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a b s t r a c t

A distinct nanogranular fine structure is shared by a wealth of biominerals from several species, classes
and taxa. This nanoscopic organization affects the properties and behavior of the biogenic ceramic
material and confers on them attributes that are essential to their function. We present a set of
structure-relationship properties that are rooted in the nanogranular organization and we propose that
they rest on a common pathway of formation, a colloid-driven and hence nonclassical mode of crystal-
lization. With this common modus operandi, we reveal the most fundamental and wide spread
process-structure-property relationship in biominerals. With the recent increase in our understanding
of nonclassical crystallization in vitro and in vivo, this significant process-structure-property relationship
will serve as a source for new design approaches of bio-inspired materials.

� 2016 Elsevier Inc. All rights reserved.
Introduction

Biominerals serve as an invaluable source of inspiration for
materials design and synthesis as their task-optimized properties
are derived from complex hierarchical organization from the
nano- to the macroscale. Understanding the underlying
mechanisms of self-organization and crystallization that control
the formation of these bioinorganic materials is a challenging
interdisciplinary task which impacts on various fields of research.
In medical and clinical research, the effects of degradation and
aging on the composite material bone, the development of load-
bearing, resorbable bone replacement ceramics (Dorozhkin and
Epple, 2002a,b; Hench and Thompson, 2010; Hench, 1991), and
pathological mineralization (e.g. nephrolithiasis; see Coe et al.,
2016, 2005, 1992) are related topics of major importance. From a
geo- or climate science point of view, calcifying species play a
major role in determining past environmental conditions. Their
fossils act as (paleo-)climate archives on which many climate evo-
lution and climate change studies rely (Cobb et al., 2003; Elderfield
and Ganssen, 2000). Discovering fundamental and shared concepts
of formation and material design would give new inspiration for all
of these fields, provide new impulses for biomimesis and would
advance our understanding of biomineralization.

A reductionistic approach—a search for common features across
species, taxa and phyla—would aim for the identification of
structure-property relationships shared by a large set of biominer-
alizing organisms. At first sight, this route is barred by the great
structural variety of biominerals and their diversified metabolic
pathways. Mollusc shells alone feature numerous different
hierarchical organizations which are taken from a set of different
microstructures (Bøggild, 1930; Taylor, 1964; Taylor et al., 1969),
each of which can exhibit subtle deviations depending on its
taxonomical species or class (e.g. Böhm et al., 2016). Almost no
common structural motif is shared by all, or at least a majority of
biominerals, especially if phyla other than the Mollusca are consid-
ered (e.g. Brachiopoda). However, the advent of high resolution
imaging methods has produced evidence that a remarkable
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number of biominerals, from disparate taxa and phyla, share one
uniting structural trait on the nanometer scale: the biominerals
in question are composed of space-filling nanosized crystalline
building blocks separated by an intergranular organic sheath (see
Table 1, or for instance Cuif et al., 2011; Dauphin, 2006; Jacob
et al., 2008; Sethmann, 2005; Stolarski et al., 2009; Wolf et al.,
2012).

This nanoscale feature is one of the most fundamental levels
in the hierarchical organization of biominerals, and therefore
contributes – along with all other levels of hierarchy – substan-
tially to the macroscale properties. It is remarkable how certain
biominerals are able to unite microscale crystallinity with the
mesoscopic structure imposed by the nanogranular building
blocks. Several biominerals were de facto shown to behave like
a single crystal despite their nanogranular organization; i.e.,
the spines of several sea urchins species in the Echinometridae
family (Oaki and Imai, 2006; Seto et al., 2012), nacre of the pearl
oyster Pinctada fucata (Oaki and Imai, 2005), the skeleton of the
red coral Corallium rubrum (Vielzeuf et al., 2010, 2008), calcite
spicules of the calcisponge Pericharax heteroraphis (Sethmann
et al., 2006), and calcite prisms of the bivalve Pinna nobilis
(Wolf et al., 2012). This material property, i.e. to scatter X-rays
like a single crystal and to simultaneously exhibit a nanogranu-
lar thus mesoscopic organization, is subsumed under the term
mesocrystallinity1. Originally coined by Cölfen and Mann (2003a,
2003b), this highly influential material and synthesis concept has
received considerable attention ever since, especially in the field
of biomimetic crystallization and morphosynthetic crystal design
(Cölfen and Antonietti, 2008; De Yoreo et al., 2015; Meldrum
and Cölfen, 2008). Mesocrystallinity is not a common trait for all
nanogranular biominerals; numerous examples of a low crystallo-
graphic order are reported (Cuif et al., 2011) as well as intrigu-
ingly complex crystallographic textures such as bending and
tilting (Checa et al., 2013a; Olson et al., 2013).

In the first section of this review, we aggregate pertinent
reports on the presence of this common nanogranular organic/
inorganic composite structure. For the sake of conciseness, we
focus on calcifying species as these are the most extensively stud-
ied; however, we will also highlight some non-calcareous and
pathological examples. This exhaustive register demonstrates for
the first time the broad occurrence of this nanoscale feature. In
the second section, we assess the impact of this nanogranular fine
structure on the macro- to nanoscale properties of the biogenic
ceramic. We show that a remarkable number of properties—first
and foremost mechanical properties—profit from this nanostruc-
ture. In the third part, we link the nanogranular organization with
nonclassical, i.e. colloid-driven, crystallization processes in vivo
and give an overview of recently reported evidence from various
species.

It is the objective of this review to raise awareness of this wide
spread process-structure-property relationship that affects wide
ranging properties of biominerals. We expect that this fundamen-
tal relationship will not only help us to better understand the prop-
erties of biominerals but will also be an influential source of
inspiration for bio-inspired material design. The recent advances
in understanding of nonclassical crystallization in vitro—summa-
rized in a sequel review by Rodriguez-Navarro et al. (2016)—may
pave the way for a successful future mimesis of this fundamental
process-structure-property relationship.
1 The definition of a mesocrystal has undergone some cycles of revision in recent
years (Cölfen and Antonietti, 2008, 2005a,b; Faraday Disc., 2012); for the most recent
definition, see Bergström et al. (2015). For further information on this concept see
also the companion review by Rodriguez-Navarro et al., 2016.
I – Structure: nanogranularity is a wide spread structural trait
of biominerals

One of the first reports demonstrating a nanogranular fine
structure in biominerals dates back to the 1970s. In 1972, Mutvei
reported that ‘‘the basic mineral components in the nacreous crys-
tals [in Nautilus] are the aragonitic granules” (Mutvei, 1972) which
are depicted in Fig. 1A. Etching revealed that nacre tablets featured
a fine structure of vertical stacks of nanosized spheroids about
50–100 nm in diameter (see Fig. 1A). An atomic force microscopy
study in 2001 substantiated this claim by evidencing the
nanogranular fine structure of columnar nacre in two cephalopod
species (Fig. 1B and C; Dauphin, 2001). Note that this fine structure
is fully space-filling (see Fig. 1D–F) which is in agreement with
recent surface area measurements on biominerals (Yang et al.,
2011). In that sense, they are comparable to pure geological or syn-
thetic CaCO3 crystals which do not feature a nanogranular fine
structure (Ohnesorge and Binnig, 1993; Orme et al., 2001; Stipp
et al., 1994; Stolarski and Mazur, 2005) whereas synthetic
mesocrystals are characterized by a high porosity (Wang et al.,
2006, 2005; Yang et al., 2011). The observations of Mutvei and
Dauphin coincide well with XRD studies which established a typi-
cal coherence length of 50–200 nm for calcareous biogenic struc-
tures (Aizenberg et al., 1997, 1995; Berman et al., 1993, 1990).

