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Recent research has shown that biominerals and their biomimetics (i) typically form via an amorphous
precursor phase, and (ii) commonly display a nanogranular texture. Apparently, these two key features
are closely related, underlining the fact that the formation of biominerals and their biomimetics does
not necessarily follow classical crystallization routes, and leaves a characteristic nanotextural imprint
which may help to disclose their origins and formation mechanisms. Here we present a general overview
of the current theories and models of nonclassical crystallization and their applicability for the advance of
our current understanding of biomineralization and biomimetic mineralization. We pay particular atten-
tion to the link between nonclassical crystallization routes and the resulting nanogranular textures of
biomimetic CaCO3 mineral structures. After a general introductory section, we present an overview of
classical nucleation and crystal growth theories and their limitations. Then, we introduce the
Ostwald’s step rule as a general framework to explain nonclassical crystallization. Subsequently, we
describe nonclassical crystallization routes involving stable prenucleation clusters, dense liquid and solid
amorphous precursor phases, as well as current nonclassical crystal growth models. The latter include
oriented attachment, mesocrystallization and the new model based on the colloidal growth of crystals
via attachment of amorphous nanoparticles. Biomimetic examples of nanostructured CaCO3 minerals
formed via these nonclassical routes are presented which help us to show that colloid-mediated crystal
growth can be regarded as a wide-spread growth mechanism. Implications of these observations for the
advance in the current understanding on the formation of biomimetic materials and biominerals are
finally outlined.

� 2016 Elsevier Inc. All rights reserved.
1. Introduction

Biominerals display complex shapes, a hierarchical structure,
and an exquisite organization at multiple length-scales, which
along with the right combination of rigid (mineral) and elastic/-
plastic (organic) materials, provide them with unmatched func-
tionality and physical-mechanical properties (Cölfen and Yu,
2005; Gómez-Morales et al., 2015; Gower, 2008; Hendley et al.,
2015; Lowenstam and Weiner, 1989; Mann, 2001; Meldrum and
Cölfen, 2008; Nudelman and Sommerdijk, 2012). These features
enable biominerals to, for instance, offer protection and structural
support (Lowenstam and Weiner, 1989), act as equilibrium, optical
or sensing (orientation or navigation) devices (Aizenberg et al.,
2001; Faivre and Schüler, 2008; Lowenstam and Weiner, 1989),
provide structural color (Li et al., 2015), and act as ion reservoirs
(Sato et al., 2011). Inspired by nature and in a quest to reproduce
in vitro the superior properties and functionality of biominerals,
chemists and material scientists have tried to replicate them in
the laboratory via bottom-up, mild synthesis routes (Aizenberg
and Fratzl, 2009; Arakaki et al., 2015; Imai et al., 2006; Liu and
Jiang, 2011; Meldrum and Cölfen, 2008; Munch et al., 2008;
Sanchez et al., 2005; Sommerdijk and de With, 2008; Wegst
et al., 2015; Xu et al., 2007; Yao et al., 2014). This bio-inspired or
biomimetic synthesis approach is not only aimed at replicating
abiotically the size, shape, orientation, composition and hierarchi-
cal organization of existing biominerals, but also strives to learn
guiding principles and ideas that nature has mastered through
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billion years of evolution (since early microbial biomineralization;
see for instance Wright and Oren, 2005) and use them for the
synthesis of novel functional materials (Xu et al., 2007). Indeed,
as indicated by Gómez-Morales et al. (2015) ‘‘what is really impor-
tant in biomimetic and bio-inspired studies is not the devices
themselves, but to understand the mechanisms that life uses to
produce them”. Interestingly, the synthesis and analysis of biomi-
metic minerals is in turn yielding important results that are
helping to shed light on the mechanisms of biomineralization. Some
of these results, particularly those referring to the nanotextural fea-
tures of biomimetic calcium carbonate minerals and their relation-
ship to nonclassical crystallization routes, are reviewed here.

Growing experimental evidence is showing that biominerals
and their biomimetic counterparts commonly display two key fea-
tures that seem to be related and might be general (Gal et al., 2014,
2015; Gower, 2008): they form via amorphous precursor phases
(Addadi et al., 2003; Aizenberg et al., 2003; Beniash et al., 1997,
2009; DeVol et al., 2015; Gal et al., 2010; Gong et al., 2012;
Gower, 2008; Killian et al., 2009; Lowenstam and Weiner, 1985;
Mahamid et al., 2008; Politi et al., 2004, 2008; Rodriguez-Navarro
and Ruiz-Agudo, 2013; Rodriguez-Navarro et al., 2015a,b; Seto
et al., 2012; Towe and Lowenstam, 1967), and display a nanogran-
ular texture, typically made up of oriented nanocrystals less than
100 nm in size (for an extended list of contributions, see the first
part of this review and references therein -Wolf et al., 2016a, or,
for instance Böhm, 2016; Dauphin, 2001, 2008; Cuif et al., 2011;
Gal et al., 2013, 2014, 2015; Miyajima et al., 2015; Oaki et al.,
2006; Rodriguez-Navarro et al., 2015b; Ruiz-Agudo et al., 2016;
Sethmann et al., 2006; Seto et al., 2012; Sondi et al., 2011;
Stolarski and Mazur, 2005; Wolf et al., 2012, 2015a). These two
key features underline the fact that the formation of biominerals
and their biomimetics does not seem to follow classical crystalliza-
tion routes/pathways. Furthermore, their nonclassical crystalliza-
tion and subsequent coarsening via an aggregation-based growth
mechanism where precursor nanoparticles, liquid or solid, amor-
phous or crystalline, are the building blocks, as opposed to mono-
mers (as postulated by classical crystallization theory), leaves a
characteristic nanotextural imprint (Fig. 1) which may help to dis-
close their formation mechanisms and may also aid in the recogni-
tion of biotic signatures in the geologic record.

Here we review some of the key structural and textural
(nanogranular) features of biomimetic minerals, as well as their
nonclassical nucleation and growth mechanisms. For this, we first
present a brief description of the fundamentals of classical nucle-
ation (CNT) and growth (CGT) theories. Afterwards we introduce
the Ostwald’s step rule, and discuss the different (thermody-
namic and kinetic) theories put forward to explain its origins.
The Ostwald’s step rule helps us to put into context the following
sections in which we present the current models for nonclassical
nucleation (stable prenucleation clusters, liquid and solid amor-
phous precursors) and colloid-mediated, aggregation-based non-
classical crystal growth. We show that the formation of
amorphous (liquid and solid) precursor phases, in conjunction
with the presence (and effects) of organic additives, along with
a general colloid-mediated nonclassical crystal growth mecha-
nism, helps to explain the nanogranular features of a range of
biomimetic minerals. Several examples of biomimetic materials
with nanogranular features are presented and described here
which help us to show that a colloid-mediated crystal growth
might be a general growth mechanism in vitro (and in vivo,
too; see Wolf et al., 2016a). We focus our review on calcium car-
bonate biomimetic minerals for two main reasons: (i) calcium
carbonates are the most abundant biominerals and their
biomimetics have been the subject of extensive research; and
(ii) significant progress in our current understanding of
nonclassical crystallization has recently taken place studying
the CaCO3-H2O system. Finally, implications of these observations
for the advance in the current understanding on the formation of
biomimetic materials and biominerals are outlined.

2. Classical crystallization theory

Crystallization in solution is a first order phase transition
which takes place via two distinctive processes: a) nucleation
of a solid phase (a crystal embryo) and b) its subsequent sponta-
neous growth (Mullin, 2001). According to classical nucleation
theory (CNT), as defined among others by Volmer and Weber
(1926) and Becker and Doring (1935), based on Gibbs’s works
(Gibbs, 1876, 1878), the driving force for nucleation is the overall
reduction in Gibbs free energy of a system, DG which can be
expressed as:

DG ¼ �
4
3pr

3

v kTln
IAP
ksp

� �
þ 4pr2c ð1Þ

where r is the radius of a cluster (assumed to be spherical), v its
molecular volume, k is the Boltzmann’s constant, T is the absolute
temperature, IAP is the ion activity product, and ksp is the solubility
product (of a relevant phase), being ln(IAP/ksp) defined as the super-
saturation, r of the system, and c the interfacial (or surface) energy
of the crystal embryo in contact with the solution. The first term of
Eq. (1) accounts for the energy released by the formation of the bulk
solid phase (due to the reduction in chemical potential upon incor-
poration of a monomer into a cluster), while the second term
accounts for the energy penalty associated with the creation of a
solid-solution interface. The competition between bulk and surface
free-energy terms leads to the existence of a free-energy barrier
that has to be overcome for a cluster to grow (via incorporation of
monomers) rather than to shrink. This free energy barrier, DG⁄ is
overcome when the clusters reach a critical radius, that is, when
dDG/dr = 0, and is given by (García-Ruiz, 2003):

DG� ¼ 16pv2c3

3 kT ln IAP
ksp

� �h i2 ð2Þ

Eq. (2) enables the calculation of the free energy barrier for
homogeneous nucleation in solution. In most systems, however,
a preexisting surface or an interface typically exists (e.g., solid par-
ticles, membranes or organic matrices). In these cases, the hetero-
geneous nucleation of crystal embryos on a substrate is favored.
The presence of an interface significantly reduces the Gibbs free
energy barrier for nucleation (Sommerdijk and deWith, 2008). This
occurs because the relevant surface free energy term is the sum of
the nucleus-liquid and nucleus-substrate interfacial energies
minus that of the liquid-substrate interface, whereas in the case
of homogeneous nucleation the only relevant interfacial energy is
that of the nucleus-liquid interface (Travaille et al., 2005). Hetero-
geneous nucleation is thus the generally preferred crystallization
route in a range of biomineralization and biomimetic scenarios
(e.g., template-directed crystallization, see for instance Aizenberg
et al., 1999; Mann, 2001; Sommerdijk and de With, 2008; Tremel
et al., 2007).

According to CNT, it is assumed that clusters are spherical (which
is not the case for polyhedral crystals) and their c equals that of the
bulk macroscopic crystals. The latter is the so-called ‘‘capillary
assumption” (Dillmann and Meier, 1989, 1991; Ford et al., 1993;
Gebauer et al., 2014), which is largely responsible for the strong
deviations between calculated and experimental values of nucle-
ation rates, J⁄ given by (García-Ruiz, 2003; Mullin, 2001),

J� ¼ Aexp �DG�

kT

� �
exp � Ea

kT

� �
ð3Þ



Fig. 1. Amorphous precursors and nanogranular textures in CaCO3 biominerals and their biomimetics. Spicules of sea urchin (A and B) and calcareous sponge (C and D) form
via ACC precursors and display a nanogranular texture (B and D). Arrow in (A) shows the initial rhombohedral calcite seed. Inset in (B) shows the fractured spicule, displaying
a nanogranular texture in the magnified view. Faceted calcite rhombohedron (E) formed in vitro, in the presence of organics, via ACC nanoparticle aggregation displaying a
nanogranular texture (F). (G) Model for calcite growth via incorporation of organic-stabilized ACC (1) onto calcite (2) and final fusion with the carbonate structure (3)
resulting in the nanogranular texture depicted in (F). Figure (A) reprinted from Gal et al. (2015), with permission from The Royal Society of Chemistry; Figure (B) from De
Yoreo et al. (2015). Reprinted with permission from AAAS. Figures (C) and (D) reprinted from Sethmann et al. (2006), with permission from Elsevier; Figures (E, F, and G),
reprinted with permission from Gal et al. (2014). Copyright Wiley.
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where A is a constant (the so-called pre-exponential factor, which
depends on the properties of a particular system), and Ea is the acti-
vation energy needed to overcome the kinetic barrier for nucleation
(which depends, among other factors, on ion desolvation and struc-
tural rearrangements) (Habraken et al., 2013; Vekilov and de Yoreo,
2003). J⁄ is strongly dependent on T and supersaturation and, of
course, interfacial energy, and is given by an Arrhenius-type equa-
tion because monomer-by-monomer clustering is associated with
inelastic collisions leading to density fluctuations which are
stochastic in nature. The contribution of the second exponent in
Eq. (3) is typically neglected due to the difficulty of determining
the kinetic barrier (Baumgartner et al., 2013; Gebauer et al., 2014).

According to classical crystal growth theory (CGT), once a post-
critical crystal embryo is formed in solution, it will continue to
grow via a layer-by-layer process that takes place by step genera-
tion and spreading (via monomer-by-monomer incorporation at
kink sites), either at emerging dislocations or after 2 dimensional
(2D) and/or 3D surface nucleation (i.e., terrace-ledge-kink – TLK-
model) (Burton et al., 1951; De Yoreo et al., 2009; Frank, 1949;
Kossel, 1927; Teng et al., 1998). Note that at the typical, relatively
low T of crystallization from solutions in relevant biomineraliza-
tion or biomimetic systems, normal or continuous growth via
direct attachment of monomers is rather uncommon (Chernov,
1984). Standard stepwise layer-by-layer growth of faceted crystals
in solution according to the model first delineated by Kossel
(1927), involves the following steps: (i) ions/molecules diffuse
towards the surface of a crystal where they are adsorbed, (b) they
undergo 2D surface diffusion towards an energetically favorable
site (kink), and (c) they are incorporated into the crystal lattice fol-
lowing desolvation (Myerson, 2002). As in the case of nucleation,
the driving force for crystal growth is the overall reduction in free
energy of the system, that is, the free energy of the solvent and the
growing crystals (Vekilov and De Yoreo, 2003). In order to mini-
mize the overall surface energy of the system, the largest crystals
will tend to growth at the expense of the smallest. This classical
coarsening process is called Ostwald’s ripening, and is associated
with the increased solubility of particles with decreasing size
(Gibbs-Thompson effect) (Mullin, 2001).

Despite its enormous merit and the advances that the applica-
tion of classical crystallization theory has brought about, experi-
mental, computational and theoretical results have shown,
however, that strong deviations from CNT and CGT occur in several
systems (De Yoreo et al., 2015; Gebauer et al., 2014; Mullin, 2001;
Navrotsky, 2004; Nielsen et al., 2014; Vekilov and De Yoreo, 2003).
The existence of stable pre-nucleation clusters (Gebauer et al.,
2008), as well as dense liquid and solid amorphous precursor
phases (Bewernitz et al., 2012; Gower, 2008; Rodriguez-Navarro
et al., 2015b), shows that ‘‘nonclassical” nucleation pathways can
take place in relevant biomineralization and biomimetic systems.
Similarly, crystal growth via (nano)particle (amorphous or crys-
talline) coalescence, aggregation or attachment has been demon-
strated (De Yoreo et al., 2015; Killian et al., 2009; Meldrum and
Cölfen, 2008; Penn and Banfield, 1998; Wang et al., 2013a;
Woehl et al., 2014), which does not fit within the ‘‘classical” picture
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of crystal growth (i.e., monomer-by-monomer addition). These
‘‘nonclassical” crystallization routes, which will be described and
discussed in the following sections and are schematically repre-
sented in Fig. 2, are dramatically changing our current understand-
ing on the formation of biominerals and biomimetic materials.

