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not form their crystals directly from a sat-
urated solution, but fi rst produce a highly 
disordered precursor phase, from which 
the mature crystals are subsequently 
formed. [ 2–4 ]  In addition, one of the most 
unusual hallmarks of many biogenic min-
erals, both amorphous and crystalline, is 
that at the nanoscale they are composed 
of spherical particles a few tens of nanom-
eters in diameter ( Figure    1  ). [ 5–12 ]  This 
nano-particulate texture is different from 
the generally smooth surface of inorganic 
crystals at this length scale. We show here 
that these two observations are related.  

 Recent reports, in part inspired by bio-
genic minerals, established the existence 
of transient dense liquid intermediate 
phases as well as nanometer-sized solid 
clusters during mineral formation from 
solutions in vitro and in silico. [ 13–20 ]  These 
studies focused on the initial nucleating 
phase in solution. Investigations of later 
stages of aggregation of disordered phases 
in solution showed that they can subse-

quently crystallize upon contact with their crystalline coun-
terparts. [ 21 ]  Moreover, at the micrometer scale some crystals 
appear to be meso-crystalline assemblies of nanoparticles. [ 22,23 ]  
Amorphous calcium carbonate (ACC) and its transformation 
into crystalline phases is a well-studied system because of its 
abundance in nature as a precursor phase and subsequent 
implications for synthetic systems. [ 24–26 ]  Yet, despite these 
advances in our understanding of crystal growth processes, the 
phases and mechanisms that lead to the common nanoparticle 
morphology of biogenic minerals are unclear. [ 27 ]  

 Recently, we reported on a unique mode of transformation 
in vitro of plant cystoliths, a biogenic ACC phase that is stable 
as long as the leaf lives. [ 28 ]  Cystoliths are found in specialized 
cells in the leaves of certain species of higher plants and func-
tion as light scatterers inside the leaf. [ 29 ]  The ACC phase is rel-
atively free of ionic additives, but does contain a gel-forming 
organic matrix. [ 28 ]  Other mineralized tissues are also known 
to contain gel-forming molecules. [ 30–32 ]  When cystoliths are 
induced to crystallize in vitro in a small volume of water, the 
cystolith ACC transforms into calcite crystals. These crystals 
exhibit smooth cleavage planes in their cores and nanoparticle 
morphology in their peripheries. We surmised that the mecha-
nism of calcite crystal growth was initially an ion-by-ion pro-
cess and then growth proceeded by ACC nanoparticle accretion 
and subsequent crystallization. [ 28 ]  The system, however, was 
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  1.     Introduction 

 Organisms are capable of forming highly ordered crystals 
with shapes, sizes, and composition unequaled by synthetic 
counterparts. [ 1 ]  It is well recognized that many organisms do 
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too complex to determine the mechanisms involved. Here, we 
report the results of in vitro experiments in which calcite crys-
tals are formed from synthetic disordered precursor phases in 
several different environments, and these crystals exhibit the 
surface and bulk nanoparticle texture of many biogenic crystals.  

  2.     Results 

 We investigated the infl uence of three different biologically 
relevant additives on the transformation of synthetic ACC into 
calcite: gel-forming molecules, phosphate ions, and an extract 
of macromolecules from sea urchin spicules. The gel-forming 
molecules tested are: pectin, which is present in the cystolith 
organic fraction [ 28 ]  and comprises a family of polysaccharides 
where galacturonic acid is dominant; agarose, a neutral poly-
saccharide; and gelatin, denatured and partially hydrolyzed col-
lagen. Phosphate ions are common in biogenic ACC phases [ 33 ]  
and are known to stabilize biogenic ACC. [ 34 ]  Phosphate is an 
inhibitor of calcite crystal growth and calcite dissolution, and 
slows the kinetics of these processes. [ 35 ]  The third type of addi-
tive used is an extract of the organic molecules embedded 
in the embryonic spicules of the sea urchin  Paracentrotus 
lividus  (referred to as spicule extract). These macromolecules, 
predominantly proteins, are known to induce and stabilize the 
formation of transient ACC precursor phases in vitro .  [ 36 ,   37 ]  