Atomic force microscopy (AFM) in tapping mode provides topo-
graphical images along with information about probe-sample
interactions in the phase image (Cleveland et al., 1998). The prin-
cipal source of contrast in phase micrographs arises from material
contrast resulting from a change in mechanical properties, adhe-
sion, friction or viscoelasticity (Magonov et al., 1997; McLean and
Sauer, 1997). Nearly all phase images reported so far show a cortex
of different contrast surrounding each individual granule (e.g.
Checa et al., 2013b; Dauphin, 2008, 2001; Rousseau et al., 2005;
Wolf et al., 2012), see Fig. 1D–F and Fig. 2E–H, L–P. The nature of
the perigranular pellicle is not yet clearly established. The
consensus of opinion is that this second phase consists of organic
biomolecules comprising the intracrystalline organic matrix (e.g.
Baronnet et al., 2008; Bruet et al., 2005; Checa et al., 2013b;
Dauphin, 2006, 2001; Li et al., 2006a,b; Nouet et al., 2012;
Rousseau et al., 2005; Wolf et al., 2012). However, atomic force
microscopy phase images cannot provide conclusive evidence that
the cortex is of organic nature. Phase shifts merely indicate
variations in the probe-sample interaction potentials. The above-
mentioned change of the sample’s mechanical properties is one
potential source of contrast variation since this change leads to a
change in energy dissipation. However, topographical variations
can also induce phase shifts. A switch from single probe-surface
contact on flat surfaces to a broad interaction contact in grooves
or dips is also typically accompanied by a phase contrast.
Coincidence of phase contrast with topographical features in the
corresponding height image therefore calls for special attention
because surface roughness may have caused the phase shift.
Simple measures such as applying different sample preparation
techniques may eliminate such doubts, e.g. by imaging and com-
paring polished with freshly cleaved and untreated surfaces. In
Fig. 1E a typical phase image obtained from a calcium carbonate
biomineral is shown, i.e. the interior of calcitic prisms of the
bivalve shell of Pinna nobilis. The intergranular contrast is clearly
visible but the features notably coincide with topographical varia-
tions (Fig. 1D). Fig. 1F depicts a phase image of a freshly cleaved
surface of the same specimen. In this second phase mapping, phase
variations are also clearly present on top of individual granules, as
indicated by white arrows. The different sample preparation
method preserved the intergranular (and probably) organic mate-
rial in positions which do not coincide with topographical features.



Table 1
Overview of species, classes and phyla which feature a nanogranular organization akin to those shown in Figs. 1 and 2. The table claims not to be exhaustive and selects pertinent atomic force microscopy studies.

(Sub)Phylum Species name Microstructure Granule Ø Comments Source

Order/(Super)Class sp. = no subspecies name given a.a. = accepted as; m.a. = misspelled as

Brachiopoda
Terebratulina retusa Calcite fibres 600–650 nm Cusack et al. (2008, 2010)
Novocrania anomala Calcite fibres <100 nm Perez-Huerta et al. (2013)
Laqueus rubellus Calcite fibres <50 nm Perez-Huerta et al. (2013)
Notosaria nigricans Calcite fibres <50 nm Perez-Huerta et al. (2013)

Cnidaria
Anthoathecata Adelopora sp. 50–100 nm Stolarski and Mazur (2005)
Anthozoa Isastraea sp. 50–100 nm Jurassic Stolarski and Mazur (2005)

Merulina scabricula 40–100 nm Cuif and Dauphin (2004)
Stephanocyathus paliferus �50 nm Stolarsky (2003)

Scleractinia Caryophyllia smithi 40–80 nm Cuif and Dauphin (2004, 2005)
Cladocora caespitosa 40–80 nm Cuif and Dauphin (2004, 2005)
Coelosmilia sp. 30–100 nm Cretaceous, a.a. Anomocora Stolarski et al. (2007)
Desmophyllum sp 30–100 nm
Favia stelligera 40–80 nm a.a. Goniastrea stelligera

50–100 nm Stolarski and Mazur (2005)
Goniastrea retiformis 50–100 nm Stolarski and Mazur (2005)
Montastrea sp. 40–80 nm a.a.: Montastraea Cuif and Dauphin (2005)
Paracyathus sp. 50–100 nm Stolarski and Mazur (2005)
Porites australiensis & lutea 40–80 nm Cuif and Dauphin (2005)
Rennensismilia sp. 50–100 nm Cretaceous Stolarski and Mazur (2005)
Trochocyathus sp. 50–100 nm Cretaceous Stolarski and Mazur (2005)

Echinodermata
Echinoidea Anthocidaris crassispina 118 nm ± 44 nm m.a. Authoeidaris erassispina Seto et al. (2012)

�43 nm ± 14 nm a.a. Heliocidaris crassispina
Balanocrinus berchteni 80–130 nm Jurassic Stolarski et al. (2009)
Chariocrinus andreae 80–130 nm Jurassic Stolarski et al. (2009)

Mollusca
Bivalvia

Acila divaricata Nacre 20–120 nm Checa et al. (2013b)
Glycymeris glycymeris Crossed-lamellar 20–120 nm Böhm et al. (2016), Wolf et al. (2015)
Hyriopsis cumingii Nacre 30–150 nm Fresh water pearls, cultured Jacob et al. (2008)
Mytilus edulis Fibrous calcite 20–140 nm Dauphin (2008)

Nacre 20–140 nm Dauphin (2008)
Neotriginia sp. Unclear 50–75 nm Dauphin et al. (2014)
Nucula nitidosa Nacre 20–120 nm Checa et al. (2013b)
Pecten maximus Foliated calcite 30–100 nm Dauphin (2008)
Perna viridis Nacre 20–120 nm Checa et al. (2013b)
Pinctada margaritifera Calcite prisms 110 x 250–400 nm Dauphin (2003)

Calcite prisms 50–75 nm Cuif et al. (2014)
Calcite prisms 50–150 nm Checa et al. (2013a)
Nacre 20–150 nm Dauphin (2008), Checa et al. (2013b)

Pinctada maxima Nacre 44 ± 23 nm Rousseau et al. (2005)
Nacre 38 ± 21 nm Stempflé and Brendlé (2006)
Nacre 20–100 nm Fresh water pearls, cultured Jacob et al. (2008)

Pinna nobilis Calcite prisms 40–140 nm Dauphin (2008)
Calcite prisms 20–100 nm Polished & fractured Wolf et al. (2012)
Nacre 20–120 nm Wolf et al. (2015)

Pteria hirundo Nacre 20–120 nm Checa et al. (2013b)
Placuna placenta Calcitic lamellae 30–50 nm Li and Ortiz (2013)
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Table 1 (continued)

(Sub)Phylum Species name Microstructure Granule Ø Comments Source

Order/(Super)Class sp. = no subspecies name given a.a. = accepted as; m.a. = misspelled as

Gastropoda
Bolma rugosa Nacre 20–120 nm Checa et al. (2013b)
Concholepas concholepas Calcitic prisms 14–140 nm Dauphin (2003, 2008)

Crossed-lamellar 15–140 nm Dauphin (2003, 2008)
Cypraea sp. Unclear 30–140 nm Dauphin (2008)
Gibbula cineraria Nacre 20–120 nm Checa et al. (2013b)
Gibbula umbilicalis Nacre 20–120 nm Checa et al. (2013b)
Haliotis rufescens Calcitic prisms 15–100 nm Dauphin (2008)