3. The Ostwald’s step rule: kinetics vs. thermodynamics

3.1. The Ostwald’s step rule

One of the founding stones of classical crystallization theory is
that two order parameters, namely densification and long-range
order, have to emerge simultaneously (Sleutel and van Driessche,
2014). This is, however, not the case in many systems, as Ostwald
already pointed out more than 100 years ago. Ostwald (1897) sta-
ted that in a system, which is about to undergo phase transition
and which can form multiple phases, both stable and metastable,
does not go directly to the thermodynamically stable phase.
Instead, the system prefers to select intermediate stages and, con-
sequently, less stable phases form prior to the thermodynamically
stable phase. Ostwald predicts that the first phase to appear would
be the one with a free energy (and structure) closest to the parent
phase (e.g., the solution). Stranski and Totomanov (1933) restated
this rule indicating that the phase that emerges first is the one sep-
arated from the parent phase by the smallest free energy barrier.
According to Ostwald, the first phase formed from a supersaturated
homogenous solution should be a (dense) liquid phase. Subse-
quently, the metastable solid phase(s) formed after the (dense) liq-
uid phase may undergo consecutive phase transformation (e.g., via
dissolution-reprecipitation) (Ogino et al., 1987) until the thermo-
dynamically stable phase (for a given set of conditions) is formed.
This multi-step precipitation sequence is called the Ostwald’s step
rule (also known as the Ostwald-Lussac or Ostwald-Weber rule of
stages) (De Yoreo et al., 2015; Gower, 2008; Meldrum and Cölfen,
2008). Although its validity as a general rule has been questioned,
there are numerous examples where this empirical rule is followed
(Threlfall, 2003). This is, for instance, the case of the CaCO3-H2O
Fig. 2. Classical and nonclassical crystallization. According to CNT, nucleation
proceeds by monomer-by-monomer addition (ions or molecules) to a single cluster
finally forming a faceted crystal (bottom). Non-classical mechanisms involve
nucleation of a liquid (droplets) or amorphous solid (possibly formed after
aggregation of stable prenucleation clusters). The nucleated amorphous solid phase
subsequently crystallizes to generate the final stable crystal product. Once
nanocrystals have been formed, they can continue to grow either via incorporation
of monomers (CGT) or via non-classical processes involving coalescence (aggrega-
tion or attachment) of individual poorly-crystalline or crystalline nanoparticles
(nearly-oriented or oriented attachment). From De Yoreo et al. (2015). Reprinted
with permission from AAAS.
system, where the following precipitation sequence has been
observed (if precipitation takes place at a sufficiently high
supersaturation): (dense liquid precursor)? ACC? (ikaite)?
(monohydrocalcite)? vaterite? (aragonite)? calcite (phases in
parenthesis are not commonly detected or formed at STP condi-
tions) (Ogino et al., 1987; Rodriguez-Navarro et al., 2015b). This
precipitation sequence, which follows a downhill energy land-
scape, can be further complicated by the existence of additional
metastable ACC phases with different degrees of hydration and
structural order as well as enthalpy/surface energy: e.g., synthetic
more dissordered hydrated ACC, less dissordered hydrated ACC,
and more ordered anhydrous ACC (Radha et al., 2010; Rodriguez-
Navarro et al., 2015b) or biogenic hydrated and anhydrous ACC
(DeVol et al., 2015; Gong et al., 2012; Politi et al., 2008).

3.2. Origins of the Ostwald’s step rule

The origin of the Ostwald’s step rule has been a matter of con-
troversy (Nývlt, 1995). Ostwald’s tentative explanation was based
on classical thermodynamics, suggesting that the metastable zone
of metastable and stable phases could overlap, enabling the forma-
tion of the former prior to the later. This has been, however, con-
sidered incorrect (Threlfall, 2003). Several alternative hypotheses
have been proposed, that are based either on thermodynamics or
on kinetics, or on both.

Based on irreversible thermodynamics, it has been suggested
that entropic changes can favor the formation of intermediate
metastable phases over the direct formation of the stable one
(van Santen, 1984; Threlfall, 2003). However, the role of entropy
changes for Ostwald’s step rule – as proposed by van Santen
(1984) –, has been questioned (Casey, 1988). An alternative expla-
nation for the Ostwald’s step rule was proposed by Nývlt (1995).
The author suggested that the structure of the solution contributes
to select which phase is formed first. The author indicated that the
so-called ‘‘structuring” of the solution might be related to ‘‘varying
average clusters size of the solute”. Unfortunately, the author did
not explain the notions or origins of ‘‘structure of the solution”
or the ‘‘varying clusters size of the solute”. However, Nyvlt’s
hypothesis seems to point indirectly to the entropic gain upon
phase transition (crystallization) as the key parameter for the for-
mation of metastable precursor phases. At first sight, this is coun-
terintuitive as a crystal has a lower entropy than the solution from
which it crystallizes, so crystallization seems not to obey the sec-
ond law of thermodynamics (Frenkel, 2015). However, the disorder
achieved by the solvent (i.e., changes in the solvent ‘‘structuring”)
and the heat released by the nucleation of a condensed phase
(dense liquid or solid) with a higher order, can lead to an overall
increase in entropy; then the second law is followed. If we consider
the overall system (solution and newly formed solid or dense liq-
uid phase) a higher entropic gain can be achieved by forming a
metastable (less ordered) precursor phase instead of a stable crys-
talline phase. This process is favored if, concurrently, the solvent
becomes less ordered. Note that aqueous solutions can display a
certain degree of water structuring (i.e., short- or medium-range
order) depending on the type and concentration of solute species
(i.e., structure-breakers or structure-builder ions) (Marcus, 2009;
Ruiz-Agudo et al., 2011), as well as on the amount of bound (ori-
ented) water molecules (Dorvee and Veis, 2013). Thus, one can
assume that any process that weakens the solution’s structuring,
e.g., nucleation of a new phase incorporating the structure-
builder ions, will be entropically favored (Dove and Craven,
2005; Ruiz-Agudo et al., 2011). Furthermore, crossovers between
the entropy of crystallization of stable and metastable phases can
take place at a given T, which will favor the crystallization of a
metastable phase. Keislich et al. (2015) reported that in the case
of a metal-organic framework (MOF), a metastable polymorph
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could crystallize prior to the stable one above a certain T at which
the entropy of crystallization of the metastable phase is higher
than that of the stable phase. For this to occur, the authors empha-
sized that the enthalpy difference between stable and metastable
phases has to be minimal (0.07 eV).

An alternative approach to explain the Ostwald’s step rule,
which is also based on thermodynamics, was presented by
Navrotsky (2004). At sufficiently small crystal sizes (<100 nm), an
inversion in the ordering of stability of the different phases in a
system may occur due to the size-dependent variation of the
enthalpic contribution to the free energy of a particular precursor
phase (the entropic contribution was considered irrelevant). This
requires that the enthalpy difference between the different phases
is sufficiently low (1–10 kJ/mol, see Fig. 3a) which is actually the
case of the anhydrous CaCO3 polymorphs. Such an effect, possibly
in parallel with impurity effects, may allow for the initial formation
of the less stable phase, vaterite, followed by aragonite and, finally,
calcite. Furthermore, computer simulations show that at suffi-
ciently small diameters (<4 nm) ACC could be the thermodynami-
cally stable phase (Raiteri and Gale, 2010), thus offering a plausible
explanation why, under high supersaturation conditions, ACC typ-
ically precedes the formation of any crystalline CaCO3 polymorph
(Ihli et al., 2014; Nielsen et al., 2014; Ogino et al., 1987;
Rodriguez-Navarro et al., 2015b). Note, however, that the precipi-
tation of amorphous and crystalline phases in the CaCO3 system
can involve both direct and indirect pathways (Nielsen et al.,
2014). In situ liquid cell TEM analyses have recently shown that
ACC can form and then transform into vaterite or aragonite (parent
and product phases being physically in contact during the transfor-
mation) according to the Ostwald’s rule, while simultaneously
Fig. 3. The Ostwald’s step rule: Thermodynamic and kinetic effects. A) Free-energy
landscape vs. particle radius for stable and metastable polymorphs. A crossover in
free energy (enthalpic contribution) occurs at a sufficiently small particle size,
which enables the initial formation of the metastable phase. Reprinted with
permission from Navrotsky (2004). Copyright National Academy of Sciences, USA;
B) Free energy landscape for crystallization pathways under thermodynamic
(classical pathway) and kinetic control (solution? DOLLOP/PNCs? ACC? stable
crystal). Whether the system follows one pathway (black line) or the other (blue
line) (or the alternative pathways depicted by dashed pink lines) depends on the
free energy barrier for nucleation and growth. Reprinted from Harding et al. (2014).
With permission of The Royal Society of Chemistry.
calcite can directly nucleate from solution along with vaterite
(or, possibly, ACC) (Nielsen et al., 2014), an effect that cannot be
easily explained by the Ostwald’s step rule. However, in this case,
possible artifacts associated with the e-beam (resulting in the
observed deviation from the Ostwald’s step rule) cannot be ruled
out.

An argument similar to the one presented above explaining the
Ostwald’s step rule on the basis of size-dependent enthalpy cross-
overs can be made resting on size-dependent variations of the
interfacial energy (and surface free energy) of metastable and
stable phases. This was suggested for the first time for the Al2O3

system (McHale et al., 1997). At a sufficiently small size, a cross-
over of interfacial energy can facilitate the nucleation of the meta-
stable phase(s) if its interfacial energy is smaller than that of the
stable phase.

Size-independent solvent-mineral interactions (inducing sur-
face (re)structuring) also appear to play a role in determining what
is the actual surface free energy of a nanosized mineral phase, as
shown by Zhang et al. (2003) for the case of ZnS nanoparticles.
Such a solvent effect may determine which phase forms first. It fol-
lows that during crystallization from solution, the selection of a
particular phase according to the Ostwald’s step rule may not only
depend on size-related surface energy effects, but also on the inter-
actions between a specific (precursor) phase and water molecules.
In other words, size-independent structural/compositional
changes may also play a critical role in selecting which (metastable
or stable) phase nucleates first. This idea is consistent with the so-
called ‘‘generalized Gibbs approach” which suggests that the bar-
rier for nucleation is overcome mainly via changes in the structure
(and composition) of the precursors phase (not in equilibrium with
the solution) at a nearly constant size (Schmelzer et al., 2010).

Kinetics, however, have been traditionally considered as the
main cause for the existence of the Ostwald’s step rule. Stranski
and Totomanov (1933) elaborated the first kinetic approach to
the interpretation of the Ostwald’s step rule. They proposed that
a (metastable) phase will form first in a system if the formation
rate of supercritical clusters of this phase is higher than that of
all other possible metastable or stable phases. Based on the Arrhe-
nius equation, the authors calculated the nucleation rate of the dif-
ferent phases in a system, where the critical step was to overcome
the free energy barrier for nucleation that, according to Eq. (2), is
strongly dependent on the surface energy of the nucleating phase.
The authors concluded that because the free energy barriers for the
formation of metastable phases were smaller than the free energy
barrier for the direct formation of the stable phase, the nucleation
rate of the former would be higher than that of the latter. In other
words, the system would prefer to choose a kinetic crystallization
pathway rather than a thermodynamic one, as depicted in the
energy landscape shown in Fig. 3b. This energy landscape can help
to explain why metastable phases (liquid- and solid-amorphous,
see below) form earlier (at a higher rate) than the stable one under
kinetically-controlled crystallization (Cölfen and Mann, 2003;
Gower, 2008; Harding et al., 2014).

It can be concluded that the fundament of Ostwald’s step rule is
not yet fully understood and may rest on a tight interplay of ther-
modynamic and kinetic phenomena (Navrotsky, 2004). In any case,
the fact that most biomineralization- and biomimetic-relevant sys-
tems follow the Ostwald’s rule and feature liquid and/or solid
amorphous metastable precursor phases indicates that nonclassi-
cal crystallization might be a general phenomenon, rather than
the exception.

3.3. Phase transitions within the Ostwald’s crystallization sequence

Once a metastable solid precursor phase forms, how does it
subsequently transform into a more stable one? What is the
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mechanism of this phase transformation? Two basic mechanisms
have been proposed: a) solid-state transformation, and b)
dissolution-reprecipitation. Under typical biogenic/biomimetic
conditions, i.e. from solution at relatively low T, a solid-state
transformation does not seem to be the relevant process because
the diffusion rates in solid state are very low. However, there is
no general consensus on this. For instance, in the case of the
CaCO3-H2O system, some researchers propose a solid-state trans-
formation for biotic and abiotic low-T ACC-to-crystalline conver-
sion (e.g., Addadi et al., 2003; Politi et al., 2008), while others
propose a dissolution-reprecipitation process (Giuffre et al.,
2015; Rodriguez-Navarro et al., 2015a,b), or a combination of an
initial solid-state transformation followed by a dissolution-
reprecipitation (Ihli et al., 2014). It should be noted that for the
case of ACC-to-crystalline transformation in some biominerals
(e.g., sea urchin spicules) where anhydrous ACC is present in the
interior, no water would apparently be present for a dissolution-
precipitation to take place, so a solid-state transformation would
be the most likely mechanism (Gong et al., 2012; Politi et al.,
2008). However, Radha et al. (2010) showed that even ‘‘anhydrous
ACC” (both biogenic and synthetic) included a small amount of
water (�0.2 mol H2O per formula unit). Therefore, during the
ACC-to-crystalline transformation, water present in ‘‘anhydrous
ACC” could be released and contribute to the progress of the phase
transformation via a dissolution-precipitation mechanism (Gal
et al., 2014; Rodriguez-Navarro et al., 2015b). But a question
remains unanswered: What does trigger the initial ACC-to-
crystalline transformation in this case? Ihli et al. (2014) underlined
that at the very early stages of ACC-to-crystalline transformation a
solid-state process could trigger the phase transition, which after-
wards would proceed via a dissolution-precipitation mechanism.
Hence, it could be possible that in some biominerals both processes
play a role.