 Each additive was tested in two experimental procedures 
differing in the manner in which the additive is introduced. 
Procedure (i): ACC was precipitated by mixing and imme-
diately drying solutions containing calcium, carbonate, and 
the additive. In the case of gel-forming molecules the solu-
tions were maintained at ≈40 °C, which is above the gelation 
temperature, until mixing. The other preparations were done 
at room temperature. This reaction yielded dry powder con-
sisting of ACC intermixed with additive molecules (Figure S1, 
Supporting Information), and was used as the starting mate-
rial for the transformation reaction. The additive-containing 
ACC was transformed into calcite by immersion in double 
distilled water (DDW). Procedure (ii): ACC was precipitated 
without an additive and was used as the starting material for 

the transformation reaction. The transformation took place 
inside a solution containing the additive in the case of phos-
phate ions and the spicule extract, or inside a gel in the case of 
the gel-forming molecules. As a control, ACC was transformed 
in DDW in the absence of any additive. In all experiments 3 mg 
of ACC were transformed in 200 µl of solution or gel for two 
hours. Before crystallization, all ACC samples were composed 
of porous aggregates of spherical nanoparticles 15–50 nm in 
size (Figure S2, Supporting Information). 

  2.1.     Morphological Characterization of Transformed 
ACC Samples 

 Fourier transform infrared (FTIR) spectroscopy shows that 
the ACC transformed into a mixture of calcite and vaterite 
in all cases except for the sea urchin extract where only cal-
cite formed ( Table    1   and Figure S3, Supporting Information). 
Accordingly, scanning electron microscope (SEM) images show 
characteristic calcite crystals expressing their most stable rhom-
bohedral faces, as well as globular aggregates of vaterite crystals 
(Figure S4, Supporting Information).  

 The presence of the gel-forming molecules, either co-
precipitated with ACC or introduced through the aqueous 
environment, causes a major change in the calcite nanoscale 
morphology. Whereas at the micrometer scale the crystals show 
the stable {104} faces of calcite rhombohedra, at the nanoscale 
the rhombohedral surfaces consist of an aggregation of nano-
particles, reminiscent of the ACC nanoparticles before trans-
formation ( Figure    2  A–C, Figure S5, Supporting Information). 
The smooth nano-scale morphology of the crystals formed 
from additive-free ACC is in sharp contrast to the nano-scale 
morphology of the crystals that grew in the presence of the gels 
(Figure  2 D). Fracturing the crystals shows that the nanoparticle 
morphology characterizes also the inner bulk (Figure  2 F and 
Figure S6, Supporting Information). Clearly, the gel phase is 
responsible for the formation of calcite crystals with nano-
particles on the surface and the interior. The type of gel does 
not appear to be important.  

 In order to investigate the local environment of the crystal 
growth process, the transformation of gelatin-containing ACC 
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 Figure 1.    SEM images of the nanoscale morphology of biogenic cal-
cium carbonate minerals. A) Surface of the sea urchin embryonic spicule 
extracted from a  Paracentrotus lividus  embryo 48 h after fertilization; 
B) surface of a fractured shell of the barnacle  Balanus amphitrite ; C) sur-
face of a cystolith extracted from  Ficus microcarpa  leaves. Note that (A) 
and (B) are crystalline calcitic minerals whereas in (C) the mineral is ACC. 
Scale bars are 200 nm.

  Table 1.    Mineralogy of the crystals resulting from the transformation of 
ACC in the presence of additives.  

Additive Procedure (i) Procedure (ii)

 %Calcite a) %Vaterite a) %Calcite a) %Vaterite a) 

Pectin 25 75 50 50

Agarose 75 25 N/D b) 

Gelatin 65 35 50 50

PO 4  3– 85 15 60 40

Spicule extract 100 0 30 70

None N/A 30 70

   a)The phase composition was determined using a calibrated area ratio of the ν4 
peaks of calcite and vaterite in the FTIR spectrum of the bulk material (Figure S3, 
Supporting Information). The experimental variance between different batches is 
5%;     b)The extraction of the crystals from the agarose gel involves heating to tem-
peratures that might affect the phase composition (see Experimental Section).   
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was quenched after one minute by replacing DDW with eth-
anol. At this stage only a small fraction of the ACC had crystal-
lized (Figure  2 E). Sub-micron crystals develop inside the dense 
ACC bulk such that the distance from the crystal surface to the 
ACC particles is less than a micrometer. These crystallites show 
a rough morphology, characterized by well-defi ned rhombohe-
dral facets at the sub-micron scale (Figure  2 E inset). 

