height (A, E) and phase contrast (B, F) images are
shown separately, together with identical profiles for height (C, G) and phase (D, H). Comparison
between height and phase profiles (C-D, and G-H) demonstrates that phase changes are not due to the

topography.
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Supplementary Fig. 6. EEL Spectroscopy. A) Carbon k-edge. The three pre-peaks at 285.0, 287.5,
and 288.5 eV, characteristic of organic material, are visible. B) Calcium L 3-edge. The minor features
that indicate the aragonite nature are marked with red bars. C) Oxygen K-edge characteristic of
aragonite. All the peak positions denoted by vertical lines are commented on Table S1. Emission current
5 WA, dispersion 0.025 eV. Savitzky-Golay smoothing was applied to both the C K- (10 pts) and the O
K-edges (50 pts).
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Supplementary Fig. 7. Diagram indicating how the cutting angle affects the orientation of the
particles. When working without tilting the sample, the cutting angle largely determines the closest
zone axis to index the particles. The normal to the cutting plane aligns in parallel to the optical axis of
the microscope column, but does not necessarily coincide with a zone axis. Thus, the angle formed by
the c-axis and the closest zone axis differs depending on the cutting angle. Only when the cut is exactly
perpendicular to the nacre column growth axis, are we able to index the particles along the [001] zone
axis. In our samples, the angles between the c-axis of the nacre column and the zone axis of the indexed
particles varied from 0° to 24° (n = 12 slices). With a double tilt holder it is possible to tilt the sample
S0 as to orient the particle along a particular zone axis, but this is a time-consuming procedure and

therefore difficult to achieve in small crystalline domains without inducing beam damage.



Supplementary Table 1. Approximate transitions in carbon K-edge, calcium L,z edge and oxygen K-
edge fine structure and assignment of peaks. Peaks in bold are the most characteristic for each edge.

Approximate Energy Loss (eV) Peak assignment

Carbon

285.0 Cls —» n*in C=C

287.5 Cls » o*inC-H

288.4 Cls — * in C=0 of carboxyl groups

290.3 Cls — =* transitions of carbon-oxygen bonds
295.5 Cls — * transitions of carbon-oxygen bonds
298.3 Cls — * transitions of carbon-0xygen bonds
301.5 Cls — o* transitions of carbon-0xygen bonds
Calcium

349.3 CaLsedge

352.6 CaL;edge

Oxygen

534 Ols — z* transitions from C=0 bonds

540 Ols — o* transitions of the CO3 group

541 Ols — o* transitions of the CO3 group

544 Ols — o* transitions from the C=0

545.5 Ols — o* transitions from the C=0
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Nacre tablets of mollusks develop two kinds of features when either the calcium carbonate or the organic
portions are removed: (1) parallel lineations (vermiculations) formed by elongated carbonate rods, and
(2) hourglass patterns, which appear in high relief when etched or in low relief if bleached. In untreated
tablets, SEM and AFM data show that vermiculations correspond to aligned and fused aragonite nano-
globlules, which are partly surrounded by thin organic pellicles. EBSD mapping of the surfaces of tablets
indicates that the vermiculations are invariably parallel to the crystallographic a-axis of aragonite and

ﬁ?; ';Veords" that the triangles are aligned with the b-axis and correspond to the advance of the {010} faces during
Molluscs the growth of the tablet. According to our interpretation, the vermiculations appear because organic mol-
Aragonite ecules during growth are expelled from the a-axis, where the Ca-CO3 bonds are the shortest. In this way,

the subunits forming nacre merge uninterruptedly, forming chains parallel to the a-axis, whereas the
organic molecules are expelled to the sides of these chains. Hourglass patterns would be produced by
preferential adsorption of organic molecules along the {010}, as compared to the {100} faces. A model
is presented for the nanostructure of nacre tablets. SEM and EBSD data also show the existence within
the tablets of nanocrystalline units, which are twinned on {110} with the rest of the tablet. Our study
shows that the growth dynamics of nacre tablets (and bioaragonite in general) results from the interac-
tion at two different and mutually related levels: tablets and nanogranules.

© 2013 Elsevier Inc. All rights reserved.

Crystallography
Organic molecules

1. Introduction

The first crystallographic data on the nacre tablets were re-
ported by Schmidt (1922), who concluded with optical microscopy
that the c-axes of aragonite were perpendicular to tablets. In his
subsequent papers, Schmidt (1923, 1924) used the outlines of tab-
lets to infer the positions of {110}, {100} and {010} faces and,
hence, the orientations of the a- and b-axes of the tablets. With
the advent of the scanning electron microscopy, later authors
e.g., (Grégoire, 1962; Wada, 1972; Mutvei, 1969, 1970, 1972a,b) re-
fined that knowledge, but the basic schemes provided by Schmidt
remained essentially unaltered.

* Corresponding author. Fax: +34 958248528.
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X-ray diffraction techniques are useful for determining crystal
orientation, but its application is hindered by the fact that they
can only determine the orientation of groups of tablets in relatively
wide areas (at least 250 pum in diameter). An additional handicap is
that, due to the deep penetration of X-rays, the results combine
data from dozens of superposed lamellae. Nevertheless, some in-
sight can be gained. The distributions of maxima of pole figures
indicate that in nacre tablets the c-axes are perpendicular to the
main surfaces. Polarization-dependent imaging contrast (PIC),
which is based on X-ray linear dichroism, has also been extensively
applied to bivalve and gastropod nacres (Metzler et al., 2008; see
review in Gilbert (2012)). It is a high resolution method
(~20 nm), but can only detect changes in the c-axis, and not in
the a- or b-axis. Additionally, the tablets of bivalves are known to
be co-oriented, with the b-axis pointing in the local growth direc-
tion of the shell (Wada, 1961, 1972; Wise, 1970; Checa and Rodri-
guez Navarro, 2005; Rousseau et al., 2005). Tablet faces can
sometimes be indexed by checking the shapes of the tablets
against the overall orientation deduced from X-ray pole figures.
Transmission electron microscopy (TEM) as well as electron
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back-scattered diffraction (EBSD) coupled to scanning electron
microscopy (SEM) offer much higher resolution, but application
is limited because the material has to be either sliced and thinned
to tens of nm, in order to make the sample transparent to ions for
TEM, or sectioned and finely polished, to eliminate differences in
relief, to which the EBSD technique is very sensitive. Since, the
3D aspect is lost in this way, it is difficult to relate the shape of
the tablets to the orientations found. Therefore, electron diffraction
techniques have been routinely used to determine crystallographic
orientations only of sectioned nacre tablets (e.g., Gries et al., 2009;
Dalbeck et al., 2006), but not in plain view.

In view of the above explanation, the main information cur-
rently available on the crystallography of individual nacre tablets
is not always reliable, particularly taking into account their high
variety of shapes (Wise, 1970; Wada, 1972; Checa and Rodri-
guez-Navarro, 2005).