Nacre 20–40 nm Li et al. (2004) and Li et al. (2006a,b)
<120 nm Huang and Li (2012, 2013)
25–150 nm Dauphin (2008)

Haliotis tuberculata Nacre 30–100 nm Dauphin (2008)
Nerita undata Crossed-lamellar aragonite 50–150 nm Nouet et al. (2012)
Trochus niloticus Nacre 50–75 nm a.a. Tectus niloticus Bruet et al. (2005)

Cephalopoda
Nautilida Nautilus macromphalus Nacre 20–200 nm Dauphin (2001, 2002, 2006, 2008)

Nautilus pompilius Nacre 30–130 nm Checa et al. (2013)
Quenstedtoceras sp. Nacre <100 nm Jurassic fossils Dauphin (2002)

Spirulida Spirula spirula Nacre 25–120 nm Dauphin (2001)

Porifera
Calcarea Leuconia johnstoni Calcite spicules 60–130 nm Kopp et al. (2011)

Pericharax heteroraphis Calcite spicules 10–30 nm/20–150 nm Sethmann et al. (2006)
Petrobiona massiliana Calcite spicules 50–100 nm Gilis et al. (2011)
Petrobiona sp. Calcite fibres 50–100 nm Stolarski and Mazur (2005)

Hexactinellida Euplectella sp. Fibres 30–100 nm Siliceous Aizenberg et al. (2005)

Vertrebrata
Pisces Gadus morhua Otoliths <50 nm Dauphin and Dufour (2008)
Mammalia Homo sapiens Bone �50 nm e.g. Tai et al. (2006), Fantner et al. (2005)

Kidney stones <150 nm Sandersius and Rez (2007)
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Fig. 1. Evidence for a nanogranular fine structure in molluscan biominerals. (A) Etched nacre reveals, besides the organic interlamellar matrix (org), vermiculations (vc) which
are columnar stacks of 50–100 nm mineral granules [Taken from Mutvei and Dunca (2010), with permission of Springer]. (B, C) Atomic force micrographs evidence the
granular building blocks and rod-like organization of the granules [Taken from Dauphin (2001), with permission of Springer]. (D–F) Exemplary height (D) and phase images
(E,F) of a nanogranular biomineral – here calcite prisms of Pinna nobilis. In (D) and (E) a mirror-polish was applied, in (F) a freshly fractured surface was imaged. Reproduced
from Wolf et al. (2012) with permission from The Royal Society of Chemistry]. (G) TEM of an area low in electron density adjacent to a granular mineral aggregate in a pearl;
(H) Electron energy loss element map for carbon of a region in (G) [Reprinted from Jacob et al. (2008) with permission from Elsevier]. (I–K) Underfocused bright-field TEM
images w of the prisms in P. fucata (I), C. nippona (J), and A. pectinata (K) [Reprinted with permission from Okumura et al., 2012 Copyright 2012 American Chemical Society].

2 For estimation of the granule diameter, the method of sample preparation and the
pparently non-spherical shape of the granules must be taken into account. In
ctions and polished samples, for instance, the median diameter of the fraction of the
rgest granules appears to be a good measure for estimating the granule diameter.
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The observation of such contrast variations in regions of single
probe-surface contact abates the doubts that the intergranular
phase variation is a mere AFM artifact caused by surface roughness
(Wolf et al., 2012).

Orthogonal measurement techniques that rest on a different
physical phenomenon for signal generation substantiate the
assumption of an intergranular organic matrix. Solid-state nuclear
magnetic resonance (SS-NMR) suggests the existence of buried
inorganic-organic interfaces in biominerals (Ben Shir et al., 2013;
Wolf et al., 2015). Transmission electron microscopy (TEM) inves-
tigations of pearls substantiated the organic-inorganic nanocom-
posite structure by revealing a spongy, porous carbon-rich
network permeating the biomineral growth layers whose meshes
are filled with electron-dense calcium carbonate (see Fig 1G and
H; Jacob et al., 2008). Additional TEM studies on four different
bivalve species showed a granular organization and the presence
of a halo of distinctly lower electron density surrounding the indi-
vidual nanogranules (Checa et al., 2013a; Okumura et al., 2012).
The locus of this electron-sparse moiety coincides with the obser-
vations made using tapping-mode AFM, see Fig. 1I to K. Jointly,
these studies strongly support the idea that the intergranular
matrix is of organic nature. However, conclusive evidence is yet
to be provided.

In the case of Mollusca, it was probably Dauphin who first
pointed out that their calcified tissues share a ‘‘nanostructural uni-
ty” (Dauphin, 2008). Nanogranular fine structures were first found
by AFM in the class of cephalopods (Checa et al., 2013b; Dauphin,
2008, 2006, 2002, 2001; Mutvei and Dunca, 2010), and were then
subsequently identified in the main microstructures of Bivalvia
and Gastropoda (see Fig. 2A–C): in sheet nacre (see Fig. 2A;
Checa et al., 2013b; Dauphin, 2008; Jacob et al., 2008; Rousseau
et al., 2005; Stempflé and Brendlé, 2006; Wolf et al., 2015), pris-
matic calcite (see Fig. 2B; Checa et al., 2013a; Cuif et al., 2014;
Dauphin, 2008, 2003a; Wolf et al., 2015, 2012), foliated calcite
(Dauphin, 2008) and in the crossed-lamellar aragonite of bivalves
(see Fig. 2C; Böhm et al., 2016; Wolf et al., 2015) as well as in
columnar nacre (Bruet et al., 2005; Checa et al., 2013b; Huang
and Li, 2013, 2012; Kim et al., 2002; Li et al., 2006a,b) and the
crossed-lamellar aragonite of gastropods (Dauphin, 2008, 2003b;
Nouet et al., 2012). The constant occurrence of nanogranularity
in each of these microstructures is remarkable because a distinct
secretion pattern with varying organic composition governs the
formation of each respective microstructure (Joubert et al., 2010;
Marie et al., 2012; Marin et al., 2014, 2013; Montagnani et al.,
2011). Nevertheless, we find a nanogranular organization in all of
these microstructures, be they made of calcite or aragonite. This
clearly suggests that the mechanisms, which give rise to the
nanogranular features, are of a fundamental nature and are not
affected by variations in the secretion patterns or the host
microstructures.

In addition to the phylum Mollusca, identical nanostructures
were identified by AFM in the phylum of calcifying Cnidaria (Cuif
and Dauphin, 2005, 2004; Cuif et al., 2004; Stolarski and Mazur,
2005; Stolarski, 2003) and also in the spines and tests of sea urch-
ins (phylum Echinodermata; Seto et al., 2012; Stolarski et al.,
2009). The spicular skeletons of calcisponges (phylum Porifera)
also consist of nanogranules with cortices (see Fig. 2D; Gilis
et al., 2011; Kopp et al., 2011; Sethmann et al., 2006) as do the
shells from the phylum Brachiopoda (Cusack et al., 2010, 2008;
Perez-Huerta et al., 2013). Nanogranules have also been observed
in avian eggshells (Rodríguez-Navarro et al., 2015).