 The infl uence of the second type of additive, phosphate ions, 
either inside the ACC or in the solution, is similar to that of 
the gels ( Figure    3   and Figure S5, Supporting Information). The 
higher the phosphate concentration, the more dominant is the 
nanoparticle morphology on the crystal faces.  

 With the sea urchin spicule macromolecules the crystals 
also grow by the nanosphere accretion process, resulting in a 
nanometer scale appearance remarkably similar to the biogenic 
spicules. In contrast to the previous cases, the effect is more pro-
nounced when ACC is co-precipitated with the macromolecules, 
whereas it is marginal when the macromolecules are present only 
in the solution ( Figure    4  ). Note that vaterite was absent only in 
the synthetic experiments in which the spicule 
extract co-precipitated with ACC (Table  1 ). This 
indicates that the spicule extract also exerts 
control over the crystal nucleation step.   

  2.2.     X-PEEM Analysis of Untransformed 
and Transformed ACC Samples 

 X-ray photoemission electron microscopy 
(X-PEEM) was previously used to show that 

ACC particles persist for days inside the 
forming sea urchin embryonic spicule and 
that the mature spicule is not composed uni-
formly of calcite, but has interspersed islands 
of the precursor ACC phases. [ 37,38 ]  We there-
fore used X-PEEM at the Ca L-edge to deter-
mine if the freshly formed calcite crystals 
grown in the presence of the spicule extract 
have similar properties. Cross-sections of 
extract-containing ACC samples, before and 
after transformation in water, were analyzed 
with 20 nm resolution using X-PEEM. [ 39 ]  
Even though the initial amorphous phase 
was immersed in water for only 15 min to 
minimize the transformation time, and the 
analysis was carried out shortly after the 
transformation, the entire crystal was com-
posed of calcite ( Figure    5  ). Therefore, no 
detectable islands of ACC were preserved 
inside the growing crystal, unlike the situ-
ation in the biogenic spicule, which grows 
without a direct contact with water. [ 40 ]    

  2.3.     XRD Analysis of Transformed ACC 
Samples 

 We used single-crystal X-ray diffraction 
(XRD) to qualitatively examine the crystal tex-

ture of the crystals exhibiting a nanoparticle morphology. The 
diffraction patterns of isolated crystals resulting from trans-
formations in the presence of the different additives consist of 
sharp spots that indicate their single-crystalline nature (Figure 
S7, Supporting Information). In addition, the crystalline prop-
erties of the crystals resulting from the transformation of ACC 
containing the spicule extract were quantitatively characterized 
using high-resolution synchrotron-based micro-XRD ( Figure    6  ). 
Analysis of the {104} diffraction peaks from 20 crystals yielded, 
according to the Scherrer equation, a minimal coherence length 
(the average size of perfect lattice domains) of 150 nm. [ 41 ]  Since 
the determination of coherence lengths is limited by the experi-
mental resolution, the actual coherence length of the crystals 
may be much larger than 150 nm. Analogously, possible con-
tributions of lattice strain, which result in broadening of the 
diffraction peaks, cannot be detected because they are below 
the instrumental detection limit. [ 42 ]  Not only does the extended 
lattice order show the high crystallinity typical of calcite single 
crystals, it also shows that the average length of perfect lattice 
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 Figure 2.    SEM images of calcite crystal surfaces resulting from procedure (ii): the transforma-
tion of ACC in A) gelatin gel (inset shows a low magnifi cation image of a crystal), B) pectin gel, 
C) agarose gel, and D) with no additive. E) Calcite crystallite (indicated by an arrow) surrounded 
by ACC nanoparticles that formed after 1 min of transformation from gelatin containing ACC 
(procedure (i)). The inset shows a high magnifi cation image of such a crystallite. F) Fracture 
surface inside a crystal that was grown by the transformation of gelatin-containing ACC (pro-
cedure (i)) and mechanically fractured to expose the interior texture. Similar fracture surfaces 
were also observed inside crystals resulting from transformations in the presence of all addi-
tives (Figure S6, Supporting Information). Scale bars are 100 nm; 10 µm for the inset in A, 
except for panel E where the scale bar is 1 µm and 100 nm for the inset.