It has been suggested that in a solution supersaturated with
respect to both stable and metastable phases, nuclei of all possible
solid phases can form (Cardew and Davey, 1985). Indeed, one could
envision that instable nucleation clusters preceding nucleation, or
just approaching/reaching their critical size, are highly solvated
dynamic entities (Mullin, 2001), which could adopt different
(proto)structures: the one which develops and grows fastest
should be the one first crystallizing. In other words, nucleation
clusters with the structure of the less stable phase can eventually
reach the critical size earlier (i.e., its growth rate being fastest
due to its lower surface energy or its lower nucleation barrier) than
those of the more stable phase. As crystallization progresses, nuclei
of the more stable (less soluble) phase can reach the critical size
and continue to growth. This reduces the supersaturation of the
Fig. 4. ACC-to-calcite conversion: A) 2D (ribbons or plates) and 3D (ring-like) ACC stru
phase; upper right: nanogranular structure of ACC); B) ACC structures after pseudomorp
The resulting porous calcite structures diffract electrons as a mesocrystal (SAED in (C)).
Society of Chemistry.
system, enabling the dissolution of the first formed metastable
and more soluble phase at the expense of the growth of the more
stable, less soluble one (Schiro et al., 2012). Basically this is similar
to an Ostwald’s ripening process, but not driven by size-dependent
solubility differences (Gibbs-Thomson effect), but by phase-
dependent solubility differences. Importantly, the crystallization
rate of the stable phase will be proportional to the solubility differ-
ence between metastable and stable phases (i.e., the growth rate of
the stable phase will be related to the system supersaturation,
which in turn is marked by such a solubility difference) (Cardew
and Davey, 1985). We will see below that such solubility differ-
ences appear to be critical for the final development of a particular
crystalline phase after an amorphous precursor (Zou et al., 2015), a
phase transition which is fundamental for the formation of many
biominerals and their biomimetics. Interestingly, in vitro, this
phase transformation can proceed in a pseudomorphic fashion, as
shown for the case of ACC-to-calcite transformation in Fig. 4.
Pseudomorphism, denoting the replacement of a phase by another
preserving the overall morphology of the parent phase, has been
commonly associated with a solid-state mineral transformation,
as exemplified by the proposed solid-state conversion of ACC into
crystalline CaCO3 (aragonite or calcite) in biominerals and calcium
carbonate biomimetics (Addadi et al., 2003; Politi et al., 2008).
However, such a pseudomorphism can readily result from an
interface-coupled dissolution-precipitation replacement reaction
(Putnis, 2009, 2014), and the only requisites for this to occur are
the existence of an interfacial fluid between parent and product
phase, and a solubility difference between them as a driving force
(Ruiz-Agudo et al., 2016). The fact that this process does not
require a large solution reservoir, operates at room T at a much
higher speed than solid-state diffusion, and does not need to over-
come any significant free-energy barrier, suggests that it could be
an important process in biomineralization and in biomimetic
synthesis, if the Ostwald’s step rule is at work and metastable pre-
cursors exist (Rodriguez-Navarro et al., 2015b).
4. Nonclassical nucleation: PNCs and the role of organics

Studying the CaCO3-H2O system, Gebauer et al. (2008) showed
that the nucleation of (amorphous) calcium carbonate is preceded
by the formation of ‘‘stable prenucleation clusters” (PNCs).
Remarkably, such PNCs were present in undersaturated solutions,
and fell within an energy minimum (valley) in the free energy
landscape describing CaCO3 crystallization. Polymeric nanoclusters
preceding the formation of stable nuclei were previously observed
in other systems, as in the case of silicic acid solutions (Navrotsky,
ctures (lower left inset: SAED pattern showing the diffuse rings of the amorphous
hic transformation in humid air via an interface-coupled dissolution-precipitation.
Reprinted from Rodriguez-Navarro et al. (2015b), with permission from The Royal
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2004). However, such clusters formed via polymerization in satu-
rated or supersaturated solutions. In the case of ionic crystals, such
as ammonium sulfate or ammonium dihydrogen phosphate, for-
mation of (apparently stable) non-crystalline subcritical clusters
under supersaturated conditions was also reported and such spe-
cies were considered to play an important role in crystallization
(see Dorvee and Veis, 2013; Mullin, 2001, and references therein).
Posner’s clusters (i.e., subcritical aggregates of calcium phosphate)
also fall within this category (Eanes et al., 1965). However, the for-
mation of stable prenucleation species in undersaturated elec-
trolyte solutions was not considered thermodynamically possible
until the contribution of Gebauer et al. (2008). Using a titration
system (constant pH), the authors demonstrated that the free cal-
cium detected using an ion-selective electrode was systematically
lower than the calcium dosed to a carbonate buffer solution
(Fig. 5a). Ion pairing could not account for such a ‘‘reduced” free
calcium concentration. At the same time, no solid phase was
detected during the early stages of the titration process. These
results, in combination with analytical ultracentrifugation showing
Fig. 5. PNCs and CaCO3 crystallization. A) Evolution of free calcium concentration
upon addition of CaCl2 solution with and without additives (as indicated) into
10 mM carbonate buffer (pH 9.75) at a rate of 100 ll min�1 (note that this
crystallization diagram is similar to the classical LaMer and Dinegar (1950)
concentration-reaction time curve). A lower amount of free calcium than that
dosed (marked by the dashed line) is systematically detected at the pre-nucleation
stage, which is due to the formation of PNCs. Both inorganic (Mg) and organic (PAA)
additives have a profound effect on the width of PNC stability field (color-shaded
areas) and on the onset of nucleation (which is marked by the inflection point of the
different curves). Modified from Wolf et al. (2015b), with permission from The
Royal Society of Chemistry. B) MD computer simulation of solvated Ca (green)-
carbonate (blue :C; red: O) ion associates (PNCs or DOLLOPS) present at different
values of Helmholtz free energy (DA), which is plotted as a function of the radius of
gyration (Rgyr). Reprinted by permission from Macmillan Publishers LTD:
Demichelis et al. (2011). Copyright 2011.
the existence of clusters �2 nm in size (only detected in supersat-
urated solutions) formed by an average of �70 ions/cluster, led the
authors to conclude that stable clusters with size below the critical
size were present in solution prior to the formation of amorphous
calcium carbonate (ACC). Gebauer et al. (2008) also indicated that
the fact that PNCs are stable relative to individual ions in solution
is not related to enthalpy factors, but to the variation of entropy
associated with water solvation of the clusters. The authors sug-
gested that subsequent ACC formation likely occurred through
cluster aggregation. Because the system supersaturation is greatly
reduced by the formation of PNCs, classical nucleation of a new
solid phase via monomer-by-monomer addition would be unli-
kely: thus, a new (dense-liquid or solid) condensed phase should
form by aggregation of PNCs, a process which would be facilitated
by agitation (fostering cluster-cluster interaction) and which has to
involve desolvation as speculated by Dorvee and Veis (2013). Fur-
ther evidence regarding the existence of PNCs was claimed by
Pouget et al. (2009). Using cryo-TEM, the authors showed particles
0.6 to 1.1 nm in size, which were believed to be PNCs. A critical
point is that PNCs are considered to be solute species, that is, they
do not have a solid character, nor a surface (or surface tension), and
they are stable, because an equilibrium constant of cluster forma-
tion existed (Gebauer and Cölfen, 2011; Gebauer et al., 2014). This
casts some doubts about the actual nature of the putative PNCs
observed by Pouget et al. (2009), which according to their cryo-
TEM images were individual nanoparticles. Note, however, that
Dorvee and Veis (2013) suggest that the existence of slow moving
bound water around PNCs may serve as a phase boundary. Inter-
estingly, Pouget et al. (2009) observed that nearby of an organic
template (stearic acid monolayer), ACC nanoparticles (�30 nm)
formed in the bulk solution via coalescence/aggregation of PNCs.
They were not observed to heterogeneously nucleate on the tem-
plate, a process that, as indicated in Section 2, should be energeti-
cally favored according to CNT. This observation can be
rationalized considering that, as indicated above, PNCs are solute
species (with no interfacial energy), a feature that would not favor
the heterogeneous nucleation of liquid-like or solid ACC on a sub-
strate; rather, PNCs would form ACC precursors (liquid or solid) via
reorganization of the clusters or, more likely, aggregation after ran-
dom collisions (associated with Brownian motion) in the bulk solu-
tion. ACC nanoparticles would later on attach to the template
where they could subsequently transform into a crystalline CaCO3

phase with an orientation imposed by the template. Although such
a nonclassical template-directed crystallization involving an ACC
precursor was first postulated by Cölfen and Mann (2003), it was
not experimentally demonstrated until the work by Pouget et al.
(2009).

Subsequent studies have shown that PNCs are not exclusive of
the CaCO3-H2O system (Gebauer and Cölfen, 2011). Dey et al.
(2010) reported the formation of PNCs (�0.87 nm in size) preced-
ing the formation of calcium phosphate. PNCs can also precede the
formation of calcium oxalate, iron(oxy)(hydr)oxides, silica, and
aminoacids (Gebauer et al., 2014). These observations suggest that
the formation of PNCs in solution may be a general phenomenon,
being thus likely involved in the formation of many biominerals
and their biomimetics.

Recent experimental work and computer simulations have pro-
vided a more complete and complex picture regarding the nature
and (possible) structure of PNCs (Demichelis et al., 2011; Wallace
et al., 2013). One important point is that PNCs are highly dynamic
entities, which can change configuration and degree of polymeriza-
tion (and solvation) at very short timescales (picoseconds). Molec-
ular dynamics simulations have shown that PNCs are not just ion-
pairs (i.e., dimers), rather, they typically are larger associates,
which have been termed DOLLOPs (dynamically ordered liquid-
like oxyanions polymers) (Demichelis et al., 2011). DOLLOPs dis-
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play a combination of linear chains, rings and branched structures
with a high degree of solvation (inset in Fig. 5b). More recent com-
putational work has suggested that these PNCs can become a dense
liquid phase, preceding the formation of ACC (Wallace et al., 2013),
as it will be discussed below. An attempt to unite the novel non-
classical nucleation route involving the formation of PNCs and
CNT was proposed for the calcium phosphate system, assuming
that pre-nucleation species were ion-association complexes which
displayed characteristics of a ‘‘solid” phase (Habraken et al., 2013).
The latter idea, however, does not fully fit within the concept of
PNCs, which, as stated above, are considered as solutes by
Gebauer et al. (2008, 2014).
4.1. The role or organics

The existence of PNCs is changing our current understanding on
the effects of organic (e.g., polymers and acidic proteins) and
inorganic (e.g., ions such as phosphates or Mg2+) additives on the
crystallization from solution of a range of minerals (Gebauer
et al., 2009). Additives are known to play critical roles in the nucle-
ation and growth of minerals and biominerals as well as their
biomimetics (Gower, 2008; Rodriguez-Navarro and Benning,
2013; Song and Cölfen, 2011). Additives can inhibit or promote
nucleation (nucleation inhibitors or promoters, respectively),
and/or modify crystals morphology (habit modifiers). They can also
stabilize metastable precursor phases (e.g., ACC) or select/stabilize
specific polymorphs (Sommerdijk and de With, 2008). Moreover,
they can favor the heterogeneous nucleation of a specific phase
and determine its crystal orientation (Harding et al., 2014; Mann,
2001). In a pioneering study, Gebauer et al. (2009) showed that
poly(acrylic acid) (PAA) has manifold effects on the nucleation
and growth of CaCO3 depending on at what stage of the crystalliza-
tion process PAA acts, and with what species (solute species, liquid
precursors, or solid products) it interacts. Up to nine types of inde-
pendent actions occurring both in pre- and post-nucleation stages
were defined and observed in different additive systems (Verch
et al., 2011). However, not all these type of interactions have to
occur in a specific system, and not all additives display the same
type of interaction. For instance, polystyrene sulfonate (PSS), which
is known to induce the formation of CaCO3 mesocrystals (Song
et al., 2009), mostly acts at the post-nucleation stage of CaCO3,
whereas citrate ions destabilize PNCs, thus delaying nucleation of
CaCO3 (Verch et al., 2011). Also, these type of interactions are not
constrained to organic additives: they are also observed in the case
of inorganic additives. For instance, Mg2+ acts as a nucleation
inhibitor of CaCO3 via PNCs destabilization, an effect that can be
potentiated in the presence of PAA (synergistic action) (Wolf
et al., 2015b) (Fig. 5a). While stabilization of PNCs by adsorption
of additive molecules leading to nucleation inhibition is easily
explained because such an adsorption effect prevents PNCs cluster-
ing (Picker et al., 2012), similarly to colloidal stabilization, the
destabilization of PNCs by additives also leading to nucleation inhi-
bition is somehow a counterintuitive effect. In the case of the
CaCO3-H2O system, such a destabilization increases the measured
free Ca2+ (i.e., Ca activity) and, as a consequence, the system super-
saturation. The later should favor nucleation (see Eq. (2)). However,
the opposite effect is observed. This suggests that PNCs are indeed
critical for the nucleation of a new phase (via their coalescence).
Note, however, that recent in situ fluid-cell TEM has shown that
the nucleation of ACC in the presence of PSS involves the initial
formation of Ca-PSS complexes (with a liquid-like character), the
subsequent competition between carbonate ions and PSS for
bonded Ca and, finally, the nucleation of ACC nanoparticles within
the PSS matrix (Smeets et al., 2015). It is thus unclear whether in
this latter system PNCs play a role in the formation of ACC.
4.2. Polyamorphism

One interesting outcome of the study by Gebauer et al. (2008)
was the finding that depending on the system pH, ACC with either
protovaterite or protocalcite structure (short- to medium-range
order) was obtained, which eventually transformed into vaterite
or calcite, respectively (Gebauer et al., 2010). The authors sug-
gested that such a protostructure was already imprinted at the
prenucleation stage and was conveyed by ACC until the crystalline
phase was formed. These observations, along with the identifica-
tion of ACC with different short-range order in several biominerals
(Levi-Kalisman et al., 2002; Politi et al., 2006), have led to the con-
cept of polyamorphism (Cartwright et al., 2012). Note, however,
that Zou et al. (2015) have recently reported that synthesis-
dependent size-related solubility differences among ACC nanopar-
ticles can lead to CaCO3 polymorph selection. Smaller, more sol-
uble ACC nanoparticles typically resulted in the formation of
vaterite, while larger, less soluble ACC nanoparticles favored the
formation of calcite after a dissolution-reprecipitation transforma-
tion. However, the authors did not report on the possible proto-
structure of both types of ACC, so it is not clear whether or not
polymorph selection was already established at the prenucleation
stage (i.e., protostructure) or was solely related to the above men-
tioned solubility differences.

In summary, growing evidence shows that PNCs can play a key
role in the formation of solid phases from solution (both amorphous
and crystalline) and may also likely play a key role in the formation
of dense liquid precursor phases (see below). They are also key play-
ers in the formation of solid phases (and possibly, dense liquid ones)
when additives are present in a system. They can thus be critical in
biomineralization and in the biomimetic synthesis of functional
materials. An interesting, but largely unexplored topic, refers to
the role that such pre-nucleation species play in the dissolution of
minerals. This is an important issue that can have significant impli-
cations in biomineralization and in biomimetics. Note, for instance,
that demineralization processes are critical in bone remodeling or in
crustacean molting (Ehrlich et al., 2009). Similarly, it is unknown
whether or not PNCs directly contribute to the growth of an already
formed crystal (Gebauer et al., 2014).
5. Nonclassical crystallization: Liquid and amorphous
precursors – PILPs

5.1. Liquid precursors

One particular case of the nonclassical multistage crystalliza-
tion path above described (Ostwald’s step rule) involves the forma-
tion of a dense liquid precursor phase. Extensive experimental
evidence has accumulated which shows that liquid-liquid phase
separation (either via binodal separation or spinodal decomposi-
tion) takes place in the biomimetically-relevant CaCO3-H2O system
(both in the presence and absence of organic additives). Faatz et al.
(2004) proposed that at sufficiently high supersaturation a binodal
liquid-liquid separation could be the first stage in the formation of
ACC, but presented no experimental evidence for the formation of
such a liquid precursor phase. Evidence for the formation of ACC
nanoparticles from a liquid precursor phase in the absence of addi-
tives was first claimed by Rieger et al. (2000, 2007). Using X-ray
microscopy and TEM, the authors observed an ‘‘emulsion-like”
structure prior to the formation of ACC. Afterwards, Wolf et al.
(2008) reported the formation of solid amorphous calcium carbon-
ate after the initial liquid-liquid separation of a dense liquid pre-
cursor. In their experiments the authors avoided any interference
or artifacts associated with possible heterogeneous nucleation by
observing the formation of new phases in a levitated calcium
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bicarbonate solution droplet subjected to evaporation. They
showed TEM images of amorphous precursors with no contrast dif-
ference between the center and periphery which according to the
authors indicates that such flattened structures resulted from the
diffluence of liquid droplets. Further evidence for the formation
of a liquid precursor phase in the CaCO3-H2O system in the absence
of additives was provided by Bewernitz et al. (2012), who showed
that such a liquid precursor phase was bicarbonate biased. More
recently, Rodriguez-Navarro et al. (2015b) showed that the forma-
tion of ACC nanoparticles at very high supersaturation and in the
absence of additives was preceded by the formation of a dense liq-
uid precursor phase. In situ polarized light microscopy showed that
this liquid precursor displayed the standard bicontinuous phase
features of a spinodal decomposition process (Gebauer et al.,
2014).