The nanogranular organization of all of these taxonomically
diverse calcareous biominerals is surprisingly consistent (see
Fig. 2; Table 1 lists contributions in which biominerals were char-
acterized by means of AFM). The granules of most species are of
approximately similar diameter2 ca. 50–120 nm and are (partially)
encapsulated by an organic cortex. Only Terebratulina retusa, a rhyn-
chonelliform brachiopod, exhibits a distinctly larger granule diame-
ter compared to all other species in other phyla (e.g. the phylum
a
se
la



Fig. 2. Atomic force micrographs reveal a common nanogranular organization in various biominerals. (A-C) Bivalve microstructures, be they consisted of aragonite (e.g. nacre
of P. maxima in A, crossed-lamellar aragonite of G. glycymeris in C) or calcite (e.g. prisms of P. nobilis in B), feature the same granular organization on the nanoscale in tapping-
mode atomic force microscopy. Each granule is coated by a perigranular cortex, as shown in the respective phase images. The asterisks exemplify the locus of the
intergranular matrix, the so-called cortex. Arrows denote intragranular phase variations within granules that may indicate the existence of intragranular organics. (D-F) This
nanoscale organization is not restricted to mollusks. Granular nanostructures can be found by AFM topography micrography as fundamental building block in calcisponges
(D, P. heteroraphis) and silica sponges (E, T. aurantia). The nanogranularity can even be preserved in fossils, such as in calcitic Cretaceous coral (F, Coelosmilia sp). Scale bars: (A)
STEM image: 500 nm, AFM phase image: 100 nm [The latter is reprinted from Rousseau et al. (2005), with permission from Elsevier]; (B) polarized light microscopy image:
40 lm, AFM phase image: 100 nm [The latter is reprinted from Wolf et al. (2012) with permission from The Royal Society of Chemistry]; (C) SEM image: 20 lm, AFM phase
image: 100 nm [The latter is reprinted from Böhm et al. (2016) with permission from Cambridge University Press]; (D) Light microscopy image: 100 lm, AFM topography
image 100 nm [Reprinted from Sethmann et al. (2006), with permission from Elsevier]; (E) Light microscopy image: 100 lm, AFM topography reconstruction with 2 lm scan
size [Reprinted from Weaver et al. (2003), with permission from Elsevier]; (F) Macroscopic image: 20 mm, AFM topography image: 100 nm [Reprinted from Stolarski et al.
(2007), with permission from AAAS].
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Mollusca) and to other species within the brachiopods (Cusack et al.,
2010, 2008; Perez-Huerta et al., 2013). Some species were reported
to exhibit a distinctly smaller grain size (<50 nm; see Table 1 or
Barthelat et al., 2006; Li et al., 2004; Mutvei and Dunca, 2008;
Rousseau et al., 2005; Stempflé and Brendlé, 2006) which may
enhance their mechanical properties (see section II on properties).
For some species, intragranular phase variations were identified
(see white arrows in Fig 1A and B; Dauphin, 2008) which may point
to an additional internal grain structure or a fusion of smaller
granules into larger ones. Notably, the calcification machinery and
secretion profiles of these organisms differ significantly, which is
in stark contrast to the observed overarching structural unity of
the various phyla. This again points to a fundamental and probably
process-related commonality.

Nanogranularity is not restricted to calcareous biominerals, cf.
Table 1. The hexactinellid genus Euplectella and other demo-
sponges, such as Thethya aurantia, are similarly constructed from
densely fused nanogranules of silica coated by organics (see
Fig. 1E; Sundar et al., 2003; Weaver et al., 2007, 2003). Moreover,
we find a similar nanogranular fine structure in bone, i.e. in a
biomineral made from highly carbonated hydroxyapatite
(Fantner et al., 2005). Also enamel, the hardest biomineral in the
human body, consists of 50 nm-sized grains covered with a thin
cuticle of organics (Habelitz et al., 2001). Even pathological
biomineralization can result in granular features, as seen in kidney
stones (Dorian et al., 1996; Lyons Ryall et al., 2001; Sandersius and
Rez, 2007a,b; Wolf et al., 2016).

Nanogranularity has even been preserved in fossils (see Fig. 1F);
sea urchins from the Jurassic (Stolarski et al., 2009), Createceous
corals (Stolarski et al., 2007) and Callovian ammonites (Dauphin,
2002) have been found to feature nanogranularity. This demon-
strates the remarkable stability of the nanogranular features.

It has to be stressed that nanogranularity is not a universal trait
of all biominerals. Despite the impressive number of biominerals
featuring this structural property, there are several examples that
exhibit, for instance, well facetted crystals with no distinct fine
structure on the nanoscale (Gal et al., 2015). Guanine crystals in
fish skins and spider integuments are well studied examples; coc-
coliths also do not feature any granules on the nanoscale, e.g. Coc-
colithus pelagilus (Henriksen et al., 2004, 2003). We thus advise
against using nanogranularity as an unfailing proxy for biogeni-
cally formedminerals and against seeing its provenance as a purely
vital effect. Moreover, nanogranular features have been frequently
observed in minerals formed abiotically; for instance in geological
depositions of abiotically precipitated sparry calcite crystals
(Stolarski and Mazur, 2005) or in vitro precipitation in organic-
rich environments (e.g. Kirkland et al., 1999; Sethmann, 2005;
see also the sequel to this review). Instead of being of vital prove-
nance, a nanogranular fine structure often indicates nonclassical
and colloid-driven mineralization. We know from numerous
in vitro studies that organic additives, e.g. acidic biomacro-
molecules (Marin et al., 2013), can act as process-directing agents
inducing nonclassical crystallization (Cölfen and Antonietti, 2008).
The colloids that drive nonclassical crystallization and accrete to
the growing mineral, give rise to a nano- or mesoscopic internal
structure. This is especially well-established for a relatively simple
but potent in vitro biomimetic crystallization model, the so-called
polymer-induced liquid-precursor process (PILP, see sequel to this
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review, or Gower and Odom, 2000; Gower and Tirrell, 1998;
Gower, 2008; Harris et al., 2015; Wolf and Gower, 2016; Wolf
et al., 2011a,b, 2008).
II – Properties: nanogranularity affects various properties of
biominerals

In the first section of the review we demonstrated that
nanogranularity is a common structural feature in biological
mineralized tissues; a structural unity of disparate species. In the
following part we aim to give an overview of the properties that
are affected by this fundamental nanocomposite organization; a
compilation of structure-property relationships. Nevertheless,
one should always be aware that biominerals are highly hierarchi-
cally organized materials. All macroscale properties of biominerals
emerge from contributions of each hierarchical level to the respec-
tive property. The macroscopic behavior may therefore differ from
species to species in accordance with changes in the overall hierar-
chical organization. For the sake of clarity and rigor of this section,
we omit to list other contributing factors and refer to pertinent
reviews on a holistic, ‘‘materiomic” understanding of hierarchically
ordered biogenic and biomimetic materials (Cranford and Buehler,
2012; Cranford et al., 2013; Wegst et al., 2014; etc.).