In a number of informative papers, (Mutvei, 1970, 1977, 1978,
1979, 1980, 1991; Mutvei and Dunca, 2008, 2010), using special
etching protocols, revealed the existence of two kinds of etching
features. First, in the tablets of bivalves, gastropods and Nautilus,
a series of parallel lineations that appear, are inferred to be parallel
to the a-axis of aragonite. The same patterns have been found in
other examples of biogenic aragonite which were naturally or arti-
ficially etched: foliated and prismatic aragonite (Checa et al., 2009).
Second, in some bivalves (Mytilus, Nucula, and Unio), Mutvei (1977)
found two triangular sectors on each tablet joined by a vertex at
the center of the tablet (hourglass-like), which were more resistant
to etching than the rest of the tablet. According to the interpreta-
tion of Mutvei (1977, 1978, 1979, 1980, 1984), this pattern arose
because each pseudohexagonal tablet was in fact composed by
four twinned crystals, although this model (Mutvei, 1977, Fig. 1)
was found to be incorrect by Akai and Kobayashi (1993).

The patterns revealed by Mutvei clearly have some bearing on
the ultrastructure of nacre tablets and therefore are worth investi-
gating. First, we needed to compile reliable data on the crystallog-
raphy of individual nacre tablets in order to unequivocally relate
the etching lineations and triangles to particular crystallographic
directions. This was achieved by high-resolution diffraction tech-
niques, particularly SEM-EBSD on the surfaces of the tablets. Addi-
tional information was gained from AFM and FESEM techniques. A
model for the formation of the observed features was finally
proposed.

2. Materials and methods
2.1. Treatments

Etching. Specimens were etched as originally described by Mut-
vei (1977, 1978, 1979), the protocol consisting of (1) cleaning the
tablets with sodium hydroxide, followed by (2) etching the tablets
and fixing the organic matrix at the same time with a mixture of
glutaraldehyde and acetic acid. Specimens were treated at the Uni-
versity of Granada with the following protocol: Sodium hypochlo-
rite 10% (step 1) for 2-30 min — glutaraldehyde 25% + acetic acid
1% in cacodylate buffer (step 2) for 2-10 min — sodium hypochlo-
rite 1% (step 3) for 1-5 days (optional). In all cases, samples were
washed repeatedly and oven dried. Bivalves: Acila divaricata (Turtle
Island, Taiwan), Nucula nitidosa (Malaga coast, Spain), Perna viridis
(loc. unknown, Indonesia), Pinctada margaritifera (French Polyne-
sia), Anodonta cygnea (Mira, Portugal); Gastropods: Bolma rugosa
(Granada coast, Spain), Gibbula cineraria (Quiberon, France), Gibbu-
la umbilicalis (Sdo Jacinto, Portugal); cephalopod: Nautilus pompilus
(loc. unknown).

The shells had been preserved dry and clean and we studied
nacre areas which were not marginal. Etching intensity was pro-
portional to treatment time (compare Fig. 1A and E), but it also

varied between species undergoing the same treatment. No partic-
ular combination of times was found ideal for all species.

Additional observations were made at the Swedish Museum of
Natural History on the nacre of the bivalve Mytilus edulis (coast of
Sweden) and on the septal nacre of N. pompilius (Salomon Islands).
These were treated with sodium hypochlorite (25 wt.%) followed
by immersion in Mutvei’s solution (1:1 mixture of glutaraldehyde
and 1% acetic acid to which alcian blue is added; see Schone et al.,
2005) under constant stirring at 35-40 °C and then dehydrated in
graded alcohol concentrations.

In all cases, the exact treatment times are provided in the cor-
responding figure captions.

Protease. Samples of the bivalves A. divaricata (Turtle Island, Tai-
wan), Pinna nobilis (coast of Almeria, Spain) and Pteria hirundo
(Fuengirola, Spain) were incubated in a solution of proteinase-K
(US Biological) 0.1 or 0.2 g/ml for one to 2 h at 30 °C. After depro-
teinization, samples were washed three times for ten min under
constant stirring in saline solution (PBS) and additionally washed
for ten min in milli-Q water. The samples were oven dried at
45 °C and stored for later SEM examination.

Untreated and bleached samples. The nacres of the above-men-
tioned species, as well as those of the bivalves Atrina pectinata
(Fuengirola, Spain), Anodonta anatina (River Thames, UK), Potomida
littoralis (loc. unknown, Spain), Isognomon radiatus (Olango Island,
Philippines) and Neotrigonia margaritacea (Anxious Bay, Australia)
were also investigated intact, although in some cases the tablets
were cleaned of organic matter with commercial bleach (4% active
Cl) from 2 to 10 min.

2.2. Scanning electron microscopy (SEM)

Samples were coated with carbon (Hitachi UHS evaporator) for
FESEM observation (Zeiss Leo Gemini 1530 and Zeiss Auriga Cross-
Beam Station) at the Centro de Instrumentacién Cientifica (CIC) of
the Universidad de Granada (Spain). Specimens in Figs. 1B and 2E
were gold-coated and photographed with a SEM Hitachi S-4300,
at the Natural History Museum, Stockholm (Sweden).

2.3. Electron back scattered diffraction (EBSD)

To relate the crystallographic data with the features detected on
the surfaces of the tablets, samples were analyzed unpolished with
the surfaces of the tablets placed as parallel as possible to the
detector screen; only the organic matter was removed with 5%
NaOCl from the samples prior to analysis. Since this technique is
very sensitive to surface irregularities, the percentage of indexable
patterns dropped drastically compared to polished samples,
although the number of available data provided relevant informa-
tion. We used two sets of equipment. First, we used an Inca Crystal
(Oxford Instruments) detector coupled to a Gemini-1530 (Carl
Zeiss) FESEM (CIC, Universidad de Granada). To avoid excessive
charging, samples were coated with a thickness of 2 nm of carbon
in a Baltec MED 020 electron beam evaporator. Samples of the
nacre from the gastropod G. cineraria and from the bivalves A.
divaricata and P. margaritifera were examined in this way. Also,
samples of the nacre of the bivalves Neotrigonia gemma (off Cronu-
lla, Australia) and A. divaricata were analyzed after sectioning and
polishing. The second set of equipment was a TSL OIM detector
coupled to FEI Field Emission Gun (FEG) SEM Quanta 3D micro-
scope of the Institute of Metallurgy and Materials Science of the
Polish Academy of Sciences (IMIM, Krakow, Poland). Operation in
low vacuum mode made coating unnecessary. A special cone was
attached to the SEM pole piece to minimize the so-called “skirt ef-
fect” of the primary electron beam and reduce the gas-path length.
Analysis software (TSL OIM version 5.3) was used to post-process
the EBSD measurements. All data with a confidence index (CI)
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Fig.1. (A). Gibbula cineraria, treated with Mutvei's protocol (step 1 for 10 min, step 2 for 5 min). Tablets are composed of several sectors with vermiculations at ~120°. (B).
Nautilus pompilius septal nacre, treated with 60 min with sodium hypochlorite and 120 min with Mutvei’s solution. Note horizontal microlamination of the tablet, visible on
the oblique edge (arrow). (C). Pteria hirundo, treated with protease (0.1 g/ml, 1 h). Note vermiculations diverging at 120° (arrows), indicative of twinning. (D). Pteria hirundo,
treated with Protease (0.2 g/ml, 1 h). Close-up of the marginal area of a tablet showing vermiculations. (E). Pinctada margaritifera, treated with Mutvei's protocol (step 1 for
30 min, step 2 for 10 min, step 3 for five days). Vermiculations are arranged within planes, which in some instances (asterisks) are at an angle to the tablet surface. Some
tablets display vermiculations at ~120° (double arrows). (F, G). Nautilus pompilius, bleached for 3 min. Note general arrangement of vermiculations. The close-up (G) clearly
shows that the vermiculations are composed of fused carbonate nanogranules. The two arrows indicate the ends of one such vermiculation. (H). Nautilus pompilius, bleached
for 2 min. The nanogranules on the surface of the tablet have pseudohexagonal shapes. The indexation is tentative. The inset shows several fused pseudohexagons which
seem to diverge at ~60° or 120° (arrows), thus suggesting nanotwinning. The long arrows indicate the main orientation of the vermiculations. (I). Pinctada margaritifera,
bleached for 10 min. Many nanocrystals, some of which are clearly composite or twinned (arrows), appear on the surface. The long arrow indicates the orientation of the a-

axis (same specimen as in Fig. 3C).