Recently, results from computational studies have provided sup-
port for the proposed occurrence of liquid-liquid phase separation
based on experimental observations. Molecular dynamics simula-
tions of crystallization pathways and the formation of precursor
phases in the CaCO3-H2O system led Wallace and co-workers
(2013) to conclude that the formation of ACC could be preceded by
the formation of a dense liquid precursor phase after a process of
spinodal decomposition (Fig. 6). The green horizontal line in Fig. 6
represents a constant temperature slice through the stability fields
as the solution ion activity product is increased. The solubility of
all polymorphs is represented by a single solubility line (SL), which
bounds the blue undersaturated solution field. This simplification
highlights that the solid phases of CaCO3 (calcite, aragonite, vaterite,
and presumably ACC) all display the same general retrograde solu-
bility behavior. TheSL curve separates theundersaturatedbulk solu-
tion from the field in which the solution is metastable against the
formation of a solid phase by a binodal process.

For binodal formation of a new phase, an energy barrier has to
be overcome, for instance by spontaneous and uncoupled density
fluctuations that enable the formation of randomly scattered crys-
Fig. 6. Phase relationships in the CaCO3-H2O system. SL represents the (retrograde)
solubility of solid phases (ACC, vaterite, aragonite and calcite), which separates the
undersaturated and saturated solution fields. Note that due to such a retrograde
solubility, the critical point, Tc is at the bottom of the diagram (although more
recent experimental results suggest that Tc is at the top of the diagram: see Zou
et al., 2016). If the system increases its concentration at constant T (marked by the
green line) it can reach the binodal at L-L (black dashed line) leading to liquid-liquid
separation. If no separation occurs at the binodal, the spinodal line (red dashed line)
can be reached at point SP and liquid-liquid spinodal decomposition can take place.
Reprinted from Wallace et al. (2013). With permission from AAAS.
tal embryos. This process is also well known as nucleation. Basi-
cally the binodal marks the solubility curve of the solid phases.
In this field of metastability (n.b., against solid-liquid decomposi-
tion), we find another binodal line that demarks the region in
which the solution becomes unstable to liquid-liquid phase sepa-
ration by nucleation processes. Note that the binodal marking
the formation of dense liquid droplets is always in the solid-
liquid zone of metastability (Gebauer et al., 2014). In the region
bounded by the spinodal line, the solution is unstable to density
fluctuations and liquid-liquid separation can occur spontaneously
without overcoming a free energy barrier. This process is called
spinodal decomposition and for it to occur the system has to cross
the metastable field without phase separation taking place (or the
spinodal regime must be directly reached through the critical
point). Spinodal decomposition leads to characteristic two-phase
bicontinuous patterns because the density fluctuations are coupled
by a characteristic wavelength. This wavelength is the hallmark of
spinodal decompositions and a straight way to prove its occur-
rence. However, such a wavelength has not been reported for the
CaCO3-H2O system.

Wallace et al. (2013) have shown that, based upon molecular
dynamics simulations, the spinodal line appears to be easily acces-
sible and within the common range of concentrations at which the
formation of a liquid-condensed phase was either observed or
speculated (Faatz et al., 2004; Rieger et al., 2007; Rodriguez-
Navarro et al., 2015b; Wolf et al., 2008). In these concentration
ranges, formation, growth and coalescence of dense liquid (prenu-
cleation) clusters spontaneously take place and the constituents
feature the characteristic polymeric structure that inspired
Demichelis et al. (2011) to dub them DOLLOPs. The bottom line
of the work of Wallace et al. (2013) is clear: the formation of a
liquid-condensed mineral precursor in the calcium carbonate sys-
tem is not in contradiction with classical models of phase separa-
tion; the spinodal is within our experimental range. Their results
further imply that the basic constituents of the liquid-condensed
phase are prenucleation clusters, further corroborating the previ-
ous independently made speculation of Wolf and Gebauer
(Gebauer et al., 2014; Wolf et al., 2012).

5.2. Polymer-induced liquid precursors (PILPs)

While the liquid-liquid phase separation event is yet to be
experimentally observed in situ, at high magnification, post hoc
TEM analysis has shown ‘‘emulsion-like” or ‘‘liquid-like” amor-
phous calcium carbonate precursor phases in the presence of
polymeric additives (e.g., Rieger et al., 2007; Wolf et al., 2011a,b).
This dense liquid precursor resembles the so-called polymer-
induced-liquid-precursor (PILP), a term first introduced by Gower
and Odom (2000). In a series of pioneering studies Gower and
co-workers indicated that the presence of poly(aspartic acid) or
poly(acrylic acid) in solution with Ca2+ and carbonate ions leads
to the separation of dense liquid droplets which precede the for-
mation of crystalline CaCO3, typically via a solid amorphous pre-
cursor phase (Gower, 2008). The acidic polymers mimic the
action of the highly charged macromolecules present within the
biomineralization cellular milieu, and suppress classical nucle-
ation, thereby giving access to the condensed liquid phase. These
colloidal liquid droplets become the key component of the crystal-
lization, undergoing coalescence and aggregation, prior to dehy-
dration, which leads to solidification yielding a solid amorphous
precursor phase. This phase undergoes pseudomorphic crystalliza-
tion, resulting in the formation of crystalline non-equilibrium
morphologies with nanogranular fine structure (see review by
Gower, 2008). Such morphologies are derived from the concen-
trated aggregation of mineral droplets (liquid-like ACC) to growing
crystal fronts yielding mineral bodies shaped as wires (Olszta et al.,
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2004), helices (Gower and Odom, 2000), films (Gower and Odom,
2000; Xu et al., 2004), and tablets (Amos et al., 2007) (see
Fig. 7b-e). Macromolecules of varying molecular structures and
Coulombic charges have been employed in PILP syntheses such
as the negatively charged protein ovalbumin (Wolf et al., 2011a),
and anionic polypeptides (Schenk et al., 2012a). Interestingly, pos-
itively charged synthetic polymers (Cantaert et al., 2012) and the
positively charged protein lysozyme have also been found to
induce the PILP phase (Wolf et al., 2011b) for the CaCO3 system.
Moreover, the PILP system is not confined solely to calcium car-
bonate: analogous metallic carbonate systems (such as Sr, Ba,
Mn, Cd and Pb) (Homeijer et al., 2010; Wolf et al., 2011b; Zhu
et al., 2015), calcium phosphates (Olszta et al., 2007) and molecular
crystals (amino acids and dye pigments) (Ma et al., 2009; Wohlrab
et al., 2005), have all been observed to have crystallized following
the PILP-mediated pathway. The variety of systems applicable to
the PILP process adds weight to the claims of Gower’s group that
a PILP-mediated mineralization could be of relevance for a range
of processes: from mollusk shell formation to the mineralization
of bone (Olszta et al., 2003). Such assertions gain weight when
the properties of the PILP phase and the subsequently formed crys-
tals are further examined. First, the liquid like character of the PILP
phase affords the synthesis of non-equilibrium geometries within
confined volumes via infiltration of the dense colloidal liquid dro-
plets. This property has been evidenced by the formation of both
high-aspect ratio calcite nanowires within the pores of track
etched membranes (Kim et al., 2011) and hydroxyapatite crystal-
lites within the voids of collagenous templates (Olszta et al.,
2007). In both cases this is thought to occur by the effect of capil-
Fig. 7. Nanoscopic fine structure and non-equilibrium morphologies generated by means
force micrograph reveals the characteristic nanogranularity of a PILP product suggesting i
carbonate film. (C) A mosaic mesocrystalline film of calcium carbonate. (D) Nanofibrillar c
amino acids. (F) Calcite thin films exhibiting crystal lattice tilting similar to that known
et al. (2015). Published by the Royal Society of Chemistry; Subfigures (B) and (C) repri
reprinted with permission from Olszta et al. (2004). Copyright 2004 American Chemical
2011 American Chemical Society.
larity drawing the fluidic mineral precursor into the pores. When
considered in the context of biomineralization such a property
could explain a synthetic route to the space-filling mineral struc-
tures observed in mollusks and other biominerals (Yang et al.,
2011). Second, AFM analysis of PILP films shows that at the nanos-
cale they are composed of globular granules between 30 and
150 nm in diameter (Kim et al., 2007) (see Fig. 7a). This granular
nanostructure, which provides evidence that the PILP process
occurs by colloidal attachment, is shared with biominerals that
are commonly observed to comprise nanoscopic granules typically
aligned into a crystallographic register. For an extensive overview
and the respective process-structure-property relationship in
biominerals, please confer the first part of this review (Wolf
et al., 2016a). Third, the pseudomorphic crystallization process
observed in PILP films is analogous to that proposed to occur
within biominerals (Harris et al., 2015). In some instances, the
crystallographic alignment of the granules in PILP formed wires
is such that they are ordered with a low angle spread (Cantaert
et al., 2013), as observed in mesocrystalline biogenic crystals
(Seto et al., 2012). In alternate systems the crystallization can fol-
low spherulitic mechanisms leading to complex crystallographic
features such as lattice tilting which are also present within
biominerals (Harris et al., 2015; Olson et al., 2013b) (see Fig. 7f).

5.3. PILP vs. coacervation

The PILP pathway is commonly misconstrued as a coacervation
process, due to the perceived role of the polyelectrolyte in
mediating phase separation. Coacervation describes the
of the polymer-induced liquid-precursor process. (A) The phase image of an atomic
ts non-classical mode of growth. (B) Helical protrusion emerging from a thin calcium
alcite of 100–800 nm growing on calcite substrates. (E) Hierarchical microspheres of
from biominerals (Harris et al., 2015). Subfigures (A) and (F) are taken from Harris
nted from Gower and Odom (2000), with permission from Elsevier; Subfigure (D)
Society; Subfigure (E) reprinted with permission from Jiang et al. (2011). Copyright
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liquid-liquid phase separation of a homogenous solution of charged
colloids into a dense colloid-rich phase (the coacervate) and a
colloid-deficient phase (the equilibrium phase) as a result of intra-
or intermolecular associative interactions (Bungenberg de Jong,
1949). The two phases have the same solvent, yet are immiscible
and in thermodynamic equilibrium (Gupta and Bohidar, 2005).
Importantly, and in contrast to the PILP phase, the coacervate phase
is thermodynamically stable, whereas PILP is only kinetically stable
(Jiang et al., 2012). The polymer complexes that constitute the coac-
ervate have a lower solvent affinity, which leads to the observed
phase separation, but do not completely desolvate; the coacervate
remains as a liquid phase in equilibriumwith the solvent. Contrast-
ingly, in the PILP system, after formation of the dense liquid droplets
dehydration of the phase occurs resulting in precipitation of the
solid precursor (Gower, 2008). Some confusion between the coacer-
vate and PILP syntheses may still exist. This is because solutions of
PAA and calcium ions are often used in PILP syntheses, and this is
a system known to undergo coacervation (Kaempfe et al., 2013).
However, in PILP crystallization the polymer is clearly below the
critical coacervation concentration (i.e., the concentration required
for phase separation to be thermodynamically favorable) therefore,
although complexes form, demixing is energetically forbidden and
coacervation does not occur.
6. Nonclassical aggregation-based growth: Oriented attachment
and mesocrystals

Recent research has extensively shown that crystals do not nec-
essarily grow in solution via the classical layer-by-layer model pro-
posed by Kossel (1927) (see Section 2). Indeed, growing evidence
shows that particle-mediated or aggregation-based growth of crys-
tals is more common than previously thought (Cölfen and Mann,
2003; Cölfen and Antonietti, 2008; De Yoreo et al., 2015; Zhang
et al., 2014). Two main mechanisms for such an aggregation-
based growth have been proposed: a) oriented attachment (Penn
and Banfield, 1998), and b) mesocrystal formation (Cölfen and
Mann, 2003; Cölfen and Antonietti, 2008; Niederberger and
Cölfen, 2006) (Fig. 8). In both cases, nanoparticulate building
blocks aggregate along specific [hkl] directions forming single crys-
tals. Although there are some commonalities between these two
aggregation-based growth processes, there are, however, some
key differences (De Yoreo et al., 2015; Meldrum and Cölfen, 2008).
6.1. Oriented attachment

The term ‘‘oriented attachment” (OA), equivalent to ‘‘oriented
aggregation” (Penn and Soltis, 2014), was coined by Penn and
Banfield (1998) to describe the particle-mediated growth of single
crystals via the spontaneous self-assembly of nanocrystalline parti-
cles which move, interact, rotate, and re-arrange in order to fuse
alongequivalent crystallographic faces, that is, sharing twocommon
crystallographic directions (Li et al., 2012; Penn and Soltis, 2014;
Zhang et al., 2014). Such a reduction of interfaces was initially con-
sidered as the driving force for OA, because it ultimately contributed
to an overall reduction of the system free energy. However, it was
argued that such an interface elimination is achieved ‘‘after” attach-
ment, so itwasunclearwhatwas the (long-range)driving force lead-
ing to attachment, that is, operating ‘‘before” and ‘‘during”
attachment. Alternative phenomena proposed as the driving force
for OA include van der Waals and/or dipole-dipole interactions, as
well as interatomic Coulombic interactions (Zhang and Banfield,
2014). While it would seem that OA should favor the growth of 1D
structures, 2D and 3D structures have also been claimed to form
via OA (Meldrum and Cölfen, 2008). The nanoscale features of such
a nonclassical crystal growth mechanism were first disclosed using
HRTEM (Penn and Banfield, 1998). More recently, the movement of
iron oxyhydroxide nanocrystals in solution until they approached,
rotated and fused along specific homologous crystal faces was
directly observed using in situ HRTEM equipped with a fluid cell
(Li et al., 2012). Inherent to such a growth mechanism is the notion
that nanoparticles have to be crystalline. However, it has been
recently suggested that OA could also operate in the case of poorly
crystalline or, even, amorphous phases, provided that sufficient
degree of anisotropy (e.g., dipolar moment) exists (Zhang et al.,
2014). Indeed, Rodriguez-Navarro et al. (2015b) claimed that OA of
ACC nanoparticles led to the formation of 1D, 2D and 3D ACC struc-
tures. The authors showed that ACC nanoparticles displayed calcitic
medium-range order. Such a medium-range order was considered
critical to enable OA of ACC nanoparticles forming the structures
shown in Fig. 4. Their calcitic medium-range order made the ACC
particles partially anisotropic, so that they could undergo OA, likely
via dipole-dipole interactions.

It should be pointed out that (under different names) growth
via OA was first described more than 100 years ago to explain
the growth of a range of crystals spanning from oxy-hydroxides,
sulfides, carbonates, sulfates and phosphates, to organic (molecu-
lar) crystals. However, these pioneering works, which were
recently reviewed by Ivanov et al. (2014), lacked the appropriate
high resolution electron microscopy techniques in use nowadays
to show the key (nano)features which define growth via OA. This
and the fact that most of the early literature on OA was in Russian
may help to explain why OA is considered as a ‘‘new” nonclassical
crystal growth mechanism.