Dissolution is typically a severe threat to biominerals. The sub-
division of a mineral body into nanograins provides several options
to tune the solubility of the nanogranular material. Generally
speaking, solubility and dissolution is a particle-size-dependent
phenomenon. Classical nucleation theory neglects this effect; a
simplification known as the capillary assumption (see Dillmann
and Meier, 1991, 1989; Ford et al., 1993; as well as the sequel to
this review by Rodriguez-Navarro et al., 2016). If the length scale
of a nanostructured mineral lies within the capillary regime (i.e.,
<100 nm), then a distinct deviation from the ideal dissolution
behavior has to be expected due to the Gibbs-Thomson effect
(typically an increase in solubility; De Yoreo and Vekilov, 2003;
Helmholtz, 1886; Perez, 2005; Tolman, 1949, 1948). For the case
of enamel—which also features a nanogranular structure—, Tang
et al. (2004) demonstrated that this nanoscale organization
bestows the biomineral with an inherent resistance to dissolution,
probably due to the intergranular matrices. Changing the composi-
tion of the intergranular phase can also regulate the dissolution
behavior of a biomineral. In the case of rodent teeth enamel,
Gordon et al. (2015) showed that the intergranular phase in unpig-
mented enamel is composed of Mg-substituted amorphous
calcium phosphate, whereas the pigmented enamel consists of
ferrihydrite and amorphous iron-substituted calcium phosphate.
Due to this compositional change, the pigmented layer of rodents
is less susceptible to leaching at low pH values.

Due to small particle sizes, it is not only the solubility of mineral
phases that can be affected. Such confinement also changes the
stability of phases and may thereby change the order of phases
in the Ostwald step rule. This phenomenon is well documented
for in vitro systems (Cantaert et al., 2013; Loste et al., 2004;
Stephens et al., 2010; Wang et al., 2013) and also holds true for
amorphous calcium carbonate (ACC). Stabilized with a layer of
poly(aspartic acid) after synthesis, an intrinsic stability against
redissolution was estimated for ACC particles below 100 nm
(Nudelman et al., 2010).3 In vivo, we can observe that this
phenomenon leads to intracrystalline preservation of amorphous
calcium carbonate. Meanwhile, mature calcareous biominerals were
3 Strictly speaking, the Gibbs-Thomson effect considers the effect of curvature on
the solubility of the respective material. A critical radius can only be defined for a
perfect sphere. Since the nanogranules are irregular in shape and often oblate, the
average granule diameter can only be a rough estimate for assessing if the granules
are in the capillary regime.
repeatedly reported to feature a distinct amount of amorphous cal-
cium carbonate (ACC) embedded within the crystalline mineral
body. For instance, XAS on the Ca-K edge revealed 6.9 atom%
intracrystalline amorphous calcium carbonate in the mature calcitic
prisms of a 25-year-old Pinna nobilis. The amorphous fraction in
mature Pinna prisms is a clear remnant of their genesis via a tran-
sient amorphous intermediate (Wolf et al., 2012), a pathway which
is established as a generic mechanism for sea urchins as well as
for a wide range of other biominerals (Addadi et al., 2006, 2003;
Gower, 2008). However, the presence of amorphous materials was
expected only for the juvenile development stage until Jacob et al.
presented the first direct evidence for ACC in aragonitic mature mol-
lusk shells (Jacob et al., 2011). The preservation of intracrystalline
amorphous calcium carbonate was also detected in other aragonitic
bivalve microstructures, such as nacre and crossed-lamellar arago-
nite (Wolf et al., 2015). We extended our SS-NMR study to a set of
bivalves with different microstructures: we found about 3 atom%
of ACC in Glycymeris glycymeris (crossed-lamellar), 3–4% in the cal-
cite prisms of Pinna nobilis, and 3–7% intracrystalline ACC in Tridacna
derasa (crossed-lamellar aragonite, depending on locality within the
shell), about 6% in Arctica islandica (homogeneous), and up to 10% in
Hyriopsis cumingii (nacre). It is not clear why in the latter case such a
high value is found, but we could verify the presence of ACC by both
Raman and TEM (Jacob et al., 2011). We can safely state that all of
these bivalves show a distinct intracrystalline fraction of amorphous
calcium carbonate substantiating that this preservation is a shared
trait of calcareous biominerals. Accordingly, intracrystalline conser-
vation of amorphous calcium carbonate was also reported for other
calcareous species, such as sea urchins. Seto et al. (2012) found 5–8
atom% of ACC in mature spines of Heliocidaris crassispina and specu-
lated that the intracrystalline amorphous fraction resides at inter-
granular boundaries and that its transformation is poisoned by the
presence of organic material, a proposal similar to the model of
Nassif et al. (2005). An additional preservation mechanism was
recently proposed by Wolf et al. (2015) which provides an explana-
tion for the relatively large fractions of intracrystalline ACC for which
a mere intergranular preservation mechanism cannot account (Wolf
et al., 2015). This model was triggered by XANES-PEEM analyses of
sea urchin embryo spicules in which mapping of mineral phase dis-
tributions revealed small isolated amorphous domains with an
approximate diameter of 60–120 nm embedded in a ‘‘blue sea” of
crystalline materials (see Fig. 3A; Gong et al., 2012). Similar results
were recently reported from the growth front of forming nacre
(see Fig. 3B; DeVol et al., 2015) and the diameter of these amorphous
patches corresponds well with the granule diameter estimated by
AFM (see Table 1) or TEM (Checa et al., 2013a; Hovden et al.,
2015; Jacob et al., 2008; Okumura et al., 2012; Suzuki et al., 2011).
Notably, the same motif, an ACC particle of about 100 nm diameter
surrounded by an organic pellicle, was shown to stabilize the amor-
phous state of the synthetic ACC particle (Nudelman et al., 2010);
hence, a similar action of insular grains in a granular nanocomposite
is reasonable. Both, the formation pathway via amorphous precur-
sors and the transformation into the stable phase may influence
the elemental composition of the end-product. This may carry signif-
icant consequences for quantitative paleoclimate reconstruction as
noted by Cheng et al. (2007) with respect to the Mg/Ca ratio in
biominerals.

The nanogranular organization of a biomineral has a distinct
impact on its mechanical behavior. It is as important in biominer-
als as the microstructure and grain boundaries, which dictate
many of the macroscale properties, are in man-made ceramics.
Flaws are inherent for brittle ionic crystals, e.g. single grains in
(bio)ceramics, and inhibit them from reaching their theoretical
maximal strength because defects can act as crack nucleators
(Griffith, 1921; Margolin, 1984). Griffith stated that there is a crit-
ical length scale belowwhich the fracture strength approaches that



Fig. 4. Crack pathway and ligation in nanogranular bioceramics. (A–C) The perigranular crack propagation in nacre significantly enlarges the crack pathway [Reprinted with
permission from Macmillan Publishers Ltd: Scientific Reports, Huang and Li (2013), copyright 2013]. (D) Crack ligation by the intergranular organic matrix in bone. (E)
Scheme illustrating sacrificial bonds in the ligating organic matrix; the cation-mediated crosslinks can connect (1) intramolecularly, (2) intermolecularly or (3) generating
additional anchoring on the mineral grains. [Reprinted with permission from Macmillan Publishers Ltd: Nature Materials, Fantner et al. (2005), copyright 2005].