below 0.1 were removed. For visualization purposes the following
cleanup procedure was applied: (1) grain CI standardization, (2)
neighbor orientation correlation, (3) neighbor CI correlation. The
surfaces of nacre tablets of the bivalves A. divaricata, Pt. hirundo,
andP. nobilis were examined with this second equipment.

2.4. Atomic force microscopy (AFM)

For AFM observations, a sample of the shell of P. margaritifera
was polished, through a protocol adapted from Nouet et al.
(2012). We used Struers water-grinding papers (DP Mol and DP
Dur), followed by a thin polishing with Struers diamond pastes
(3, 1, and 0.25 pm) and finally silica gel suspension (~3 h). The
sample was etched in a 0.1 wt.% acetic acid with 3% glutaraldehyde
solution for 8 s. It was later repolished, immersed in commercial
bleach for ~90s and dried before placing in the AFM sample
holder. In addition, the surfaces of nacre tablets (bleached or pro-
tease-treated) of the following taxa were examined: the bivalves
P. margaritifera, P. nobilis, A. pectinata, A. divaricata, A. anatina, P. lit-
toralis, I. radiatus, N. margaritacea, and Pt. hirundo, the gastropod B.
rugosa, and the cephalopod N. pompilius. Observations were made
both in air and liquid using an AFM (Multimode Veeco) of the Cen-
tro Nacional de Microscopia Electrénica (Universidad Complutense

de Madrid, Spain). AFM images were recorded in both contact and
tapping modes while displaying cantilever height, phase and
amplitude signals. Recorded AFM images were subsequently ana-
lyzed using the Nanoscope 5.30r3sr3 and Nanotec WSxM. 2.1 soft-
ware’s (Horcas et al., 2009).

3. Results
3.1. SEM

All etched and protease-treated samples (with the exception of
P. nobilis) displayed more or less conspicuous lineations, similar to
those found by Mutvei (1977, 1978, 1979, 1980) and Mutvei and
Dunca (2008, 2010) (Fig. 1A-D). Lineations ran mutually parallel
across the entire tablet diameter. There appeared to be some direct
relationship between etching time and lineation development, but
some species proved more susceptible to the treatment than oth-
ers. In non-etched samples, where the boundaries between linea-
tions could be established with some precision, they range in
width between ~40 and 120 nm. Lineations sometimes fused or di-
vided, finally displaying a sinuous path. For this feature, we will
call them vermiculations hereafter (Fig. 1A-G; one vermiculation
is marked with arrows in Fig. 1G). Gastropod tablets are sometimes
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Fig.2. (A, B) Rectangular nacre tablets of Pinna nobilis, treated with Protease (0.2 g/ml, 1 h). Secondary electron (A) and back scattered electron (B) images. Hourglass patterns
(although no apparent vermiculations) form upon treatment. Interpenetration boundaries between tablets (arrows) are parallel to the long sides of triangles; they are
particularly apparent in (B). (C and D) Pteria hirundo, treated with Protease (0.2 g/ml, 1 h). Treatment causes the formation of small triangular notches and well-developed
vermiculations. In (C), the orientations of vermiculations in some tablets are marked with arrows; they have a three-rayed distribution, indicative of {110} twinning; the
tablet marked with an asterisk has two sectors with vermiculations at 120°. (E) Mytilus edulis, treated with sodiumhypochlorite for 30 min and Mutvei’s solution for 3 min.
Note vermiculations in addition to hourglass features. (F) Gibbula umbilicalis, treated with Mutvei’s protocol (step 1 for 30 min, step 2 for 10 min, step 3 for five days). Tablets
are monocrystalline. This is the only case of a gastropod in which hourglass patterns (in high relief) were discerned.

divided into different sectors, with their vermiculations meeting at
angles of ~60° or 120° (Fig. 1A). Nautilus (Fig. 1B) and bivalve tab-
lets (Fig. 1C-E) were mostly undivided into sectors and only rarely
consisted of two sectors at the most, with vermiculations at ~120°.

In etched samples, vermiculations could be either strictly paral-
lel or slightly inclined with respect to the surface of the tablet
(Fig. 1E). In the latter case, the angles of inclination could not be
estimated quantitatively.

Some of the untreated and slightly bleached (Fig. 1F and G)
samples had more or less conspicuous surface relief consisting of
aligned globular nanogranules (20-120 nm in diameter) running
along the entire tablet diameter. The alignments showed exactly
the same pattern of irregularities and sizes as the vermiculations
observed in treated samples. In some instances, the nanogranules
found at the very surface of the tablets grew in isolation and
showed neat pseudohexagonal outlines; they can thus be qualified
as nanocrystals (Fig. TH and I). These nano-pseudohexagons might
be larger than the nanogranules (up to 200 nm) and sometimes di-
verged at ~60° or 120°, suggesting that they are nanotwinned units
(Fig. 1H, inset, and I).

The samples of P. nobilis and Pt. hirundo treated with protease
displayed typical hourglass patterns in low relief. P. nobilis tablets
have an unusual rectangular shape (shown by Wise, 1970; Wada,
1972) and the triangular areas were distributed along the maxi-
mum dimensions of the tablets with a corroded aspect (Fig. 2A
and B). In Pt. hirundo these areas aligned with the short axis of
the oval tablets, consisting of incipiently developed triangular
notches (Fig. 2C and D). In P. nobilis, when two tablets in the same
orientation met and intersected, the resulting boundary was
invariably parallel to the sides of the triangles (Fig. 2A and B). In
addition to dissolution triangles, the sample of Pt. hirundo showed
a surface relief of vermiculations, with their overall elongation per-
pendicular to the axis joining the two triangular sectors (Fig. 2C
and D). The similarly treated sample of A. divaricata only showed
vermiculations of the kind found in etched samples. Similar

triangular hourglass sectors were visible in etched samples of M.
edulis (Fig. 2E) and G. umbilicalis (Fig. 2F), differing in that the acute
triangles developed in high relief due to preferential dissolution of
the calcium carbonate instead of the organic fraction. In both cases,
the treatment also produced vermiculations which, as in the prote-
ase-treated samples, ran perpendicular to the axis joining the acute
triangles (Fig. 2E and F). It bears noting that triangular sectors were
not found in the bivalves P. viridis, A. divaricata, and A. cygnea, in
the gastropods B. rugosa and G. cineraria, and in the cephalopod
N. pompilus. Mutvei (1977) reported them also in the bivalve Nucu-
la sulcata.