6.2. Mesocrystals

The term ‘‘mesocrystal” is an abbreviation for ‘‘mesoscopically
structured crystals” (Cölfen and Antonietti, 2005, 2008). They are
colloidal crystals made up of individual crystalline nanoparticles
arranged in crystallographic register via mesoscale aggregation
and alignment (Meldrum and Cölfen, 2008; Niederberger and
Cölfen, 2006). This term has been expanded to include structures
that can form by aggregation of amorphous nanoparticles, which
upon amorphous-to-crystalline transformation retain a textural
memory of the original individual precursor nanoparticles (Song
and Cölfen, 2010). As a consequence of their ordered structuring,
mesocrystals diffract x-rays or electrons as a single crystal
(Fig. 9), despite the fact that they consist of individual nanoparticle
building units, typically separated by amorphous organic or inor-
ganic layers (Bergström et al., 2015). Similarly, they can display
birefringence under the polarized optical microscope. However,
and in contrast to single crystals (either formed via a classical crys-
tallization process or via OA), they typically display a very small
coherent domain length (or crystallite size) and forbidden faces
(i.e., not consistent with the crystal symmetry of a particular min-
eral, as it is the case of calcite mesocrystals with octahedral form),
or negatively curved faces (Song et al., 2009) (Fig. 9a and b). The
fact that mesocrystals are made up of nanoparticle building units
(Fig. 9c) is evidenced by their rough nanogranular surfaces (Fig. 9d)
or their internal nanostructure. Indeed, mesocrystals are the epit-
ome of biomimetic structures displaying a nanogranular surface
texture, which according to Song et al. (2009) can result from the
aggregation of amorphous precursor nanoparticles. However,
while it has been proposed that once amorphous nanoparticles
coalesce into a mesostructure they undergo amorphous-to-
crystalline transformation reaching the standard crystalline fea-
tures of a mesocrystal (Gower, 2008; Seto et al., 2012; Wolf
et al., 2012), little is known regarding how such an amorphous-
to-crystalline transformation takes place, or how amorphous
nanoparticles can arrange forming a faceted mesocrystal. We will
come to these critical questions later on.



Fig. 8. Classical vs. non-classical crystal growth involving OA and/or mesocrystallization. The four known mechanisms for mesocrystal formation are indicated (a-d). a)
alignment of nanoparticles by a templating oriented matrix; b) by an external field or by mutual alignement of identical faces (i.e., OA); c) by epitaxial growth through
mineral bridges; d) by spatial constraints. See text for details. Scheme based on Zhou and O’Brian (2012). Figures (a)-(d) reproduced with permission from Song and Cölfen
(2010). Copyright Wiley.

Fig. 9. Morphology and structure of mesocrystals. Negatively curved P-surfaces (A) and octahedral (B) calcite mesocrystals. (C) TEM image of a calcite mesocrystal slice
showing it is made up of a porous oriented aggregate of nanocrystals diffracting electrons as a single crystal (SEAD in inset). (D) AFM image showing the (oriented)
nanogranular surface features of the calcite mesocrystal in (B). Reprinted with permission from Song et al. (2009). Copyright 2009 American Chemical Society.
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An important point for mesocrystal formations (although not
mandatory) is the presence of an organic additive (Cölfen and Yu,
2005). The presence of organics is also of general importance in
biomimetic materials, which are in many cases suggested to form
via mesocrystal assemblage. The organic additive reduces the
interfacial tension between the nanocrystal building units and
the solution to enable their self-assembly (Meldrum and Cölfen,
2008). Thus, mesocrystals typically include organics, which are
adsorbed on each individual nanoparticle subunit. However, as
pointed out by Gower (2008), the presence of organics lining the
nanocrystal subunits of a mesocrystal, does not prove that the
organic was directing the self-assembly or that an organic matrix
arranged crystalline nanoparticles. According to Gower (2008), it
could be that pseudomorphic crystallization of an amorphous pre-
cursor left behind remnant of polymer-encapsulated nanoparticles.
The latter is consistent with the reported formation of mesocrys-
tals after amorphous precursor nanoparticles (Zhou and O’Brian,
2008). Note also that in some cases ‘‘mineral bridges” exist
between nanoparticles (Imai et al., 2006; Oaki et al., 2006), which,
according to the authors, enable crystallographic information to be
‘‘transmitted” among nanoparticles, not requiring an organic
template-directing agent (Zhou and O’Brien, 2012). The lack of per-
fect fusion among nanoparticles, in part associated with the
entrapped organic molecules or the existence of mineral bridges,
or the presence of minor amorphous phases between nanocrystal
subunits (Bergström et al., 2015), leads to the reported high surface
area of mesocrystals (Zhou and O’Brian, 2008).

Currently, up to four possible mechanisms for 3D alignment of
already crystalline nanoparticles to a mesocrystal have been pro-
posed (Song and Cölfen, 2010) (Fig. 8a-d): a) alignment of nanopar-
ticles by an oriented organic matrix, b) nanoparticle alignment by
physical fields or mutual alignment of homologous crystal faces
(basically, this last process also operates in OA), c) epitaxial growth
via mineral bridges, and d) nanoparticle alignment by spatial con-
straints (similar to colloidal crystal formation using anisotropically
shaped particles). In some cases, combination of the above mecha-
nisms can take place. For instance, nanoparticles in a mesocrystal
may not be initially connected, but they finally connect via mineral
bridges.

Some biominerals, such as sea urchin spines, corals, eggshells
and nacre, are thought to be mesocrystals (Bergström et al.,
2015; Seto et al., 2012; Vielzeuf et al., 2010, 2008; Wolf et al.,
2012). Indeed, their outstanding physical-mechanical and optical
properties have been related to their mesocrystalline structure
(Bergström et al., 2015). In parallel, biomimetic mesocrystals have
been shown to display a range of exceptional properties that are
finding applications in the rational design of, for instance, photo-
catalysts, electrodes, optoelectronics, and biomedical materials
(Song and Cölfen, 2010; Zhou and O’Brien, 2012).

It has been suggested that the formation of a mesocrystal is a
required intermediate step of OA (Schwahn et al., 2007) (Fig. 8). Fur-
thermore, Kulak et al. (2007) reported that single crystals,mesocrys-
tals and polycrystalline CaCO3 aggregates all form in the presence of
a copolymer by a common nonclassical aggregation-based mecha-
nism (involving the aggregation of precursor subunits). A key result
that points to a common origin for mesocrystals and single crystals
grown via OA was presented by Yuwono et al. (2010). Their cryo-
TEM study showed that individual goethite nanocrystals
approached and aligned along specific crystallographic directions,
but did not physically touch during the early stages of aggregation.
The resulting rod-like structure (Fig. 10) displayed a faceted contour
and resembled a mosaic of oriented nanocrystals (mesocrystal
stage) separated by solvent. Over time the nanoparticles fused and
transformed into a microscopic single crystal. Importantly, when
the vitrifiedwaterwas sublimated after cryo-TEMobservation, each
mesocrystal broke apart into individual primary nanoparticles. The
latter demonstrated that the amorphousmaterial between each pri-
mary nanoparticle (see HRTEM image in Figure10c) was water. Fur-
ther evidence for the existence of hydration layers mediating the
coalescence of nanoparticles was provided by Anand et al. (2015).
Using in situ fluid-cell TEM, the authors showed that Au nanoparti-
cles displayed a hydration shell which mediated coalescence and
prevented the direct contact between nanoparticle pairs during
theearly stagesof aggregation. Subsequent removal of thehydration
layers resulted in attachment. The results by Yuwono et al. (2010)
show that an interplay between long-range attractive and repulsive
forces helps to build such an oriented mesocrystalline structure
(basically a colloidal crystal). Most important, these results show
that water adsorbed on each individual nanoparticle can act as a
bridge that ‘‘communicates/transmits” the crystallographic infor-
mation of one nanoparticle to the surrounding ones. This underlines
the fact, which growing evidence is confirming, that water at the
(nano)crystal-solution interface adopts a medium-range ordered
structure which is imposed by the field created by the crystal sub-
strate, as has been shown using frequency-modulated AFM for the
case of water adsorbed on mica (Kobayashi et al., 2013) and calcite
surfaces (Imada et al., 2013). Structuring of water by a solid sub-
strate has been also demonstrated for biomineralization-relevant
systems such as calcium phosphates (Wang et al., 2013b). Solvent
ordering/structuring leads to its layering at the solid-solution inter-
face as shown by experiments and molecular modeling (see
Sathiyanarayanan et al., 2011, and references therein). This results
in force oscillations both attractive and repulsive so that nanoparti-
cles can reside in an attractive free energy minimum without
aggregating prior to form a fused mesocrystalline structure
(Sathiyanarayanan et al., 2011). The system described by Yuwono
et al. (2010), however, displays key features of mesocrystals, but
appears to lack organic or mineral (amorphous or crystalline)
‘‘bridges” which are claimed to be necessary for nanoparticle 3D
self-assembly in crystallographic registry during
mesocrystallization.

Recently, the whole ‘‘mesocrystal” concept was challenged, at
least for the case of the CaCO3-H2O system. Kim et al. (2014)
showed that a single crystal of calcite placed in a supersaturated
solution dosed with PSS, can develop curved faces and a high sur-
face area, typical of mesocrystals, under conditions where no
nucleation of individual nanocrystals or precursor ACC nanoparti-
cles was expected, and where an ion-by-ion classical growth mech-
anism should take place. Moreover, the authors underlined that
only a thin shell of the ‘‘mesocrystals” was made up of nanoparti-
cles. Nonetheless, the authors reported that aging of the ‘‘me-
socrystals” formed under conditions resulting in the initial
precipitation of ACC led to a significant restructuring and surface
area reduction, which is fully consistent with the concept of
mesocrystals (Song and Cölfen, 2010). Furthermore, it is unclear
whether or not (crystalline or even amorphous) nanoparticles
formed (and attached to the crystalline substrate) in runs where
solutions undersaturated with respect to hydrated ACC, but super-
saturated with respect to calcite (and vaterite, as well as anhydrous
ACC: see Rodriguez-Navarro et al., 2015b) were used. Further stud-
ies are thus required to disprove that the typical rough (nanogran-
ular) surface features and curved or unexpected faces of calcite
mesocrystals are not the result of an assembly of nanoparticles.
7. Nonclassical crystallization by Colloid Attachment and
Transformation (CAT): A new route for crystal growth driven by
amorphous colloids

Another important but largely unknown aspect of the nonclas-
sical aggregation-based growth of crystals refers to the possibility
of growth of an already formed crystal via the incorporation of col-



Fig. 10. Cryo-TEM imaging of the early stages of oriented attachment of goethite nanoparticles. (A) Nanoparticle dispersion of precursor ferrihydrite. (B) Oriented aggregation
of goethite nanoparticles forming elongated crystal precursors (mesocrystals). Note that the individual nanoparticles in the elongated structure are surrounded by the
solvent. (C) HRTEM image showing individual nanoparticles (detail of (0 1 2) lattice fringes in upper inset). The FFT pattern (lower right inset) shows that the whole structure
diffracts as a single crystal. Reproduced with permission from Yuwono et al. (2010). Copyright (2010) American Chemical Society.
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loids, particularly amorphous nanoparticles. This situation is
highly relevant in biomineralization, where biomineral growth
typically occurs sequentially as the organism develops (e.g.,
growth of the calcitic spicule of sea urchins or mollusk nacre),
and it commonly proceeds via amorphous precursors (Addadi
et al., 2003, 2006; Weiner and Addadi, 2011). It is also of interest
in the formation of biomimetic materials, especially in those cases
where a multilayer growth, resembling nacre, is sought
(Finnemore et al., 2012). Note that if growth occurs via the incor-
poration of nanoscopic amorphous colloids, growth rates can be
increased by orders of magnitude compared to classical ion-
mediated growth (Rodriguez-Navarro et al., 2015a). Furthermore,
the growth of inorganic ionic crystals with the characteristics of
colloidal crystals can be achieved, which opens a whole range of
possibilities for the rational design and synthesis of novel func-
tional biomimetic materials. We recently coined the term ‘‘colloid
attachment and transformation – CAT” in order to denote this non-
classical crystallization process (Wolf et al., 2016b), which repre-
sents – as we are going to detail in the following section – one
important route to poly- and mesocrystalline bodies with both
equilibrium and non-equilibrium shapes.

Using cryo-TEM, Baumgartner et al. (2013) showed that mag-
netite crystals can grow from solution via precursor nanoparticles
(2 nm in size), apparently amorphous (they displayed no lattice
fringes). Upon attachment onto a particular (hkl) face of magnetite
these nanoparticles undergo restructuring and fusion with the
crystalline lattice of the substrate. This observation (somehow
overlooked by the authors) points to the possibility that an amor-
phous nanoparticle can directly interact with a crystalline sub-
strate and contribute to its growth. This is intriguing, and could
potentially explain a whole set of observations regarding the role
of amorphous nanoparticle precursors on the aggregation-based
growth of different biominerals and their biomimetics (De Yoreo
et al., 2015) as well as in other minerals with a range of technolog-
ical applications (e.g., zeolites: Kumar et al., 2015; Lupulescu and
Rimer, 2014). In this respect, Gal et al. (2013, 2014, 2015) showed
that calcite rhombohedra growing in the presence of different
organic additives typically display rough surfaces, corresponding
to specific (hkl) faces, made up of nanogranular structures (they
called them ‘‘nanoglobular”) (Fig. 1f). Such a nanogranular texture
points to a growth process that does not proceed via a classical ion-
mediated mechanism. The authors suggested that ACC nanoparti-
cles were stabilized by organic additives (or inorganic additives,
i.e., phosphate ions), and subsequently attached onto calcite faces
and, after 2D diffusion, got incorporated into (i.e., fused with) the
crystalline structure of the substrate (Fig. 1g), a growth model sim-
ilar to that proposed by several authors (e.g., by Politi et al., 2007;
Cuif et al., 2010; Gower, 2008; Seto et al., 2012; or Wolf et al.,
2012) for the growth of calcium carbonate biominerals. In 2015,
Gal et al. also then proposed that such an ACC-mediated
aggregation-based mechanism could explain the commonly
observed nanogranular features of several biominerals.