Fig. 3. Mapping experiments reveal anisotropic phase compositions on the nanoscale in early stages of mollusc biomineralization. (A) XANES-PEEM documents
intracrystalline amorphicity in 72 h old spines of a sea urchin; the insets on the right represent enlarged maps with a pixel size of 20 nm of the boxed region. The magenta
nanoparticles are 60–120 nm in size [Taken with permission from Gong et al., 2012]. (B) The growth front in nacre of bivalves is also initially amorphous [Reprinted with
permission from DeVol et al. (2015) Copyright 2015 American Chemical Society].
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of a perfect crystal (Griffith, 1921; Margolin, 1984). By rigorously
applying this so-called Griffith criterion, Fratzl and co-workers
explained that composites with structures on the nano- to mesos-
cale may experience optimized strength and a maximum flaw
tolerance. Interpreting the intracrystalline organic matrix as intrin-
sic nanosized cracks in biominerals, they predicted, based on the
Griffith criterion, that if a flaw-containing building block is larger
than a critical value of about 30 nm, then the mineral building
block will fail by stress concentration at the crack tips. However,
if the size of the building block drops below this critical length
scale, then the intrinsic crack does not accumulate stress at its tips
and the building block will not fail by cracking and will resist crack
propagation (Gao et al., 2003). Although the characteristic lengths
of biomineral microstructures to which Gao et al. referred to are
above this threshold (e.g. nacre tablets are several hundred
nanometers in thickness), we clearly point out that the typical
diameter of nanogranules are near this critical value. Several
species were reported to feature a grain size that exactly meets this
criterion (see Table 1), e.g. various sea urchins (Oaki and Imai,
2006; Seto et al., 2012), brachiopods (Perez-Huerta et al., 2013)
or in nacre of Pinctada spp. (Li et al., 2006a,b; Rousseau et al.,
2005; Stempflé and Brendlé, 2006; Takahashi et al., 2004).



252 S.E. Wolf et al. / Journal of Structural Biology 196 (2016) 244–259
However, the critical length given above should be seen only as a
rough approximation since the derivation does not take into
account that the intergranular organic matrix affects crack resis-
tance considerably, as we will see in the following.

As a direct consequence of the considerations above, nanogran-
ularity affects the cracking behavior on the mesoscale and causes
the characteristic conchoidal fracture behavior of various biomin-
erals. In single-crystalline aragonite or calcite, a crack follows the
characteristic cleavage planes, e.g. along {104} in calcite, which
generates the well-known smooth crack surfaces. In a nanogranu-
lar material with grain diameters below the critical Griffith value,
conchoidal fracture behavior is observed. The individual granules
remain intact since they (nearly) reach their theoretical strength
and, thus, the crack path is no longer straight and dominated by
the crystal cleavage planes. Instead, it runs in tortuous trails
through the intergranular organic matrix (the case of nacre is
exemplarily shown in Fig. 4A–C). The path length considerably
increases; consequently crack travel through the biomineral
absorbs more energy (Huang and Li, 2013). This generates irregular
crack surfaces that increase frictional resistance and energy con-
sumption for shearing and sliding, similar to the nanoasperites
reported for nacre (Barthelat et al., 2006; Evans et al., 2001;
Wang et al., 2001).

The perigranular path forces the crack to travel through the pro-
teinaceous matrix which can thereby contribute considerably to
energy dissipation. The intergranular organic matrix can bridge a
crack of several hundred nanometers since it shows good adhesion
to the mineral grains (Fantner et al., 2005; Li et al., 2006a,b; Smith
et al., 1999; Sumitomo et al., 2008), see for instance the case of
bone in Fig. 4D. The stretching of these bridging ‘‘glue molecules”
leads to rupture of sacrificial bonds, which are often calcium-
mediated (Fantner et al., 2005; Smith et al., 1999). These sacrificial
bonds are additional inter-/intramolecular bridges and are typi-
cally weak and break before the strong bonds of the polymer back-
bone (see Fig. 4E). The energy needed to break these bonds
increases the overall energy required to advance the crack, and
thus the toughness of the material is increased. Additionally, rup-
ture of the sacrificial bonds in the intergranular glue molecules
allows unfolding of loops releasing hidden length (e.g. Fig. 4E-1)
of the bridging polymer thereby preserving the integrity of the
ligament. After relaxation, the sacrificial bonds may reform and
the ligament may refold/contract again. This self-healing mecha-
nism in bioceramics was demonstrated for bone (Currey, 2001;
Fig. 5. Nacre tablets featuring zones depleted in intracrystalline organic matrix, evidenc
with permission from Younis et al. (2012); Copyright 2012 American Chemical Society].
observation sketched in subfigure (C) that large granules form the outer layer of tablets an
Mutvei and Dunca (2008), with permission of Springer].
Fantner et al., 2005; Thompson et al., 2001) and for nacre (Smith
et al., 1999; Sumitomo et al., 2008). Taking the case of pigmented
rodent enamel, it seems that replacing iron for calcium (or Mg) in
the intergranular matrix strengthens these sacrificial bonds as the
hardness is increased considerably (Gordon et al., 2015); this
design bears remarkable resemblance to iron-mediated sacrificial
and self-healing crosslinks in byssal threads of marine mussels
(Harrington et al., 2010)

Stretching of the intergranular organic matrix transmits forces
to grains to which a ligation is attached and can consequently lead
to nanogranule rotation pushing nearby neighbors of the rotating
granules away. Li et al. (2006a,b) reported that this rotation leads,
on the one hand, to grain deformation by abrasion and shear (and
thus to energy dissipation) and, on the other hand, to an increased
spacing between the granules (Li et al., 2006a,b). On the basis of
this observation, they claimed that nacre expands under tension,
i.e. nacre features a negative Poisson’s ratio under tensile stress.
In other words, nanogranularity can render biominerals auxetic.
Similar observations were made recently in the case of the non-
nacreous shell of P. placenta, in which, upon nanoindentation, vis-
coplastic stretching of intergranular organic material was observed
along with nanograin detachment and nanograin rotation (Li and
Ortiz, 2014, 2013).

Due to a similar combination of nanogranule sliding, organic
ligament bridging and nanogranule rotation, nanogranular biomin-
erals feature enhanced plasticity and viscoelastic behavior on the
nanoscale. This nanoplasticity was claimed for both nacre (Li
et al., 2004; Mohanty et al., 2011) and for bone (Tai et al., 2006).
This change in behavior is remarkable since plastic deformation,
one fundamental mechanism of energy dissipation, occurs in
brittle ionic crystals only under compression or shear by disloca-
tion motion or mass transport. Nanogranularity thus grants a
new type of plasticity to the material.

The concept of an intergranular yet intracrystalline organic
matrix seems to also provide a method to control the density
distribution of organic inclusions which, in turn, may affect
mechanical properties and crack propagation. Embedded organic
molecules lower the elastic modulus of the ceramic host material
locally. Distributing the organic inclusions in an anisotropic fash-
ion can generate a gradient of the elastic modulus that will force
the crack to deflect to regions with lower elastic modulus
(Younis et al., 2012). Younis et al. recently observed that individual
nacre tablets of Perna canaliculus feature a thin layer towards the
ed by (A) scanning transmission microscopy and (B) electron tomography [Adapted
The depletion in organics at the tablet rim can be explained on the basis of Mutvei’s
d that intracrystalline organics mainly reside at the intergranular space [Taken from
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intertabular organic matrix in which the density of intercrystalline
organic inclusions is depleted, see Fig. 5 (Younis et al., 2012). They
speculated that this inhomogeneous distribution of intracrystalline
organic materials may induce the predicted change in cracking
behavior. The observation of Younis et al. coincides well with a
report by Mutvei and Dunca documenting that the outer layer of
nacre tablets in gastropods and cephalopods features a distinctly
larger grain size (2008). If the locus of the intracrystalline organic
matrix is predominantly at intergranular sites, then variation of
grain size may directly control the density of intracrystalline
organic inclusions and lead to the anisotropic distribution of the
intracrystalline organic matrix and, hence, to areas that are able
to deflect cracks.