3.2. SEM-EBSD

The results for tablets showing vermiculations, regardless of
whether they were etched (A. divaricata, N. nitidosa), treated with
protease (Pt. hirundo) or simply bleached (P. margaritifera), and
regardless of whether or not they displayed triangular patterns at
the same time, were all consistent. The 001 maxima of the associ-
ated pole figures were more or less centered on the diagrams and
the 100 maxima were aligned with the vermiculations, or with the
alignments of nanogranules (Fig. 3A). Some minor 100 maxima
also appeared at ~60° from the main maxima. This implies that
the c-axis was approximately perpendicular or at a high angle to
the tablets and that the a-axis was parallel to the vermiculations.
The 100 small maxima at 60° of the main maximum or maxima
are indicative of some small crystals being twinned on {110}.

The map on the protease-treated sample of P. nobilis is, by far,
the one which gave the best-quality results (Fig. 3B). Despite the
lack of vermiculations, the triangular sectors were clearly aligned
with the 010 maxima, i.e., the b-axis of aragonite. In addition to
the main maxima (clustered within the NE and SW quadrants in
Fig. 3B), there were two diffuse 010 maxima (NW quadrant), all
three clusters being at ~60° to each other. One of these corre-
sponds to dots in dark blue which appeared scattered onto the
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Fig.3. EBSD maps of (A) Acila divaricata, treated with Mutvei’s protocol (step 1 for 4 min, step 2 for 2 min), (B) Pinna nobilis, treated with protease (0.2 g/ml, 1 h), and (C)
Pinctada margaritifera, bleached for 10 min. In all cases, the left image is the secondary electron image (with indication of the mapped area, red quadrangle, and orientation of
the vermiculations, red arrows), the center image is the orientation map and the right diagrams are the 001 and 100 (A, C) or 010 (B) pole figures of aragonite. Numbers in
(A) and (B) correspond to particular crystal domains or nanodomains. In all three cases, the 001 maximum is at or close to the center of the diagram (i.e., the c-axis is
perpendicular to the tablet surfaces). The maximum spread of 001 maxima for individual tablets is 6° (A), 12° (B) and 2° (C); the total spread for 001 maxima is 22° (A) and
25° (B). In (A) and (C), the distribution of 100 pole maxima implies that the a-axes of aragonite crystals are parallel to the vermiculations. In (A), an additional 100 small
maximum (labelled nt) at ~60° to the other maxima indicates the existence of twinned nanocrystals. In (B), the b-axis is aligned with the triangular corrosion sectors; some
scattered analyses (labeled 4 and 5 in the orientation map) have their 010 maxima at ~60° to the main maxima (1, 2 and 3) and can again be interpreted as nanocrystals

twinned with the main tablets. RD, rolling direction; TD, transverse direction.

nacre tablets. The other maximum (made of red dots) was provided
by a small tablet (top edge of the orientation map in Fig. 3B, labeled
5) together with additional scattered dots (Fig. 3B). Scattered dots
in both dark blue and red are indicative of nanocrystals twinned on
{110} with the tablets onto which they settled. Similar results
were found on a bleached sample of P. margaritifera (Fig. 3C), in
which the nanogranules were aligned with the a-axis and the tri-
angular sectors made by nanogranules in high relief (a close-up
view of those nanogranules in this same sample is shown in
Fig. 11) were aligned with the b-axis. Note also two tiny additional
100 maxima at ~60° to the main maximum (aligned NNE-SSW),
which imply that some nanogranules (independent dots not
shown, but contained in the minor maxima) are related with the
rest of the tablet (main maximum) by a {110} twinning.

3.3. AFM

The observation of tablets of the observed species has shown
that the surfaces of tablets are in all cases made of round granules

with diameters similar to those observed with SEM (~20-120 nm)
(Fig. 4). These units are surrounded by a pellicle (Fig. 4F, G, ] and K),
which in phase mode contrasts sharply with the granules (Fig. 4E,
H and L). The pellicles had different degrees of preservation
depending on the original state of the samples and on the treat-
ments, from being almost continuous around the granules (e.g.,
Fig. 4K), to be reduced to a narrow rim along the depressed edges
between and within grains (Fig. 4F and G). In some tablets the
granules showed no preferential alignment, whereas in others they
coalesced, forming alignments of variable width (between 40 and
120 nm) (Fig. 4). When the pellicles were poorly developed, they
surrounded the aligned sets of granules (Fig. 4C, D, G and H).
Etching revealed tablet elongation along the a-axis in the septal
nacre of N. pompilius (Fig. 4A-F), while elongation along the same
crystallographic axis was obtained via simultaneous analysis with
FESEM-EBSD in the nacre of Pt. hirundo (Fig. 4G-L). For this reason,
we know that in both cases the alignments of nanogranules de-
tected with AFM are parallel to the crystallographic a-axis of the
tablet.
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Fig.4. AFM views of nacre. (A-E) Septal nacre of Nautilus pompilius (untreated). (A) Height image of three superposed tablets, with some faces indexed. (B-D) Height (B), phase
(C) and amplitude (D) images of a close-up of (A). Note alignment of nanogranules in parallel to the a-axis of the tablet (arrows). (E and F) Phase (E) and amplitude (F) images
of a magnified region of B (framed in B) showing the organic pellicles. (G-L) Pteria hirundo, treated with protease (0.2 g/ml, 1 h). (G, H) Amplitude (G) and phase image (H) of
an area in which organic membranes are reduced to the boundaries between nanogranules, which appear fused and aligned (arrows). The distribution of organic membranes
can be better appreciated in the phase image. (I-L) Amplitude (I-K) and phase (L) images showing progressive magnifications (frames) of an area in which nanogranules are
aligned (arrows). Note relatively good preservation of organic nanomembranes in (K) and (L).

4. Discussion

Our FESEM and AFM observations showed that nacre tablets
have a granular substructure, with granules ranging in size from
20 to 120 nm. Under FESEM, they have a globular aspect (Fig. 1E
and F), although those located at the tablet surface sometimes tend
to develop crystalline outlines (Fig. 1H and I). Similar nanocrystal-
lites were observed on the surfaces of tablets by Metzler et al.,
2008; Mutvei and Dunca, 2010) and were observed in sectioned
mature nacre with TEM (Checa et al., 2011, figures 2 and 3), which
excludes that they are artefacts arising during preparation (e.g.,
immersion in hypochlorite). AFM observations allow us to recog-
nize that, in addition, the amalgamated granules are in turn sur-
rounded by pellicles(Fig. 4E-H and J-L). This granular
substructure was revealed for the first time by Dauphin (2001) in
the nacre of Nautilus. Her AFM results were later amply confirmed
with the same technique in the nacre of bivalves and gastropods (Li
et al., 2004, 2006; Bruet et al., 2005; Rousseau et al., 2005; Wolf
et al., 2012). Dauphin (2008) found this to be a general property
of calcitic and aragonitic materials secreted by mollusks, as
recognized later in a variety of other invertebrate animals
(sponges, Sethmann et al., 2006; corals, Przeniosto et al., 2008; and

echinoderms, Seto et al.,2012) and even in fish otoliths (Dauphin
and Dufour, 2008).