Rodriguez-Navarro et al. (2016) reported that calcite growth
along specific crystallographic directions can occur via a nonclassi-
cal growth mechanism mediated by colloidal ACC which mirrors
ion-mediated growth at the nanoscale, and involves the layer-by-
layer attachment of ACC nanoparticles, followed by their restruc-
turing and fusion with the substrate in perfect crystallographic
registry. The process was directly observed using in situ AFM both
in the absence and presence of organic additives (poly(acrylic
acid), PAA). Most interesting was the observation that ACC
nanoparticles attached on the surface of calcite {10.4} faces tended
to display a flattened spherical morphology. Such a flattening is
fully consistent with the idea that ACC can form after a dense liq-
uid (what has been termed ‘‘liquid-like” ACC). Xu et al. (2005)
showed that the liquid-like character of ACC precursors was
responsible for the formation of hemispheres on Si surfaces follow-
ing the deposition of initially spherical droplets. Rodriguez-
Navarro et al. (2016) also observed the faceted calcite crystals
formed via ACC nanoparticle attachment in the absence of addi-
tives initially displayed nanoglobular rough surfaces, but upon
aging and dissolution-recrystalization, smooth surfaces resulted,
similar to those observed following classical ion-mediated calcite
growth. Conversely, crystals subjected to ACC nanoparticle-
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mediated growth in the presence of PAA displayed nanoglobular
surface textures upon aging in a humid environment and conver-
sion of ACC into calcite. The preservation of the nanogranular
structure was associated with the accumulation of organic mole-
cules (PAA) at the nanoparticles’ surface upon ACC-to-calcite con-
version via an interface-coupled dissolution-precipitation (i.e.,
pseudomorphic replacement), a conversion mechanism that must
not be confused with the dissolution of ACC followed by the bulk
reprecipitation of calcite, which does not result in a pseudomorph
(Rodriguez-Navarro et al., 2015b). A similar ‘‘exclusion” of organics
following ACC-to-crystalline conversion (after a PILP phase) was
described by Dai et al. (2008). Note, however, that the accumula-
tion of organics along specific crystal planes in biogenic nanogran-
ular calcite formed after ACC, may be explained by the same
exclusion mechanism resulting in the so-called ‘‘transition bars”
formed during the pseudomorphic transformation of ACC (after a
PILP phase) into calcite (Dai et al., 2008).This novel particle-
mediated growth mechanism, depicted in Fig. 11, may help to
explain the nanogranular textural features of both CaCO3 biomin-
erals and their biomimetics. It may also offer a plausible explana-
tion for the growth of CaCO3 crystals via propagation of
Fig. 11. Model for nonclassical layer-by-layer growth of calcite via a particle-mediated m
progresses via spiral growth and 2D nucleation of ACC nanoparticles on (10.4)calcite. G
diffusion/attachment to a (macro)kink (3) where restructuring and fusion with the calcite
nanogranular surface features (AFM image on the right), similar to those observed in
permission from Rodriguez-Navarro et al. (2016). Copyright (2016) American Chemical

Fig. 12. Biomimetic ACC structures: a) porous gyroid structure made after infiltration of
interpenatrated gyroids are observed (the second one is marked by the squared area). Fro
transparent thin film. Its amorphous nature is shown by the lack of birefringence und
nanoparticles (see scheme in lower inset).The FFT image (upper inset) shows its amorp
macrospirals observed in several biominerals (e.g., nacre and
semi-nacre). Such macrospirals display steps which are orders of
magnitude thicker than the molecular level spiral expected for
classical growth at a dislocation, and thus likely form from colloid
attachment.

It should be pointed out that the above-described ‘‘colloid
attachment and transformation – CAT” nonclassical crystallization
process may also proceed when nanoparticles form by Ca binding
to organics as precursor for the formation of ACC, according to the
model presented by Smeets et al. (2015). Indeed, a recent study by
Gal et al. (2016) shows that the in vitro growth of the calcitic struc-
tures formed on the base plate of coccoliths proceeds via attach-
ment of nanoparticles made up of Ca bound to specific
biomacromolecules involved in coccolith biomineralization.
8. Biomimetic nanogranular structures

In this section we will present some examples which demon-
strate that nanogranular structures are common for a range of
biomimetic minerals that form via different nonclassical growth
echanism involving the attachment and restructuring of ACC nanoparticles. Growth
rowth involves ACC nanoparticle bulk diffusion (1), surface diffusion (2) and final
substrate occurs. This stepwise growth results in faceted calcite crystals that display
several biominerals, if growth occurs in the presence of organics. Reprinted with
Society.

ACC nanoparticles into a colloidal crystal template (subsequently eliminated). Two
m Finnemore et al. (2009). Copyright Royal Society of Chemistry; b) Stable ACC-PAA
er cross-polars (bottom); c) HRTEM image of the film structure made up of ACC
hous nature. Reprinted with permission from Oaki et al. (2008). Copyright Wiley.
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routes that share in common the existence of liquid precursors
and/or amorphous precursor nanoparticles. The literature on these
topics is extensive, so we focus on the CaCO3-H2O system and on
recent relevant publications (i.e., papers published over the last
decade).

8.1. ACC

Biomimetic routes for the synthesis of novel functional materi-
als based on the use of a precursor liquid or amorphous (solid)
phase have been thoroughly explored (Gower and Tirrell, 1998;
Gower and Odom, 2000; Gower, 2008; Meldrum and Cölfen,
2008). Aizenberg et al. (2003) used a dispersion of ACC nanoparti-
cles placed onto a micropatterned template organically modified as
a precursor for the synthesis of micropatterned calcite single crys-
tals. The authors demonstrated that an ACC-based route for biomi-
metic crystalline materials was feasible. Xu et al. (2006) showed
that ACC thin films preserved the nanogranular morphology of
the amorphous precursor nanoparticles once transformed into cal-
cite, either by heating (100–300 �C) or exposure to humid air at
room T. Li and Qi (2008) used a colloidal dispersion of ACC
nanoparticles for the fabrication of 3D ordered macroporous calcite
single crystals, following infiltration of an ACC dispersion into a
colloidal crystal, and the subsequent calcination-induced ACC-to-
calcite conversion (involving the elimination of the colloid crystal
template). Very similar results were obtained by Finnemore et al.
(2009) infiltrating colloidal crystals (prepared by self-assembly of
diblock-copolymers) with CaCl2 solutions and exposing them to
NH3 and CO2 vapors (from solid (NH4)2CO3) that led to the precip-
itation of ACC nanoparticles within the porous 3D scaffold. Upon
ACC crystallization (and elimination of the colloidal template), sin-
gle crystalline calcite porous structures replicating the diblock
copolymer gyroid morphology were obtained (Fig. 12a).

In contrast to the previous cases where the final biomimetic
composite material included a crystalline CaCO3 phase, in their
pioneering work, Xu et al. (1998) achieved the formation of a
(stable) ACC film using a porphyrin template. Remarkably, the film
displayed a nanogranular morphology, suggestive of an
aggregation-based growth mechanism. More recently, Li et al.
(2010) succeeded in the synthesis of (stable) ACC films with a hon-
eycomb pattern. They used a PILP route and a colloidal template
(polystyrene nanoparticles self-assembled at the air-solution inter-
face) to form the films that upon elimination of the colloidal tem-
plate displayed a green structural color. The latter suggests that
these structures can have applications as photonic materials.
Another type of novel ACC-based functional material was synthe-
sized by Lee et al. (2012). The authors achieved the synthesis of
stable ACC microlens arrays following self-assembly of ACC
nanoparticles at the air-solution interface. These structures were
shown to be highly effective as antireflective coatings. The
microlens-array mimicked the structure of the optical devices pre-
sent in brittlestars. However, in the above-mentioned studies (with
exception of the study by Xu et al., 1998), the authors did not pre-
sent details of the nanostructure of ACC precursors (or the result-
ing calcite biomimetics). It is very likely that all these structures
were made up of ACC nanograins as in the case of other ACC films
or 3D (porous) structures prepared via a PILP route (Gower, 2008).
Transparent and stable ACC thin films stabilized by organic addi-
tives (e.g., PAA) showing a nanogranular structure made up of
ACC nanoparticles have been synthesized (Maruyama et al.,
2011; Oaki et al., 2008) (see Fig. 12b and c). It is likely that in these
cases, film formation took place via a colloidal self-assembly of ACC
nanoparticles involving their aggregation and coalescence in the
presence of an organic additive as proposed by Zhong and Chu
(2009). Using the layer-by-layer approach commonly used for the
biomimetic synthesis of nacre (see below), Huang et al. (2014) also
obtained transparent, free-standing multilayer films (up to 710 nm
in thickness) made up of ACC nanoparticles which were stabilized
by PAA prior to their application as a dispersion onto the ‘‘organic”
layer(s) (poly(diallyldimethyl ammonium chloride)). SEM analyses
showed that the film also displayed a nanogranular structure cor-
responding to the ACC nanoparticle aggregate.

Inspired by the exceptional physical-mechanical properties of
crustacean exoskeleton (high flexibility and bending strength)
(Grunenfelder et al., 2014), which is formed by a combination of
organic biomacromolecules and amorphous calcium carbonate
and calcium phosphate phases (Al-Sawalmih et al., 2009; Sato
et al., 2011), some researchers have investigated the possibility
of synthesizing flexible ACC-based thin films. Saito et al. (2014)
reported on the synthesis of freestanding, transparent, stiff and
flexible ACC-PAA films reinforced with nanofibrilar cellulose
(CACell). These structures were obtained by percolation a colloidal
ACC-PAA precursor into a hydrogel sheet of CACell, followed by
drying. The resulting structure was made up of stable ACC nano-
grains embedded within the organic framework. Remarkably, some
of the mechanical properties of such a nanostructured biomimetic
material outperformed those of the exoskeleton of the shrimpMar-
supenaeus japonicus.

Other stable ACC-organic biomimetic composite structures
have been reported, including peptoid nanosheets that were min-
eralized (layer-by-layer) with ACC nanoparticles forming a ‘‘sand-
wich structure” (Jun et al., 2015). Such nanosheets, which display
a surface nanogranular structure due to the aggregation of ACC
nanoparticles on the self-assembled peptoid layer, were consid-
ered to be applicable for the biomimetic synthesis of nacre-like
materials. More recently, stretchable, moldable and self-healing
hydrogels made up of ACC nanoparticles physically crosslinked to
PAA, forming transparent and rigid free standing 2D and 3D objects
once dried, have been achieved, which were called ‘‘mineral plas-
tics” (Sun et al., 2016).

8.2. Vaterite

Vaterite formation is not only relevant for biomineralization
(e.g., some tunicates form vaterite spicules: Kabalah-Amitai et al.,
2013; Pokroy et al., 2015), but also for the biomimetic synthesis
of CaCO3 structures with a range of applications expanding from
plastic fillers to drug delivery. Its formation has been a matter of
debate, with two schools of thought. While some researchers con-
sider that it forms via classical (spherulitic) growth, other support
an aggregation-based growth (Andreassen, 2005). Most recent
results suggest that an aggregation-based growth is the dominant
mechanism, and it likely involves an amorphous precursor (Gehrke
et al., 2005a; Pouget et al., 2009, 2010). Indeed, the formation of
vaterite mesocrystals, which typically display a nanogranular sur-
face texture, and commonly form in the presence of additives
(ammonia or organics), has been shown to involve several stages
of nanoparticle self-assembly (oriented attachment) as well as an
ACC-to-crystalline transformation (Aziz et al., 2011; Gehrke et al.,
2005a; Hu et al., 2012; Pouget et al., 2009, 2010). Gehrke et al.
(2005a) suggested that lens-shaped hexagonal vaterite structures
formed via oriented attachment of vaterite nanoplatelets. Interest-
ingly, the authors pointed out that the field created by the crys-
talline structure was strong enough to attract amorphous
intermediates, resulting in the observed nanogranular surface tex-
ture (nanograins with size�20 nm). Hu et al. (2012) suggested that
such a nanogranular texture (Fig. 13a and b) resulted from the ran-
dom aggregation of nanoparticles that latter on lined up along
specific crystallographic orientations (concurrent with a transition
from poorly crystalline to crystalline) (Fig. 13c). Zhu et al. (2009)
reported that complex pancake- or doughnut-like vaterite
superstructures made up of flake-like building units formed after
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self-assembly of ACC and early crystalline vaterite nanoparticles
(HRTEM showed coexistence of both amorphous and crystalline
nanoparticles), followed by a mesoscale transformation into vater-
ite nanocrystals. The whole process was controlled by the presence
of organics (cetyltrimethyl ammonium bromide). Overall, these
observations are fully consistent with the nonclassical colloid-
mediated crystal growth mechanism presented in the previous
section. Note, however, that an alternative explanation for the for-
mation of hexagonal vaterite plates (in the presence of NH4

+ ions)
was suggested by Pouget et al. (2010). Using cryo-TEM the authors
reported that after an initial aggregation of ACC nanoparticles, a
solid-state transformation led to the formation of vaterite. It is
however not clear how perfectly faceted hexagonal vaterite crys-
tals can be formed via a solid-state amorphous-to-crystalline
transformation from shapeless (mostly) spherical aggregates of
ACC nanoparticles. This may be explained if one considers that pre-
cursor ACC nanoparticle can self-assemble forming a colloidal crys-
tal. For this to occur, some degree of anisotropy must be present in
the amorphous building units. In other words, the ACC nanoparti-
cles must have a (vaterite) proto-structure (medium-range order).
This is consistent with the model presented by Rodriguez-Navarro
et al. (2015b) for the formation of 1D, 2D and 3D structures via the
oriented attachment (self-assembly) of ACC nanoparticles with a
proto-calcite structure. Interestingly, the cryo-TEM study of
Pouget et al. (2009) showed that some hexagonal-shaped struc-
tures of vaterite had a faceted crystalline core (displaying strong
lattice contrast) surrounded by an overgrowth with very low con-
trast and curved surface features. Such features were also observed
by Pouget et al. (2010) (Figs. 13d and e). These observations sug-
gest that the overgrowth was ACC and point to the growth of the
vaterite core via attachment of ACC nanoparticles (present in the
bulk solution), followed by their fusion with the crystalline sub-
strate forming a faceted crystal (Fig. 13f), in agreement with the
model proposed by Rodriguez-Navarro et al. (2016) (see Section 7).

Further evidence for the growth of vaterite via attachment of
nanoparticle precursors was presented by Li and Zeng (2012).
Fig. 13. Vaterite structures. A) Vaterite mesocrystal; B) detail of the nanogranular structu
(see text for details). Reprinted with permission from Hu et al. (2012). Copyright Mineralo
core (dark-contrast inner hexagonal shaped area) and an ACC shell. E) The SAED pattern o
a few spots corresponding to vaterite; F) well-developed hexagonal vaterite. Reprinted
Society.
The authors tried to replicate the structure of nacre in lackluster
pearls, which is made up of vaterite platelets. They succeeded in
preparing the classic ‘‘mortar-and-brick” layered structure of nacre
using vaterite nanoplates and an organic that enabled their self-
assembly. However, their synthesis route resulted in vaterite nano-
plates oriented with their c-axis normal to the layered structure,
while vaterite plates in lackluster pearls have their b-axes normal
to the layered structure. In any case, the nanoplates displayed
nanogranular morphology (Fig. 14), suggestive of an aggregation-
based growth mechanism involving ACC precursor nanoparticles.
Nanogranular structures have also been commonly observed in
vaterite thin films deposited, for instance, on a polymer matrix
(Zhu et al., 2014), as well as in vaterite spheres formed in the pres-
ence of PSS (Imai et al., 2012). In these examples, the two key fea-
tures, (i) amorphous precursor and (ii) nanogranular texture were
closely linked, and pointed to colloidal self-assembly as the growth
mechanism.

One key question in the biomimetic precipitation of vaterite
after ACC is the following: What is the actual mechanism of poly-
morph selection? Some authors suggest that the existence of a par-
ticular proto-structure in ACC (short- or medium-range order) is
critical for the selection of a particular polymorph upon
amorphous-to-crystalline conversion (Gebauer et al., 2010). How-
ever, as indicated in section 3, recent results by Zou et al. (2015)
point to size-related stability and solubility differences among dif-
ferent ACC precursors as the key parameter regulating polymorph
selection (in solution). While this effect may explain the formation
of vaterite in additive-free solution, it is not clear whether it also
plays a role in additive-inclusive solutions where stabilization of
this polymorph by different organics reportedly occurs
(Rodriguez-Navarro et al., 2007).