Last but not least, nanogranules also lead to an increased sur-
face roughness of the building blocks on the next hierarchical level,
e.g. nacre tablets, since they serve as their fundamental compo-
nents. In other words, the nanogranules are the origin of the
nanoasperities on the surface of nacre tablets that cause interlock-
ing upon shear and sliding. This considerably increases frictional
resistance and energy consumption for shearing and sliding
(Barthelat et al., 2006; Evans et al., 2001; Wang et al., 2001).
III – Process: Nonclassical crystallization by colloid attachment
and transformation (CAT) as the origin of the nanogranularity
of biominerals

In this last section we address the question of from which
mechanisms the nanogranularity in biominerals may emanate. Is
there a common process from which the set of structure-
property relationships listed above may stem? The last decade
has brought about an answer to this question as our awareness
of nonclassical crystallization processes has increased. A nanogran-
ular fine structure often denotes a colloid-driven and thus nonclas-
sical crystal growth mechanism as has been evidenced in
numerous recent studies (Cölfen and Antonietti, 2008; De Yoreo
et al., 2015; Gal et al., 2014; Gower, 2008; Meldrum and Cölfen,
Fig. 6. (A) Scanning transmission micrographs of a quasi-planar section through the fir
finally turn into fully space-filling nacre. Note the pronounced fibrillar organization prece
stages of early nacre formation reveal how early nacre is formed from the fusion of individ
Publishing Group].
2008; see also the companion review by Rodriguez-Navarro
et al., 2016). The generation of a granular nanostructure is well
established for a distinct mineralization process via colloid attach-
ment and transformation (CAT), the so-called polymer-induced
liquid-precursor (PILP) process (Gower and Odom, 2000; Gower,
2008; Wolf and Gower, 2016). In this relatively simple but potent
biomimetic crystallization model, polyelectrolyte additives such as
poly(acrylic acid) or poly(aspartic acid) are used that mimic the
charged biopolymers involved in biomineralization in vivo (Marin
and Luquet, 2007; Marin et al., 2013). During crystallization, they
act as process directing agents and shift the crystallization mode
from classical to nonclassical growth driven by attachment of
amorphous colloids. This CAT process generates nanocomposite
materials with nanogranular features indistinguishable from those
found in biogenic minerals (Kim et al., 2007; Wolf et al., 2012) and
is also capable of creating complex crystallographic textures such
as bending and tilting (Harris et al., 2015) similar to those recently
identified in mollusk shells (Checa et al., 2013a; Olson et al., 2013).

This suggests that the nanogranular fine structure in biominer-
als is most likely rooted in a colloid-mediated, nonclassical mode
of growth. This idea pairs perfectly with observations of mineral-
bearing vesicles in epithelial cells, e.g. ACC-containing vesicles
(dubbed ‘‘calcosomes” or, more generally, ‘‘lithosomes” by Wolf
et al., 2012) in calcifying corals (Isa, 1986), sea urchins (Beniash
et al., 1999), ciliates (Lemloh, 2015) and bivalves (Neff, 1972;
Watabe et al., 1976), or ACP-containing vesicles in osteoblasts
(Kerschnitzki et al., 2016; Rohde and Mayer, 2007), bone-lining
cells (Mahamid et al., 2011) and ameloblasts (Eisenmann et al.,
1979; Garant and Nalbandian, 1968; Kallenbach, 1971; Kim et al.,
1994; Reith, 1967). Vesicles bearing a silica precursor, called silica-
somes, were also found in silicifying glass sponges (Müller et al.,
2008).

Watabe initially suggested that these mineral deposits are acti-
vated for mineralization in bivalves by redissolution (Watabe,
1983) but it now also seems reasonable to assume that mineraliz-
ing epithelial cells secrete their deposits of amorphous mineral in
these ‘‘calcosomes” in a colloidal state. It is still under debate
st layers of nacre in Pinna nobilis showing the initial aggregation of colloids which
ding tablet formation. (B) Detailed views of the different mineralization stages. The
ual granules [reprinted with permission from Hovden et al., 2015: Copyright Nature
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whether the settling mineral colloid is solid-amorphous and hence
particulate (Gal et al., 2015, 2014) or still highly hydrated and
hence liquid-condensed (Gower, 2008; Wolf et al., 2012); it may
also depend on the mineral the organism precipitates. Neverthe-
less, the nanostructural unity implies that this colloidal mode of
growth is widespread in biomineralization. A colloid-mediated
growth process would solve the ‘‘logistical problem at the mineral-
ization site” pointed out by Morse and Addadi: for deposition of,
for instance, aragonite, ‘‘the volume of saturated calcium carbonate
solution needed would be at least 105 larger than the mineral vol-
ume deposited‘‘ and would pose high demand ‘‘in terms of trans-
porting sufficient mineral to the site and removing large volumes
of water” (Addadi et al., 2006).

By means of scanning transmission electron microscopy (STEM)
analysis of the onset of nacre in Pinna nobilis, i.e. its first layers of
nacre, we were able to provide conclusive evidence for a colloid-
mediated growth process of bivalve nacre (see Fig. 6; Hovden
et al., 2015). Nacre growth starts by aggregation of colloids
(Fig. 6, nano-aggregation). As growth progresses, the particle num-
ber density increases and, when a critical density is reached, con-
tinuous albeit irregular early-nacre layers are formed. High-
resolution images of this moment of transformation reveal how
the colloids ‘‘merge” into space-filling mineral tablets (see Fig. 6,
early nacre) this clearly corroborates the assumption of a colloid-
mediated growth process in nacre. It is still unclear, what gives rise
to the fibrillar organization, be it columnar growth or a templating
effect by a fibrillar matrix component such as chitin (Hovden et al.,
2015). Despite this unanswered question, the findings bridge
nicely with Mutvei’s observations of intratabular rod-like vermicu-
lations (see Fig. 1) in nacre and the pertinent nanogranular features
observed by AFM (Figs. 1 and 2).

These studies were conducted on nacre of a mature specimen;
hence, the initial mineral phase—at the moment of secretion or
attachment—could not be determined. However, recent XANES-
PEEM mapping showed that the nacre growth interface, which
Fig. 7. Possible nonclassical pathways in biotic mineralization that follow a colloid att
calcium carbonate mineralizing system. (A, B) Possible transportation channels that ca
delivered to the cell (1) which stores them intracellularly in a mineral-bearing vesicle, th
either exocytosed completely (3) or transported to the mineralization site via re-dissolut
of amorphous precursor colloids (5). The amorphous mineral colloid attaches to the grow
filling mesocrystal. After attachment, the highly hydrated ACC phase (yellow) subseque
crystallization (red ? blue). The crystallization can be triggered by heteroepitaxy and th
the individual nanogranules. Some granules do not transform; either they are shielded b
improper stoichiometry.
faces the mineralizing epithelial mantle cells, is essentially amor-
phous in its early stages (see Fig. 3 or DeVol et al., 2015). Similarly,
Zhang et al. showed for Perna viridis that the initial nacre tablets
are only partially crystalline and that they transform into crys-
talline tablets and, in their semi-crystalline state, are composed
of granules not all of which are crystalline (Zhang and Xu, 2013).
Similar observations were made by Baronnet et al. (2008) in Pinc-
tada margaritifera and by Jacob et al. in cultured pearls of P. maxima
(Jacob et al., 2008). These observations are all in line with the now
established tenet that calcareous (and some other) biominerals
form via an amorphous and transient precursor that transforms
over the course of time into a crystalline phase (Addadi et al.,
2006, 2003; Aizenberg et al., 1996; Beniash et al., 2009; Dillaman
et al., 2005; Gago-Duport et al., 2008; Gower, 2008; Hasse et al.,
2000; Mahamid et al., 2008; Nassif et al., 2005; Politi et al., 2006;
Sethmann et al., 2006; Towe and Lowenstam, 1967; Weiner and
Addadi, 2011, 1997; Weiner et al., 2005).