The great contrast in AFM tapping mode (phase imaging) be-
tween the pellicles and calcium carbonate granules (Fig. 4C, E, H
and L) has led some authors to hypothesize that the former are
organic in nature (e.g., Dauphin, 2001, 2006; Bruet et al., 2005;
Rousseau et al., 2005; Li et al., 2006; Baronnet et al., 2008). Li
et al. (2006) even showed how rotation of nanoparticles was fa-
voured by the intervening polymer biofilms when nacre was sub-
jected to tension. Based on former TEM data for nacre by Nassif
et al. (2005), Seto et al. (2012) alternatively proposed that similar
pellicles in the sea urchin test might consist of ACC. Our own
bleaching experiments (unpublished observations) conducted with
AFM are consistent with the organic nature of pellicles.

In many cases, the nanogranules tend to be preferentially
aligned, thus forming vermiculations which are several pm in
length (Fig. 1F and G). Our EBSD data (Fig. 3A and C) imply that
the vermiculations observed in the treated samples (Fig. 1A-D)
consistently occur along the a-axis of aragonite. This conclusion
was previously reached by Mutvei (1970), although here we
provide direct crystallographic evidence. Once the orientation of
the a-axis is known, the crystal faces of the nanogranules can
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tentatively be indexed (Fig. 1H). Given the coincidence in size,
morphology, and crystallographic orientation, it is evident that
the vermiculations observed in slightly bleached or untreated sam-
ples are the precursors of those observed in etched or protease-
treated samples.

EBSD pole figures (Fig. 3) show that in our samples the c-axis is
perpendicular or at a big angle to the surfaces of the tablet,
although some deviation of the tablet surfaces with respect to
the stage surface was expected. When several tablets are measured
(Fig. 3A and B) the spread increases (to >20° in Fig. 3A and B),
which implies that there are some differences in the orientation
of the c-axes of neighboring tablets. Similar EBSD-based results
have been obtained in the sectioned nacres of some bivalves by
Dalbeck et al. (2006), England et al. (2007), Freer et al. (2010)
and Griesshaber et al. (in press). Even higher spreads have been re-
corded with the PIC technique by the Gilbert group (Metzler et al.,
2007; Gilbert et al., 2008; Olson et al., 2012, in press) in bivalves
and gastropods, this being particularly high at the transition with
the external shell and gradually diminishing away from this limit.

Based on our observations, we propose that nacre tablets con-
sist of amalgamated vermiculations, i.e., fused calcium carbonate
granules, which are aligned approximately parallel to the a-axis
of the tablet. When the fused units grow isolated on the surface
of the tablet, they are loosely packed and tend to develop crystal-
line shapes, because they grow within the proteinaceous material
lining the interlamellar layer on both sides. These are the so-called
hillocks or nanoasperities observed on the surfaces of nacre tablets
(see Checa et al., 2011, figures 2 and 3) and correspond to the
coarse granular layer of Mutvei and Dunca (2008, 2010). Vermicu-
lations are bounded and separated from each other by nanometric
organic pellicles, of the kind visualized with AFM (Fig. 4), although-
this may not be the only organic fraction involved. This substruc-
ture is most probably general to biogenic aragonite formed by
mollusks, since similar etching lineations along the a-axis have
also been reported in foliated and prismatic aragonite (Checa
et al., 2009). These authors explained these features as the result
of organic molecules being expelled from more mineralized zones
along the a-axis by the crystallization pressure. This happens be-
cause, in the aragonite structure, there are chains of strong bonds
along the a-axis, where the distance between the Ca atoms and
the CO5 groups is the shortest. The expelled organic molecules
can easily be incorporated along the other crystallographic direc-
tions, where either the Ca-COs distances are larger (b-axis) or

the stacked CO3 groups are bonded by weak Van der Waals forces
(c-axis) (Nelyubina and Lyssenko, 2012, and references therein).
Our observations enable us to refine this model. Present-day mod-
els imply that biocrystals are formed from an amorphous calcium
carbonate (ACC) precursor due to secondary nucleation (Politi
et al., 2008; see also Weiner and Addadi, 2011; Gong et al., 2012,
and Cartwright et al., 2012). In mollusks, good evidence has been
presented by Nassif et al. (2005), who reported the existence of
an ACC layer between 3 and 5 nm around nacre tablets of the aba-
lone Haliotis laevigata, and by Baronnet etal. (2008), who showed
how an ACC cortex of ~40-60 nm carpets the growth surface of
the calcitic prisms of the pearl oyster P. margaritifera. In line with
the observations of Nudelman et al. (2007) (who observed similar
granules attaching to the surface of the calcitic prisms of Atrina rig-
ida) and of Baronnet et al. (2008) (who, by TEM, identified grains
comparable to the granules seen under AFM crystallizing at the
growth front of prisms from the ACC layer), we can consider the
granules making up the vermiculations to be crystallization units
(although this is not critical for our explanation). This idea is con-
sistent with the model of Weiner and Addadi (2011, figure 3) for
the crystallization of the sea urchin spicule. During growth, the-
connections between granules in the direction of the a-axis will
go uninterrupted because organic molecules (probably exsolved
from the ACC by the crystallization force) cannot easily enter the
crystal lattice in this direction, but would be absorbed preferen-
tially at the boundaries between granules corresponding to adja-
cent vermiculations, which is on the {010} faces (perpendicular
to the b-axis) (Fig. 5). Vermiculations have not been detected in
some of the species (e.g., P. nobilis, Fig. 2A and B, or in the central
part of the tablets of Pt. hirundo, Fig. 2C and D), which may be
due to either defective treatment or (general or local) deficiency
in the absorbableorganic fraction.

SEM-EBSD data demonstrate that tablets displaying etching or
bleaching triangles (Fig. 3), are single crystals, with the triangles
being aligned with the a-axis if they develop upon acidic treatment
(Fig. 2E and F), or with the b-axis if the triangles become excavated
upon treatment with bleach or protease (Figs. 2A-D and 3B). The
apical angle is ~60°, which implies that the long sides of triangles
correspond to traces of {110} faces of aragonite. In P. nobilis, when
two rectangular tablets collide and begin to interpenetrate, the
boundaries thus formed are also parallel to the {110} faces
(Fig. 2A and B). This happens because the side relations of the rect-
angular tablets of this species agree to the a/b cell lattice relation of

areas richer in organic matter

boundaries between granules

crystallization front

ACC rim

Fig.5. Model for the internal structure of ideal nacre tablets. They are composed of four growth sectors, with the sectors corresponding to the growth of {010} faces being
richer in organic matter. Internally, the material is composed of calcium carbonate granules aligned in parallel to the crystallographic a-axis of aragonite (vermiculations). The
organic pellicles surrounding the granules distribute preferentially around the lateral boundaries of the vermiculations. The sketch reproduces the case of the rectangular
tablets of Pinna nobilis, and is based on the hypothesis that aragonite crystallizes from an amorphous calcium carbonate (ACC) precursor, with the granules being the

crystallization units.
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aragonite 4.959/7.968 = 0.622. The fact that the triangular sectors
remain in high relief upon etching (Fig. 2E and F), while they dis-
solve preferentially with protease (Fig. 2A-D), clearly implies that
these areas are richer in organic matter than is the rest of the tab-
let. Since these triangles correspond to the advance of the {010}
faces during the growth of the nacre crystal, the immediate impli-
cation is that there is preferential adsorption of organic molecules
along the {010} faces. Since none of the two mentioned sets of
faces display significant differences in charge density, the only rea-
sons we can invoke are similar to the ones above to explain the
vermiculations, i.e., differences in the length of the bonds along
the a- and b-axes. The lack or etching or dissolution triangles in
some of the treated species (see above) may imply that the absorb-
able proteinaceous component may be lacking.