8.3. Aragonite

Nacre is an example of the exceptional mechanical properties
that the right combination of organic and inorganic (aragonite)
re; C) model for the formation of the structure in (A) via aggregation of nanoparticles
gical Society of America. D) Cryo-TEM image of early vaterite formed by a crystalline
f the structure in (D) shows diffuse rings (yellow arrows) corresponding to ACC, and
with permission from Pouget et al. (2010). Copyright (2010) American Chemical



Fig. 14. Nanostructure of vaterite nanoplates used for the biomimetic synthesis of
structures resembling nacre-like in lackluster pearls. a) TEM image of a nanoplate.
b) HR-TEM image of a nanoplate showing the boundary between individual vaterite
nanoparticles. c) AFM image of crystallite grains on a nanoplate. d,e) AFM images of
the topography of a nanoplate surface showing the nanogranular structure. From Li
and Zeng (2012). Copyright Wiley.
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components can reach when properly arranged hierarchically at
different length scales into a ‘‘brick-and-mortar” structure
(Addadi et al., 2006; Lowenstam and Weiner, 1989; Yao et al.,
2014). Indeed, the ultimate compression and tensile strength,
hardness, and toughness (work of fracture) of nacre can be orders
of magnitude higher than those of its individual components: the
minor (�5 vol%) organic (bio)macromolecules (mainly polysaccha-
rides, proteins and lipids) forming the ‘‘mortar” (Tseng et al., 2014)
and the main inorganic phase, aragonite, forming the ‘‘bricks”,
which also includes (bio)macromolecules (Lowenstam and
Weiner, 1989; Takahashi et al., 2004). Note, however, while arago-
nite is recognized as the main inorganic phase in nacre, nacre-like
structures made up of vaterite (e.g., nacre in lackluster pearls) and
calcite (e.g., semi-nacre in Novocrania sp.) have also been reported
(Li and Zeng, 2012; Williams et al., 1999). Due to its extraordinary
mechanical properties, nacre has been a source of inspiration for
the biomimetic synthesis of stiff and tough composite materials
(Bonderer et al., 2008; Ortiz and Boyce, 2008; Sellinger et al.,
1998; Wegst et al., 2015; Yao et al., 2014). However, the in vitro
replication of nacre involving the formation of pure, oriented arag-
onite platelets surrounded by organics and displaying a nanogran-
ular structure of aragonite building blocks (nanogranules �30 nm
in size), which has been related to the exceptional toughness of
nacre (Li et al., 2006), has not been achieved. The presence of a
nanogranular structure strongly suggests that amorphous precur-
sor nanoparticles play a critical role on the formation of nacre
(Addadi et al., 2006), as recently demonstrated by DeVol et al.
(2015), and gives important clues for the synthesis of its biomimet-
ics. In their pioneering work, Gehrke et al. (2005b) achieved the
retrosynthesis of nacre by the infiltration of a PILP phase within
the organic matrix of demineralized nacre. The authors observed
the formation of calcite after precursor ACC nanoparticles. This
study demonstrated that a PILP phase (in this case, induced by
PAA addition) and amorphous precursor nanoparticles could play
a critical role during the formation of nacre in vivo. However, the
formation of oriented aragonite platelets was not achieved and
no details on the possible nanogranular structure of the final crys-
talline CaCO3 mineral were presented. Apparently, the presence of
adequate organic macromolecules is critical for the formation of
aragonite (Falini et al., 1996). Using different organics (e.g., polyas-
partate, polyacrylic acid, poly(vinyl alcohol), poly(vinyl alcohol)-
co-(vinyl acetate)) with or without Mg2+ (a well-known additive
inducing the formation of aragonite) the formation of aragonite
nanorods or thin-films with nanogranular features somehow
resembling nacre platelets have been achieved, in some cases after
assembly of ACC precursor nanoparticles (Kajiyama et al., 2014;
Sakamoto et al., 2009; Sugawara and Kato, 2000). Interestingly,
Amos et al. (2007) observed the formation of aragonite tablets
(�600 nm thick) following deposition of an ACC film underneath
a Langmuir monolayer. In this case, the formation of the amor-
phous precursor was induced by PAA plus Mg2+ (i.e., PILP route).
Multilayered aragonite structures (with shuttle-like shape) were
obtained by Wang et al. (2010) who used a polysaccharide, algi-
nate, to induce the nucleation and growth of CaCO3 (Fig. 15). Ini-
tially, vaterite formed after a liquid-like ACC phase, and upon its
dissolution, it released alginate, as well as Ca and carbonate ions,
which favored the formation of aragonite. This latter phase grew
via aggregation of nanoparticles (30 nm in size) whose crystalline
or amorphous nature was not determined. Remarkably, the
nanoparticles aggregated along preferred directions (vectorial
alignment) forming multilayers (each layer �100 nm thick) with
mesocrystal features (SAED spot patterns with a few degrees’
angular spread). Apparently, the presence of alginate was of para-
mount importance for the formation of these aragonitic structures
that resembled nacre. Metzler et al. (2010) used N16N, an acid–
protein fragment inspired by a protein (N16) in the nacre layer
of Pinctada fucata, for biomimetic aragonite mineralization.
Remarkably, they obtained a lamellar aragonite structure with
interspersed N16N layers that strongly resembled natural nacre.
However, micrometer-sized structures with only a few ‘‘nacre-
like” layers were obtained. Layered organic-aragonite composites
resembling nacre were also synthesized (via the Kitano method)
by Munro and McGrath (2012). Notably, the presence of PAA and
an organic matrix (chitin) was a prerequisite for aragonite forma-
tion, which displayed a layered, nanogranular nacre-like structure.
However, no pure aragonite was obtained; instead, a 4:1 arago-
nite:calcite ratio was detected.

Some additional clues on the mechanisms of nacre growth have
been achieved by performing nacre regrowth experiments in vitro.
Although no exact replication of all the above-mentioned features
of natural nacre could be achieved, some insights into the forma-
tion of nacre have been gained. Qiao et al. (2008) performed
growth experiments using freshwater pearls that were immersed
into CaCl2 solution and exposed to NH3 and CO2 gases for mineral-
ization to occur. The authors observed the growth of hexagonal
platelets of aragonite that were very similar in morphology, size
and orientation to those of the underlying substrate. Aragonite
growth proceeded by the simultaneous development of nanometer
sized ‘‘christmas tree”-like structures on the aragonite substrates,
which suggested that crystal growth occurred via a classical 2D
surface nucleation. The authors postulated that growth involved
the formation of ACC precursor nanoparticles. However, their
SEM observations and Raman analyses did not conclusively show
what role (if any) ACC played in the development of the observed
structures. Hayashi et al. (2010) used a natural nacre substrate for



Fig. 15. Steps involved in the formation of nacre-like multilayered aragonite structures (with shuttle-like morphology) from hexagonally shaped vaterite (involving
‘‘ripening”).The layers are made up of nanoparticle. Reprinted with permission from Wang et al. (2010). Copyright (2010) American Chemical Society.
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the overgrowth of nacre-like aragonite/PAA multilayer films. The
authors first induced the epitaxial growth of an aragonite layer
on the nacre substrate and subsequently drop-coated a film of
PAA. Note that near-epitaxial growth of aragonite layers appears
to be a general feature of natural nacre (Olson et al., 2013a). By
repeating these two steps, the multilayer structure, nearly identi-
cal to that of the natural substrate, was achieved according to
the authors. However, although a nanogranular structure was evi-
dent, the aragonite plates in the overgrowth displayed an irregular
contour, with no clear limit between platelets. Other researchers
have also performed regrowth experiments using nacre as a sub-
strate, observing that irrespective of the growth solution composi-
tion or the precipitation method, aragonite overgrowths with
nanogranular textures typically developed (Zuykov et al., 2012).

Gries et al. (2012) achieved the re-mineralization of the insol-
uble organic matrix of abalone nacre. Aragonite platelets were
obtained upon mixing of NaHCO3 and CaCl2 solutions in contact
with demineralized insoluble organic matrix. Interestingly, the
authors found mineral bridges (the so-called ‘‘Checa bridges”)
between aragonite layers that are considered instrumental for
crystallographic alignment (Checa et al., 2011). However, Gries
et al. (2012) gave no orientation of aragonite crystals on these lay-
ers, so it is unclear whether the [001]aragonite orientation normal to
the aragonite platelets was achieved. They also provide no indica-
tion regarding the existence or absence of a nanogranular texture.

8.4. Magnesian calcite

Mg-calcite is a thermodynamically unstable variety of calcite
(i.e., same space group) that includes Mg substituting Ca in concen-
trations that typically vary from 4 up to 45 mol% (Morse et al.,
2007). Other metastable phases with higher Mg concentration
are termed either proto-dolomite (with �50 mol% Mg) or Mg-
deficient magnesite (with P50–55 mol% Mg) (Radha et al., 2012;
Xu et al., 2013). The formation of high Mg-calcites (i.e., those with
Mg concentrations >10 mol%) has been thoroughly studied due to
the fact that several marine organisms (e.g., foraminifera, echino-
derms, calcareous sponges, and some corals, serpulids, and calcare-
ous algae) currently build their exoskeletons using such a
thermodynamically unstable carbonate (see review by Long et al.,
2014). Also, from a biomimetic, material-application perspective,
it is important to underline that Mg-calcite biominerals show
mechanical properties that exceed those of geologic calcite
(Moureaux et al., 2010). Remarkably, in vitro synthesis of Mg-
calcite in the absence of organic additives (or solvents) have typi-
cally failed to reproduce the high Mg content present in some
biominerals (up to 45 mol%) (Killian et al., 2009). Conversely, high
Mg-calcites have been synthesized in the laboratory using different
organic additives and/or solvents (Xu et al., 2013), most of them
involving the formation of amorphous precursors, as also occurs
in many biogenic Mg-calcite biominerals (e.g., spicules of sea urch-
ins or spicules of calcareous sponges, and sea urchin tooth) (Killian
et al., 2009; Politi et al., 2008; Sethmann et al., 2006). Indeed, in
their pioneering work, Raz et al. (2000) demonstrated that the for-
mation of Mg-calcite in vitro involved an amorphous precursor.
Cheng et al. (2007) were able to synthesize thin films of high
Mg-calcite (30 mol% Mg) using a PILP route, which involved the
precipitation and assembly of Mg-ACC nanoparticle precursors.
Mg likely played a key role during thin film formation due to its
well-known capacity to stabilize ACC precursors (Lin et al., 2015;
Politi et al., 2010). This stabilization effect may not only be pivotal
in the formation of Mg-calcite biominerals via an amorphous pre-
cursor, but also offers many possibilities for using Mg-ACC col-
loidal dispersions for the synthesis of biomimetic materials
without the shortcomings associated with unwanted early ACC-
to-crystalline conversion during material processing. Mg also
induces and stabilizes PILPs (Schenk et al., 2012a), and appears
to tune the wettability of liquid precursors (favoring their spread-
ing as thin films, or their penetration into porous structures) (Berg
et al., 2013). The use of PAA in Cheng et al. (2007) experiments was
not only important for the formation of the PILP phase, but, likely,
also favored the stabilization and self-assembly of the precursor
ACC forming the film. Furthermore, organics such as PAA are
known to favor the incorporation of Mg initially into ACC and later
on into Mg-calcite because they facilitate the dehydration of such
strongly hydrated ion (Wang et al., 2009). It is therefore not unex-
pected that most Mg-calcites with very high Mg contents (>20 mol
% Mg) have been synthesized in the presence of organics. In fact,
Long et al. (2011) reported that the presence of polymers in the
growth solution used for the synthesis of a Mg-ACC precursor
was pivotal to obtain Mg-calcite with up to 40 mol% Mg. Interest-
ingly, the Mg-calcite microspheres the authors synthesized,
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displayed a nanogranular surface texture suggestive of a nonclassi-
cal aggregation-based growth mechanism. Another example of the
importance of organics in the synthesis of high Mg-calcite was
reported by Lenders et al. (2012). Using a mixed-solvent synthesis
approach, the authors achieved a very high Mg-content in Mg-
calcite (53 mol% Mg; basically a ‘‘protodolomite” phase). They
showed that the formation of high Mg-calcite mesocrystal struc-
tures was achieved via the formation of Mg-ACC nanoparticles
(some tenths of nm in size) in a non-aqueous solvent (Fig. 16).
The Mg-ACC aggregates were subjected to an amorphous-to-
crystalline transformation in the presence of water. As a result of
this transformation, almond-like Mg-calcite structures made up
of individual nanoparticles that diffracted electrons as a single
crystal, but with a relatively high angular spreading (�16�), were
obtained. Such features are consistent with those of a mesocrystal.
Interestingly, some aggregates of ACC nanoparticles were observed
(using TEM) attached to the mesocrystals, but not already inte-
grated into the structure. These observations suggest that the for-
Fig. 16. Model for the formation of high Mg-calcite mesocrystals. a) Reaction of Ca
and Mg in the organic solvent with CO2 leading to the formation of a gel including
(CaCO3)2 and (MgCO3)2 units and the protonated organic ligand LH. b) THF washing
leads to the precipitation of aggregated Mg-ACC nanoparticles. c) Nucleation of high
Mg-calcite from Mg-ACC preserving the Mg/Ca ratios present in the precuror. d)
Growth by attachment of Mg–ACC nanoparticles onto the crystal surface and co-
oriented crystallization into a fibrous substructure. e) Crystalline/amorphous core/
shell intermediates precede the final crystalline high Mg-calcite. TEM images of
precursor Mg-ACC (f) and Mg-calcite mesocrystal (g), still surrounded by (amor-
phous) nanoparticles. Reprinted with permission from Lenders et al. (2012).
Copyright (2012) American Chemical Society.
mation of such mesocrystals likely took place via attachment of the
amorphous nanoparticle precursors and fusion with the crystalline
substrate, in agreement with the nonclassical growth model pre-
sented in Section 7.