In the following, we outline a schematic model that explains the
genesis of nanogranular features in biominerals. The complete pro-
cess can be paraphrased as a nonclassical crystallization that pro-
ceeds via colloid attachment and transformation (CAT) of an
amorphous precursor. This precursor is formed and stabilized
intracellularly in mineral-bearing ‘‘lithosomes”. A plausible sce-
nario would be that these lithosomes are exocytosed, be it to an
extracellular scaffold or a vesicle-delineated syncytium, attach to
and subsequently merge with the growing biomineral in a still
amorphous state (Fig. 7A). An alternative setting would be that
the lithosomal mineral deposits are first re-dissolved and the
resulting ions are secreted to the extracellular mineralizing fluid
along with biomacromolecules (Fig. 7B). These polyelectrolytes,
akin to the process-directing agents of in vitro studies, may lead
to an extracellular formation of amorphous mineral-precursor col-
loids which then, instead of ions, drive the mineralization process
in a nonclassical fashion. In both scenarios, the accretion step of
the colloids is probably accompanied by dehydration processes
achment and transformation (CAT) mechanism, here exemplified for the case of a
n give rise to nonclassical crystallization. The mineral constituents and water are
e litho- or calcosome (2). The amorphous and colloidal content of the calcosome is
ion (4). In the latter case, concomitantly secreted acidic proteins induce reformation
ing mineral interface (6). (C)Maturation of the deposited mineral to a fully space-

ntly loses water (yellow ? orange ? red) until it is fully dehydrated and ready for
e crystallinity percolates through the mineral body by homoepitaxial maturation of
y a thick organic cortex or they may be poisoned against crystallization, e.g. due to
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(DeVol et al., 2015; Gong et al., 2012; Politi et al., 2008) that lead to
the formation of an anhydrous volume of mineral that is ready to
undergo a phase transformation from solid-amorphous to solid-
crystalline. This phase transformation is pseudomorphic, which
means that the resulting mineral morphology deviates from the
normal characteristics expressed by a mineral phase formed in
equilibrium, and hence preserves the internal nanogranular struc-
ture reflecting the fundamental building blocks of the biomineral.

The phase transformation into a crystalline mineral represents
the second step in this nonclassical biomineralization process
(see Fig. 7C). Primary nucleation of the still amorphous body is
probably triggered heteroepitaxially by exploiting the templating
action of specific proteinaceous nucleators (Addadi and Weiner,
1985; Belcher et al., 1996; Falini et al., 1996; He et al., 2003;
Levi-Kalisman et al., 1998; Nudelman et al., 2007). Once a crys-
talline granule exists in the amorphous body, maturation of the
amorphous monolith advances and percolates through the amor-
phous mineral body in a random and tortuous path (Politi et al.,
2008; Seto et al., 2012; Weiner and Addadi, 2011). Homoepitaxial
nucleation induces crystallization of the granules in contact with
an already crystallized granule and crystallinity propagates
through the mineral volume by ‘‘hopping” from granule to granule
(Killian et al., 2009; Seto et al., 2012; Weiner and Addadi, 2011;
Wolf et al., 2012). Sporadic granules seem to withstand epitaxial
nucleation which may be due to their non-stoichiometric composi-
tion or a dense and organic cortex impervious enough to preserve
individual granules. The process of colloid attachment and trans-
formation (CAT) can give rise to highly crystallographically co-
oriented nanogranules, i.e. a mesocrystal, if the propagation of
the crystalline phase through the amorphous body is governed
by a homoepitaxial templating action of the crystalline bulk phase.

The process of CAT must clearly be delineated from the process
of oriented attachment (OA); both of which can lead to the forma-
tion of a mesocrystal. In the latter case of OA, crystalline mineral
particles attach to an already crystalline bulk material in a crystal-
lographic register (Cölfen and Mann, 2003c, 2003d; Li et al., 2012;
Penn and Banfield, 1998; Penn and Soltis, 2014; Penn, 1998; see
also the companion review by Rodriguez-Navarro et al., 2016)
whereas in the case of CAT amorphous colloids attach to the grow-
ing and not necessarily crystalline mineral body (Addadi et al.,
2003; Gower, 2008; Wolf and Gower, 2016). Amorphous materials
are intrinsically isotropic and, therefore, cannot undergo oriented
attachment (see for instance Homeijer et al., 2010). Sufficient evi-
dence has been provided that the growth of calcareous and apatitic
biominerals proceeds via an amorphous precursor (Addadi et al.,
2003; Gower, 2008 and references therein; Sviben et al., 2016)
and that the crystalline state is achieved by a solid-to-solid phase
transformation (Beniash et al., 2009; DeVol et al., 2015; Gong et al.,
2012; Wolf et al., 2012). However, biogenic CAT processes have
occasionally been, incorrectly described as oriented attachment
(e.g. Oaki and Imai, 2006; Zhang and Xu, 2013). Besides the confu-
sion caused by these dichotomous pathways in nonclassical crys-
tallization, we believe that another aspect in this process
demands terminological clarification. The templating action of
the already crystalline bulk material in CAT processes (Fig. 7C) is
often referred to as secondary nucleation, in reference to the
chronology of nucleation events. In the field of industrial crystal-
lization, secondary nucleation denotes nucleation processes which
occur ‘‘only because of the presence of crystals of the material
which is crystallized” (Botsaris, 1976, italics in original) and is
commonly attributed to the generation of secondary nuclei by fluid
shear, e.g. by collision of crystals with solid surfaces (e.g. walls of
the crystallization unit) or other already existing crystals
(McCabe et al., 2004; Tavare, 1995; Evans et al., 1974; Kane
et al., 1974). It is obvious that this notion is in conflict with the sce-
nario of a solid-amorphous to solid-crystalline transformation
occurring in biominerals. It seems more appropriate to adopt the
terminology developed in epitaxy and mineralogy and to refer to
the maturation of a biomineral as homo- or isoepitaxy. These terms
describe the special case where the substrate is of the same com-
position as the newly deposited layer and that it templates the for-
mation of the same crystal phase (Herman et al., 2004).
Conclusions & perspectives

Nanogranularity is a common, although not omnipresent fea-
ture, of calcareous biominerals and can also be found in other
biominerals made from calcium phosphate or silica. This structural
characteristic unites microstructures, species, and phyla. It repre-
sents an inorganic-organic nanocomposite structure. A wide range
of properties rest on this nanocomposite design, namely dissolu-
tion resistance, amorphous phase stabilization, self-healing and
various mechanical properties, i.e. strength, toughness and fracture
behavior. These structure-property relationships emerge from a
common colloid-driven mineralization pathway. The nonclassical
mineralization pathway lays the basis for one of the most impor-
tant and most fundamental nanoscale process-structure-property
relationship so far identified in biominerals.

Nature demonstrates that, by mastering mineralization by col-
loid attachment and transformation (CAT), a synthesis pathway
to mesocrystalline nanoceramics is opened. Further detailed eluci-
dation of by which means the genesis of crystallographic proper-
ties can be controlled, will pave the way to new material
synthesis concepts for bio-inspired ceramic materials when paired
with advanced understanding of nonclassical processes.
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