The processes of preferential absorption of organic molecules
along the b-axes, as compared to the more reduced absorption
along the a-axes, commented on above to explain the observed
vermiculations, could happen anywhere around the tablet, with
the difference being that the amount of organic matter to be
redistributed around growing nanogranules would be greater
within the growth sectors of {010} faces than within the sectors
of the {100} faces (Fig. 5). In this work, we focus on the nano-
membranes examined with AFM, although this may not be the
only organic component within the tablets. Younis et al. (2012)
have imaged occluded macromolecules within the nacre of the
mytilid Perna with TEM tomography, which are scattered within
the crystals and have much larger dimensions than do the organic
membranes observed with AFM. Similar organic components have
been detected in the prismatic calcite of the bivalves Pinctada and
Atrina (Okumura et al., 2010, 2011; Li et al., 2011). How the differ-
ent intracrystalline organic components are absorbed is a matter
of future study. Younis et al. (2012), Li et al. (2011) and Gilow
et al. (2011) showed that the organic macromolecules are prefer-
entially absorbed on the {001} planes in nacre and prismatic cal-
cite due to preferential binding of the negatively charged residues
of the acidic proteins to the positively charged {001} calcium
planes. This might explain the horizontal microstratification
sometimes shown by nacre tablets (Fig. 1B; see also Mutvei and
Dunca, 2010).

Our EBSD data indicate the existence of nano-crystals twinned
on {110} which appear scattered both on the surface (N. pompilius,
Fig. 1H; P. margaritifera, Fig. 11) and within the interior of tablets
(etched tablets of Nucula, Fig. 3A, and protease-treated tablets of
Pinna, Fig. 3B, as well as sectioned tablets of Neotrigonia and Acila,
unpublished data). Nanocrystals of the external surface of tablets
with the aspect of being twinned appear in the bleached nacre of
N. pompilius (Fig. 1H) and P. margaritifera (Fig. 11) under SEM. Nacre
tablets and biocrystals in general are made of crystallographically
oriented nanoparticles. Li and Huang (2009), Huang and Li (2012)
and Zhang and Li (2012) identified nanoparticles via TEM and ob-
served that, despite the fact that tablets of nacre diffract as single
crystals, the constituent nanoparticles (which they implied are
aggregation units) showed noticeable degrees of mutual misorien-
tation (pseudo-single-crystal effect). The oriented arrangement
could be transformed into a disoriented aggregate by either heat
treatment (without phase change) or deformation (Huang and Li,
2012). Any hypothesis on the mode of aggregation and growth of
biocrystals (e.g., from an amorphous precursor; see above), has to
take into account the new degree of freedom that the existence of
the recognized internal nanotwins implies.

Our study shows that the growth dynamics of nacre tablets (and
bioaragonite in general) is much more complex than previously
supposed, and that it results from the interaction at two different
and mutually related levels: tablets and their constituent nano-
granules (the monocrystal-polycrystal duality of Li and Huang,
2009; Huang and Li, 2012).
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Abstract

The surface membrane is a lamellar structure exclusive of gastropods that is formed during the shell
secretion. It protects the surface of the growing nacre and it is located between the mantle
epithelium and the mineralization compartment. At the mantle side of the surface membrane
numerous vesicles provide material, and at the nacre side, the interlamellar membranes detach from
the whole structure. Components of nacre (glycoproteins, polysaccharides and calcium carbonate)
cross the structure to reach the mineralization compartment, but the mechanism by which this
occurs is still unknown. In this paper we have investigated the ultrastructure of the surface
membrane and the associated vesicle layer by means of Transmission Electron Microscopy.
Electron Energy Loss Spectroscopy and Energy-dispersive X-ray Spectroscopy were used for
elemental analysis. The analyses revealed the concentration of calcium in the studied structures:
vesicles, surface membrane, and interlamellar membranes. We discuss the possible linkage of
calcium to the organic matrix.

1. Introduction

Nacre is a biomineral with a characteristic “brick and mortar” arrangement, which forms the
internal layers of the shells of many molluscs. It is produced by the mantle, the epithelium which
lines the shell internally. The mantle epithelium secretes parallel membranes (the interlamellar
membranes, ILMs) which are mainly composed of glycoproteins and polysaccharides [1,2] between
which the aragonite crystals grow. Constituting only 5 % of the dry weight, the organic material
confers a resistance to fracture significantly superior to its inorganic counterpart [3]. Bevelander &
Nakahara [4,5] were the first to highlight the importance of these organic sheets in the formation of
the molluscan structures.

In bivalves, ILMs are secreted in a confined liquid-filled space (~100-200 nm), known as the
extrapallial space, and nacre grows in a step-like manner [4,6]. However, in gastropods nacre tablets
are stacked in towers [7], forming pyramids. In the seventies, the acceptance of the hypothesis for
the previous formation of lamellar sheets was problematic [8,9] mostly due to the possible
disturbance of the organic structure caused by mantle movement. With the aid of Transmission
Electron Microscopy (TEM) it was possible to observe the wall-like organic structures [10]. The
ILMs derive from a dense surface sheet (the surface membrane, SM) that covers the surface of the
nacre mineralization compartment [10]. The side of the SM adjacent to the mantle epithelium is
composed of a dense organic material at its outermost area and by a compressed arrangement of
membranes at the innermost region [10]. The SM may provide a resistant wall to disturbances
caused by mantle movement [11,12]. At the nacre side of the SM, fresh ILMs progressively detach
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from it [12,13] and position with a typical spacing of about 500 nm [6]. ILMs separate
progressively from the SM in a zipper-like manner [13].

Since the first description by Nakahara, the SM passed unnoticed until Cartwright & Checa [13]
realized that it is widespread in nacre-secreting gastropods. Checa et al. [12] highlighted the
existence of vesicles adhered to the SM at the mantle side. They are round bodies with different
morphologies, from spherical to strongly compressed, which seem to fuse with the SM. Their walls
are electrodense and have a mean thickness of 10-15 nm. In this way, the SM seems to be formed
by the addition of organic vesicles to its mantle-side surface, which gradually integrate into the
whole structure.

The SM maintains a constant thickness due to the strict balance between components acquired via
vesicle addition and those lost due to the formation of the ILMs [12]. Therefore, it is in a dynamic
equilibrium. At the same time, with the incorporation of material and its concomitant loss, the SM
moves in an adapertural direction, by keeping pace with the animal's growth rate.