8.5. Calcite

Calcitic structures are by far the most common and most thor-
oughly studied CaCO3 materials formed via biomimetic precipita-
tion routes (Gower, 2008; Meldrum and Cölfen, 2008). Despite
extensive research, there are some key points about their forma-
tion mechanism(s) that still are not fully understood. Two of these
key points are how the commonly reported nanogranular mor-
phology of calcite biomimetic structures forms and what role liq-
uid and/or amorphous precursor nanoparticles play in their
growth. In their seminal in situ AFM study, Sethmann et al.
(2005) showed that at a high supersaturation and in the presence
of poly(aspartate), calcite growth progressed after the initial for-
mation of a ‘‘gelatinous film” that subsequently transformed into
an aggregate of nanometer sized clusters. Such clusters eventually
evolved into triangular shaped nanosized structures. Long et al.
(2013) observed similar nanostructural features using in situ AFM
during calcite growth in the presence of PAA. Gower (2008)
pointed out that the ‘‘gelatinous film” observed by Sethmann
et al. (2005) likely was a PILP that transformed into ACC prior to
the formation of crystalline CaCO3. The same nanogranular mor-
phologies were observed in the ossicles of sea urchins (Sethmann
et al., 2005), in the spicules of calcareous sponges (Sethmann
et al., 2006) (see Fig. 1c and d), and in the calcite prisms that form
the prismatic layer in mollusk shells (Dauphin, 2002; Gilbert et al.,
2011; Nudelman et al., 2007). These observations suggest that a
nanocluster-mediated attachment (of liquid-like ACC nanoparti-
cles) might be a general mechanism for CaCO3 biomineralization.
Indeed, the ex situ AFM analysis by Zhu et al. (2013) showed that
the (10.4) faces of calcite formed in the presence of a
polypeptide-based copolymer were made up of nanogranular
aggregates (nanoparticle size �100 nm) that somehow resembled
the morphology and size of precursor ACC. Nonetheless, the
authors concluded that the calcite structures formed via nanocrys-
tal assembly (i.e., mesocrystallization). The latter study is repre-
sentative of most published results on CaCO3 mesocrystallization
that generally neglect the possibility that ACC nanoparticles can
directly attach on a crystalline substrate contributing to its growth.
The exception is the seminal study by Song et al. (2009). The
authors showed that calcite mesocrystals with octahedral forms
or even with P-surfaces formed from a precursor ACC, which was
assumed to be liquid-like. The surfaces of these calcite mesostruc-
tures were characterized by a distinctive nanogranular structure as
shown by TEM and AFM analysis (nanoparticles with an average
size of 100 nm) (see Fig. 9). Interestingly, the authors indicated
that it was quite probable that OA of ACC nanoparticles onto the
crystalline mesostructure took place during mesocrystal growth.
However, no details on the actual mechanism of ACC attachment
onto the calcite substrate via OA were presented. In line with the
previous study, Schenk et al. (2012b) reported on the formation
of calcite mesocrystals synthesized in the presence of PSS. Their
study demonstrated that such mesocrystals displayed a hierarchi-
cal structure spanning from the nano- to the macro-scale. The
smallest units were nanoparticles �30 nm in size, arranged into
larger, 100 nm layered nanostructures that, in turn, constituted
the building-units of micrometer sized calcite crystals. Their
x-ray diffraction analysis showed that the coherent size of calcite
was ca. 155 nm, larger by a factor of five than the size of the small-
est building units observed with SEM and AFM. The authors con-
cluded that, likely, the smallest units were initially ACC that
upon fusion and amorphous-to-crystalline transformation resulted



Fig. 17. Nanoscale features of a calcite thin film formed via the deposition of
colloidal liquid (PILP) droplets onto a patterned SAM template. A) patterned SAM
template covered by the calcite film. The inset shows the AFM image of the surface
texture of the patterned template. B) AFM image of the nanogranular features of the
calcite film (yellow squared area in (A)). Reprinted with permission from Kim et al.
(2007). Copyright (2007) American Chemical Society.
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in the larger calcite domains. Remarkably, a simple molecule such
as PSS was able to interact with the calcite structure at several
levels, directing its self-assembly, and leading to its final hierarchy,
being finally incorporated into the mesocrystal. All in all, the
resulting structures displayed several key features that are com-
mon to calcite biominerals.

Calcite films have been produced by different routes, which typ-
ically involved the initial deposition of an amorphous precursor on
a substrate (amorphous or crystalline) or on an organic template,
including Langmuir monolayers, SAMs, or even polymer templates
(Han et al., 2005; Xu et al., 1998). Kotachi et al. (2004) reported on
the formation of films of calcite on a substrate in the presence of
PAA. Such films displayed a lozenge-shape (i.e., parallelograms
with edges at an angle of 104� or 120�) and were formed by ori-
ented calcite nanocrystal units less than 100 nm in size. These
results clearly show that the self-assembly of nanoparticles is at
the core of calcite film formation mediated by organics (PAA).
However, Kotachi et al. (2004) did not considered the possible for-
mation of such structures via a liquid (Gower, 2008: Volkmer et al.,
2005) or solid amorphous precursor (Rodriguez-Navarro et al.,
2015b). Kim et al. (2007) reported on the deposition of calcite thin
films on patterned SAMs via a PILP route. AFM analysis of the
nanoscale features of the films showed a characteristic nanogran-
ular texture consistent with their formation via the deposition of
colloidal liquid (PILP) droplets (Fig. 17). Such nanodroplets coa-
lesced to form an amorphous mineral film that subsequently trans-
formed into calcite. The direct nucleation of an ACC phase onto the
template was ruled out by performing an elegant experiment.
The template was placed vertically in the growth solution and the
thickness of the deposited CaCO3 layer was measured using AFM.
These measurements showed thicker deposits at the bottom than
at the top part of the template, clearly demonstrating that
nanoparticle precursors (which concentrated at the bottom of the
crystallization dish due to gravity) were formed in solution prior
to deposition. Remarkably, the nanogranular structure of the
precursor colloidal phase was preserved upon the amorphous-to-
crystalline transformation. This is consistent with a pseudomorphic
transformation. However, it was not clear if the transformation
took place via a solid-state mechanism or via a dissolution-
precipitation process. In all these examples, film formation is
closely related to and/or promoted by the presence of an organic
additive, particularly synthetic organic polymers (as well as Mg
ions) (Schenk et al., 2012a). Interestingly, in vitro calcite film
formation is also induced by biomacromolecules extracted from
living organisms (Belcher et al., 1996). Sugawara et al. (2006)
reported that matrix peptides isolated from the exoskeleton of a
crayfish induced the formation of thin films of oriented calcite.
The authors proposed that ACC was stabilized by the peptide and
then transformed into oriented calcite, which displayed a
nanogranular structure. It is likely that such a nanogranular structure
was inherited from the ACC nanoparticle precursor according to the
ACC nanoparticle-mediated growth model discussed in Section 7.

Hybrid calcite-chitosan composites with superior mechanical
properties (work of fracture) were obtained by Xiao and Yang
(2011) using ACC nanoparticle precursors. The authors pointed
out that the final nanogranular calcite crystals (nanogranules
�150 nm in size) embedded in the chitosan scaffold were not
formed via the direct transformation of the initial hydrated ACC
(with no short-or medium-range order). They indicated that
hydrated ACC first transformed into anhydrous ACC with protocal-
cite structure and then, this transient phase, transformed into cal-
cite. Such a sequence of phase transitions, fully consistent with the
Ostwald’s step rule (see Section 3), has been observed in some
biominerals such as sea urchin spicules (Gong et al., 2012) or mol-
lusk nacre (DeVol et al., 2015), as well as in additive-free abiotic
systems (Rodriguez-Navarro et al., 2015b).
Using the acid soluble organic matter (SOM) from the nacreous
layer of Pinctada margaritifera pearl oyster shell, Tseng et al. (2014)
were able to synthesize CaCO3 layered structures (each layer about
200–400 nm in thickness) which were reminiscent of the nacre
structure. Although they obtained calcite instead of aragonite, they
observed that each layer was made up of an aggregate of nanopar-
ticles (�20 nm is size) that diffracted as a single crystal. The
authors proposed that the organics in SOM were able to stabilize
precursor amorphous nanoparticles and induce their self-
assembly into the observed 2D structures. This is consistent with
the reported capacity of proteins extracted from nacre (n16.3) to
organize or assemble calcium carbonate mineral clusters into sin-
gle crystalline calcite (Perovic et al., 2014). Following an
amorphous-to-crystalline transformation, organics were accumu-
lated lining the nanoparticle building blocks, as shown by phase
contrast imaging with AFM, a structural feature that was also
observed in natural nacre (Fig. 18). Although the authors did not
actually indentify ACC in their experiments, basically what they
observed is a pseudomorphic ACC-to-crystalline replacement, sim-
ilar to that reported by Harris et al. (2015). Harris et al. (2015) syn-
thesized complex calcite spherulites displaying bent morphologies
and crystal lattice tilting which formed from ACC via the PILP
route. The authors concluded that the formation of ACC films could
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explain these features. Such films underwent a pseudomorphic
transformation into calcite thus resulting in the complex spheruli-
tic structures (Fig. 7e). The structures displayed a nanogranular
texture that demonstrated that growth took place via aggregation
of the ACC precursor nanoparticles, followed by their pseudomor-
phic transformation into calcite. These results are consistent with
those reported by Rodriguez-Navarro et al. (2015b) and the model
presented in Section 7 (Rodriguez-Navarro et al., 2016). For such a
pseudomorphic replacement to occur, the presence of organics is of
paramount importance. First, organics accumulate around each
nanoparticle due to a purification-though-crystallization process
taking place during the ACC-to-crystalline conversion. Second,
the organics prevent further classical ion-by-ion crystal growth,
which otherwise would erase any nanogranular structure, as
occurs in the ACC-to-calcite transformation in the absence of
organics (Rodriguez-Navarro et al., 2016). Combined, the results
of the previous studies strongly suggest that CaCO3 biominerals
and their biomimetcs, can develop via a nonclassical crystal
growth process involving the attachment and self-assembly of
ACC nanoparticles followed by their pseudomorphic transforma-
tion into crystalline CaCO3 polymorph, these processes being con-
trolled or mediated by organic (bio)macromolecules.
Fig. 18. Plate-like calcite structures formed after ACC in the presence of soluble
organic matter (SOM) extracted from nacre. A) SEM image of the calcite structures;
B) Detail of the nanogranules making up the structures depicted in (A); Topographic
(C) and phase-contrast (D) AFM images of the surface of the calcite structures
formed in the presence of 100 ppm SOM. Reprinted from Tseng et al. (2014), with
permission from The Royal Society of Chemistry.
Trying to replicate the structure of nacre in the laboratory, Gong
et al. (2010) used a PILP route and a block-copolymer and obtained
a multilayer organic-inorganic composite that resembled biogenic
nacre (Fig. 19). However, three key features of nacre could not be
replicated: (i) the authors obtained calcite from ACC, but not arag-
onite; (2) the inorganic layer was not formed by the typical hexag-
onal platelets of crystalline CaCO3 with 200–700 nm in thickness
and some 1–5 mm in lateral dimensions: In contrast, a mosaic-
like structure of shapeless and polydisperse calcite crystals – some
of them with lateral dimensions over 100 lm – was obtained; (3)
the preferred crystallographic orientation of nacre platelets (arag-
onite c-axis normal to the nacre layers) was not achieved: The XRD
pattern of the multilayer was consistent with that of a powder, and
the polarized optical microscopy image of the film showed differ-
ent interference colors among individual crystals making the
mosaic-like structure, features not consistent with a [001] pre-
ferred orientation. Interestingly, however, the AFM analysis of
the PILP phase deposited underneath the block-copolymer layer
revealed a nanogranular structure made up of an aggregate of
nanoparticles 43 nm in size (i.e., precursor ACC nanoparticles).
Finnemore et al. (2012) obtained CaCO3-polymer (poly(acrylic
acid) and poly(4-vinol pyridine)) layered structures that displayed
the iridescence and toughness (indentation hardness) of natural
nacre (Fig. 20). The authors claimed that theirs was the first suc-
cessful attempt to replicate nacre using CaCO3. However, the fact
that their layered structure was made of calcite, rather than arag-
onite, leaves open the quest for the successful replication of nacre.
Interestingly, Finnemore et al. (2012) reported that calcite in their
nacre-like structures formed via an ACC precursor phase which left
a nanogranular imprint. They also suggested that the preferred ori-
entation of calcite crystals formed from ACC was transmitted
across layers (epitaxy) due to the porous structure of the organic
films deposited on each CaCO3 layer.

Using a bio-inspired approach, Natalio et al. (2013) were able to
synthesize calcite structures which replicated the morphology, size
and crystal orientation of calcareous sponge spicules. Remarkably,
these 1D biomimetic structures were formed via self-assembly of
ACC nanoparticles that later on transformed into mesostructured
calcite (with [100] orientation). It is unclear whether the vectorial
alignment of ACC was due to OA associated with a calcite proto-
structure (Rodriguez-Navarro et al., 2015b) or was due to a possi-
ble directing role of the silicatein-a protein. The authors showed
that these artificial spicules displayed extreme bending strength,
surpassing that of natural calcite spicules.
9. Summary and implications in biomineralization

Here we have summarized a large body of experimental results
obtained in the last decades that clearly indicates that the forma-
tion of biominerals and their biomimetic counterparts does not
necessarily follow classical crystallization routes, and it may rather
involve the formation of pre-nucleation ion associates and precur-
sor (liquid and solid) amorphous phases as well as aggregation-
based growth mechanisms. Such nonclassical processes can
explain many of the features and superior properties of biominer-
als and their biomimetics. The formation of ion associates (PNCs)
prior to the formation of solid or liquid precursor phases raises
the possibility that the effects of organics (e.g., biomacro-
molecules) at modulating the growth of biominerals and their
biomimetics may start earlier than thought. The presence of (bio)-
macromolecules in the precipitation media inhibits nucleation in
the classical sense and allows the formation of dense liquid precur-
sor phases at higher driving forces for crystallization. These phases
are critical for the mineralization process in biological systems, as
their liquid like character allows molding of the final crystalline



Fig. 19. Nacre-like layered calcite structure synthesized using a PILP route. A) PILP dropplets deposited on a substrate; B) calcite layer formed after the PILP; C) multilayered
calcite resembling the structure of nacre; D) AFM image of the surface topography of the multilayer structure showing a nanogranular texture. Reprinted from Gong et al.
(2010), with permission from Elsevier.

Fig. 20. Iridescence and structural features of natural nacre (a-c) and artificial calcitic nacre-like structure (d-f). Note the similarities in the layered structure (b and e) and the
porous structure of the organic layer separating CaCO3 platelets (c vs. f). A detail of the porous organic layer in the artificial nacre is shown by the AFM image in (g). Reprinted
by permission from Macmillan Publishers LTD: Finnemore et al. (2012). Copyright (2012).
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biominerals into non-equilibrium geometries via infiltration of the
precursor condensed liquid phase within confined volumes and
subsequent solidification into amorphous phases and pseudomor-
phic crystallization. This molding capacity is of great advantage for
the mineralization of pre-formed biomimetic structures (e.g., using
a colloidal crystal template). Additionally, recent experimental
results indicate that crystalline materials may as well grow by non-
classical mechanisms involving the incorporation of (amorphous)
colloidal nanoparticles. This is of relevance for biomineralization
processes, in which sequential mineral growth takes place as the
organism develops, as well as in the synthesis of multilayered bio-
mimetic materials.

The formation mechanisms described above commonly leave a
characteristic nanotextural imprint in both biominerals and their
biomimetics that has been studied with the aim of disclosing their
origins and formation mechanisms. The frequently observed
nanogranular morphology of calcitic, vateritic and aragonitic
biominerals or CaCO3-based biomimetic materials apparently
results from growth involving amorphous (solid and/or liquid)
nanoparticle attachment and restructuring. This nanotexture is
typically preserved upon crystallization if organic molecules are
present. Such a colloid-like growth mechanism allows a fast supply
of material at the growth site, which leads to growth rates orders of
magnitude higher than those achieved by classical ion-mediated
growth, as it is typically observed in biominerals formed after
ACC. It would be enlightening to experimentally prove, in vivo,
whether or not the nonclassical growth mechanism above men-
tioned involving PILP phases and/or amorphous nanoparticles
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actually operate during biomineral growth. This is a challenging
task that, however, is not impossible considering the current devel-
opment in analytical technologies for in situ analysis.

Future research should focus on the analysis of textural and
structural features of biominerals and their biomimetics in other
systems including phases such as calcium phosphates, calcium
oxalates and iron oxides, in order to disclose if the nonclassical
amorphous nanoparticle based growth mechanism reviewed here
is also at work.

Further research is also necessary to shed light on the ultimate
mechanism that leads to the preservation of the nanogranular fea-
tures of biominerals and their biomimetics once the amorphous-
to-crystalline conversion has taken place. Studies should also focus
on disclosing how such a conversion preserving the nanogranular
shape of the biominerals does not leaves a porous structure (as
in mesocrystals) but rather typically results in space-filling
materials.
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