We have studied the SM and its vesicle layer in Phorcus turbinatus (Trochidae, Vetigastropoda).
The growth of the nacreous layer takes place close to the margin at the shell aperture [14,15]. It is
preceded by a fibrous prismatic layer and followed and covered internally by an aragonitic structure
of nacreous aspect (Fig. 1).

We hypothesize that vesicles act as a transport system of the components of nacre to the
biomineralization compartment. Our aim is to identify the constituents of those vesicles (proteins,
chitin, calcium carbonate, etc.) and characterize, as far as possible, the form or phase in which they
travel (monomers or polymers in the case of chitin, and the type of polymorph/polyamorph/ions in
the case of calcium carbonate).

2. Methods
Sample preparation

Different preparative protocols were used. Glutaraldehyde fixation followed by osmium tetroxide
provides an excellent quality of tissue preservation for the observation of the ultrastructure under
the TEM [16]. Nevertheless, it is carried out in an aqueous media, which might wash out the ion
content of the sample. Consequently we avoided it for elemental analysis. Testing the content of
soft elements in subcellular compartments is challenging due to the difficulty in maintaining the
original element distribution. Important advances have been made in cryo-microscopy in the last
decade, mostly focusing on cell cultures and single particles. Techniques used here are still in the
experimental stages, since they result from adaptations of cryo-techniques not normally used on
mineralized samples.

Chemical fixation

Specimens of Phorcus turbinatus were collected in Benalmadena (Malaga, SE Spain).
Immediately after capture, they were fixed in cacodylate-buffered glutaraldehyde 2.5%.
Fragments of the SM area were fractured under the binocular microscope, postfixed in osmium
tetroxide, and embedded in embedding resin EMbed 812 (EMS).

Quick-freeze and freeze-drying

Juvenile specimens of Phorcus turbinatus were collected in La Herradura (Granada, SE Spain).
The specimens were frozen in liquid nitrogen following collection and maintained in N, until
they were freeze-dried. Quick-freezing immobilizes all molecules in a cell within milliseconds. It
is possible to achieve up to 2-20 um of good freezing depth. Beyond that, ice crystals form and
destroy the tissue. For freeze-drying, the initial temperature (-170°C) was raised slowly at an
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average pressure of 75 millitorr (Flexi-Dry MP) and at the end of the drying cycle (2 days), when
room temperature was reached, the specimens were removed and stored at 4°C.

Fragments from the SM area were cut under the binocular microscope, postfixed in 1% osmium
tetroxide at 4°C, dehydrated through a series of ethanol solutions and embedded in epoxy resin
(EMbed 812). With the aim of comparing the effect of the different fixatives, another set of
samples was prepared by avoiding osmium tetroxide postfixation.

Slices were cut (PowerTome Ultramicrotome) at a small angle relative to the surface (less than
10°, Fig. 1 right), thus trying to maximize the area of the cut through the vesicle layer and the
SM. The slices were laid in copper grids with lazy carbon to stabilize them under the electron
beam. The observations were made at 200 kV in a Philips CM200 and at 300 kV in a FEI Titan.

Aragonitic structure

Surface membrane

Fibrous prismatic layer and growing nacre

Fig. 1. Left, specimen of Phorcus turbinatus indicating the location of the surface membrane and the
growing nacre (sampled area) in relation to the other microstructures present at the shell aperture. Right,
SEM image of an ultramicrotome slice perpendicular to the shell surface, where it is possible to distinguish
the SM (sm), the interlamellar membranes (ilm) and two towers of growing nacre. The dotted line indicates
the approximate angle of the ultramicrotome cuts carried out in this study.

Elemental analysis

Once the vesicle layer was localized under the TEM, our aim was to know if there was calcium
associated with these vesicles. We used two elemental analysis techniques alternatively; Electron
Energy Loss Spectroscopy (EELS) and Energy-dispersive X-ray Spectroscopy (EDS). The former
measures the energy lost by the beam electrons when they interact with the sample, which
corresponds with the energy needed to remove one electron from the inner-shell of a particular
atom. This is characteristic of each element, and allows us to identify it [17]. EELS is a very
powerful technique, since it can detect concentrations of an element greater or equal to 1%. It is
highly sensitive to relatively low atomic number elements, where the edges are clear and the energy
loss is easy to distinguish. Spectral energy resolution in EELS is much higher than in EDS (about 1
eV in EELS as opposed to about 125-150 eV in EDS). But what makes EELS an extraordinary
useful tool is its capacity to assess atomic composition, chemical bonding and valence state.

EELS spectra were obtained using a post column energy filter spectrometer (GIF Quantum Energy
Filter, Gatan) at 200 kV electron accelerating voltage and collection semi-angle of 20.0 mrad with
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dispersion rate of 0.2 eV/channel. Samples were placed in a single tilt holder and the aperture size
on the spectrometer used for data acquisition was 2 mm in diameter. The acquisition time was
optimized to obtain minimum noise and not to provoke beam damage.

EDS measures the number and energy of the X-rays produced by the ionization of the elements in
the sample and these X-rays are characteristic of the element and the type of electron transition.
EDS has limitations for determining light elements (Z < 4), but there is some degree of overlap with
respect to atoms such as Na, Mg, P, S, Cl, K and Ca (4 <Z < 11), which can also be detected with
EELS. This investigation used an EDS system (EDAX Genesis-4000) coupled with the TEM
Philips CM200.

3. Results
Ultrastructure

Samples fixed with glutaraldehyde and postfixed with osmium offered enough contrast to
distinguish the vesicle layer under bright field imaging mode (no post stain was used) (Fig. 2a, b),
although High-Angle Annular Dark Field (HAADF) - STEM mode offered the best quality (Fig. 3a,
b, ). Samples without osmium postfixation did not show enough contrast to detect the vesicles.

The vesicle monolayer contains mostly round vesicles, with an average size ~200 nm (from 50 to
400 nm) (Fig. 2¢). A double membrane (10-15 nm) was easily distinguishable (Fig. 2d).
Electrodense material seems to fill the interior of the vesicles, attached to the inner membrane (Fig.
2c; Fig. 3b, e).

The SM (~100 nm width) appears like a progressively ordered structure. It has a dense
homogeneous structure at the mantle side that organizes progressively into a fibrous arrangement at
the nacre side. Towards the interior, the most incipient crystals of the towers appear, and the ILMs
seem to detach from the SM (Fig. 3b).
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Fig. 2. Bright field TEM images of the vesicle layer. A) and B) vesicle layer (v) covering the surface
membrane (sm). The tips of the first towers (marked with asterisks) are partly immersed within the SM (sm),
and the interlamellar membranes (arrowheads) detach from it. C) Details of the vesicles showing the material
attached to the inner membrane (arrowheads) and D) the double membrane. Samples fixed with
glutaraldehyde 2.5% and postfixed with 1% osmium tetroxide.

Elemental analysis

The samples prepared by quick-freeze and freeze-drying preserved the cell structures relatively
well. It was possible to localize the areas of interest (SM and vesicle layer), although some
movements of the sub-cellular components might have occurred. The maintenance of the ion
content was expected to be relatively good, since the sample was in contact with aqueous media
only during the dehydration process, after the osmium postfixation. Microanalysis was carried out
on the thinnest sections, selected on the basis of their grey hue (~ 50 nm thickness).

Systematic EELS measurements were performed on quick-frozen and freeze-dried samples, with
and without OsOy as post-fixative. Signal intensity was higher in samples where osmium tetroxide
was used. EDS analysis corroborated the data obtained by EELS. The structures studied in the outer
side of the mineralization compartment were: the interior and the membrane of the vesicles (v and
mv respectively), the SM (sm) and the light areas (la) in the Epoxy resin. In the inner side of the
mineralization compartment, the ILMs (ilm), the electrodense material (em) spread between the
ILMs and the light areas (la) in the Epoxy resin were analysed. Similar spectra were recorded at
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each type of the structure investigated, so we present here (Fig. 3h; Fig. 4b) a representative single
raw spectrum of each one. No smoothness was applied.

At the outer side of the mineralization compartment, EELS measurements revealed strong carbon K
edges at 285 eV, indicating poorly ordered carbon, owing to the Epoxy resin used. The nitrogen K
edge at 400 eV and oxygen K edge at 532 eV were evident in all the measurements. A strong Ca
L,3 edge (~348 eV) was detected in the SM (sm) and in the interior of the vesicles (v). The
membrane of the vesicles reported a minor intensity of the Ca L, 3 edge and undetectable calcium
signal was obtained from the light outer areas (la) (Fig. 3g, h).

A"

Intensity (a.u.)
z
X

320 340 360 380 400
Energy loss (eV)

Fig. 3. Surface membrane and vesicle layer of Phorcus turbinatus. A) General view in STEM mode
including the vesicles (v), the surface membrane (sm), the first towers immersed in the surface membrane
(asterisks) and the interlamellar membranes (arrowheads). B) HAADF image of the vesicle layer, the surface
membrane and the interlamellar membranes detaching from it. C) Bright field imaging mode of mature
interlamellar membranes with the porous aspect typical of gastropods. Section post-stained with lead citrate
and uranyl acetate. D) Scanning electron microscopy image of the vesicles covering the exterior of the
surface membrane. E) HAADF image of a vesicle showing the material attached to its inner membrane. F)
Same vesicle as in E) but in bright field mode. G) Bright field image of the vesicle layer and the surface
membrane in an area close to the nacre towers, showing the vesicles (v), the membrane of the vesicles (mv),
the surface membrane (sm) and the light areas (la) of the Epoxy resin. One spectrum was recorded in each
point labelled. The vesicle shown in E) and F) is marked with a square. H) Core-loss spectra from the areas
marked with an asterisk in G), showing Ca L,; and N K edges. Single raw spectra, no smoothness was
applied. Intensity is expressed in arbitrary units (a.u.) for comparison. A) and B) samples fixed with
glutaraldehyde 2.5% and postfixed with 1% osmium tetroxide. C), E), F), G) samples quick-frozen and
freeze-dried. D) Critical point dried sample.
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At the inner side of the mineralization compartment, EELS spectra from the ILMs (ilm) revealed
the K edges of carbon (285 eV), nitrogen (400 eV) and oxygen (532 eV), as well as L, 3 edge of
calcium (348 eV). The spectra obtained from the electrodense material (em) spread in the spaces
between the ILMs showed the same peaks, though less intense. In the lighter areas (la) between
ILMs, we observed the K edges of carbon, nitrogen and oxygen that correspond to the embedding
resin, and a negligible signal of Ca L, 3 edge.

Intensity (a.u.)

300 350 400 450 500 550
Energy loss (eV)

Fig. 4. A) TEM image of the mineralization compartment of a resin embedded section. It is possible to
discern the towers of platelets (in diagonal section), the interlamellar membranes (ilm), the electrodense
material (em) in between and the light areas (Ia). One spectrum was recorded in each point labelled. B) Core
loss spectra recorded at 200 keV from the areas marked with an asterisk in A (average pixel area 105 nm®),
showing C K, Ca L,;, N K and O K edges. Single raw spectra, no smoothness was applied. Intensity is
expressed in arbitrary units (a.u.) for comparison. Quick-frozen and freeze-dried sample, postfixed in
osmium tetroxide and embedded in EMbed 812.

4. Discussion

Images presented here clearly show double-layered vesicles (Fig. 2d), probably constituted of
phospholipids, containing electrodense material. Some of them were filled completely, although
others seemed to be partially empty, with the material mostly attached to the inner membrane (Fig.
2c; Fig. 3e, f). The dense amorphous material surrounding the vesicles and covering the SM (Fig.
3b, e) might have been extruded from the vesicles in areas adjacent to the SM.

In cross section, the material that makes up the SM seems to undergo maturation and becomes
increasingly better defined and organized into layers with depth (Fig. 3b). At the mantle side, it has
a homogeneous soft aspect and, beyond this, fibrillar structures separated by irregular holes become
perceivable. The typical porous aspect of gastropod ILMs (Fig. 3c) is fully achieved on the nacre
side and in some parts it was possible to see an ILM detaching from the SM.

Elemental analysis revealed the presence of calcium in different areas of the system: the dense
material inside and surrounding the vesicles, the SM, the ILMs and the electrodense matrix
scattered between the ILMs. Two facts suggest that calcium is in a bound form: 1) no calcium was
detected in the chemically fixed samples, since chemical fixation and standard preparation protocols
involve several aqueous steps in which ions and small molecules could be mobilized. 2) The
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observation that a strong calcium signal was repeatedly detected in the electrodense material, in
contrast to an undetectable signal in the lighter areas of the sample. Calcium has a small Z number,
so it does not give high contrast in bright field imaging mode. The electrodense material with which
it seems to be associated is stained with osmium tetroxide that preferentially binds to double bonds
of lipids and some proteins.

It is likely that calcium forms part of the structures (SM, ILMs) bound to the organic matrix. It is
well established that ILMs are composed mainly of proteins and polysaccharides [18]. SM
composition is not known as yet, but it is easy to speculate that it should be similar to that of the
ILMs, since these detach from the SM. Similarly, calcium seems to be in a bound form inside the
vesicles. The fact that a significantly stronger calcium signal was retrieved from post fixed samples,
suggests that fixation with glutaraldehyde followed by OsO4 could avoid the loss of part of the
material.

We have to keep in mind that forming nacre tablets begin to grow within the SM [12]. They first
acquire their full height and subsequently expand laterally; in this way, the tip of the tower is
always embedded within the SM [12]. Previous work has highlighted that the nuclei of gastropods
tablets are enriched with organic material [11,15]. Accordingly, the organic material that composes
the central core of the plates should be absorbed from the SM. In other groups, (Atrina, Bivalvia;
Nautilus, Cephalopoda), the core mainly consists of acidic proteins [19] which seem to be
distributed concentrically around the nucleus [20].

Recent findings re-emphasize the important role of negatively charged groups in sequestering free
calcium ions and promoting nucleation events [21]. Our findings concerning the concentration of
the calcium associated with an organic matrix (SM, ILMs) concur with those of Smeets et al. [21].
ILMs are mainly composed of acidic glycoproteins enriched in aspartic and glutamic acid [22],
which are negatively charged at cellular pH (pH 7) [23]. The calcium atoms of the SM and ILMs
might be bound to the negative groups of the matrix. Future efforts should be directed towards
determining the nature of the content of the vesicles and the mechanisms by which calcium binds to
these molecules.
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