 Figure 3.    SEM images of calcite crystal surfaces resulting from the transformation of ACC 
in solution containing A) 0.1 mM PO 4  3– , B) 1 mM PO 4  3– , and C) 10 mM PO 4  3–  (procedure 
(ii)). Scale bars are 200 nm.
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domains, presumably interrupted by the occluded macromol-
ecules, proceeds through at least 5 nanoparticles. Note that lat-
tice imperfections, which are conceivably concentrated at the 
surface of the particles, will guide the propagation of fracture 
planes, thus evidentiating the nanoparticle morphology. How-
ever, these imperfections do not appear to completely envelope 
the nanoparticles, allowing lattice continuity to extend from 
one particle to the next, thus accounting for the extended coher-
ence length.   

  2.4.     Thermal Stability of ACC Samples 

 We measured the thermal stability of the ACC samples used in 
the experiments in order to determine the relative stabilities of 
the different ACC phases and to test the role of thermodynamic 

stabilization in the process. ACC samples co-precipitated with 
each of the tested additives as well as additive-free ACC were 
heated to elevated temperatures for an hour, and after cooling 
were analyzed with FTIR spectroscopy to determine if crystal-
lization occurred. All the ACC samples crystallized into calcite 
after heating to 280–300 °C, except for the ACC containing 
spicule extract which started to crystallize after heating to 260 °C 
(Figure S8, Supporting Information). This range of crystalliza-
tion temperatures is in agreement with previous studies of the 
thermal stability of synthetic ACC. [ 43 ]  Therefore, no additive-
containing ACC is thermally more stable than the additive-
free ACC. In the phosphate case, additional experiments with 
higher phosphate concentrations showed that this is because 
the amount of phosphate ions in our experiments is too low to 
have a detectable effect (Figure S8, Supporting Information). In 
the case of the organic additives, the molecules are at least par-
tially charred during heating (Figure S1, Supporting Informa-
tion), in which case a thermodynamic infl uence of the additives 
on the ACC stability is not detectable using this method.   

  3.     Discussion 

 The ACC-to-calcite transformations described here share 
common features with biogenic systems. In both synthetic 
and biological systems, crystal formation is a two-step pro-
cess, where the initial formation of ACC is followed by the 
transformation of this phase into calcite crystals. This two-step 
reaction in our in vitro experiments also allows for the second 
step of ACC transformation to occur in sub-micron proximity 
to the bulk ACC phase (Figure  2 E). Under these conditions 
the ACC nanoparticles can be stabilized by additives such that 
they undergo short-range migration and crystallization on the 
growing crystal. 

 The driving force for the ACC-to-calcite transformation is 
the thermodynamic stability of the crystalline phase, which 
is refl ected in the higher solubility of the amorphous phase. 
Kinetically, in the absence of additives, the dominant process 
is ACC dissolution into ions and subsequent ion-by-ion crystal 
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 Figure 4.    SEM images of A) the surface of a single crystal of calcite 
resulting from the transformation of ACC containing the organic extract 
of sea urchin spicules in DDW (procedure (i)) and B) the surface of a 
calcite crystal resulting from the transformation of ACC in solution con-
taining the organic extract of sea urchin spicules (procedure (ii)). Note 
faces and steps at the nm scale. Insets show lower magnifi cation images. 
Scale bars are 100 nm, and 1 µm for the insets.

 Figure 5.    XPEEM Ca L-edge component analysis maps of: A) synthetic 
ACC co-precipitated with the sea urchin spicule extract (20 nm pixels); and 
C) a calcite crystal that resulted from the transformation of this extract-
containing ACC (procedure (i), 10 nm pixels). A linear combination of the 
3 reference spectra of hydrous ACC, anhydrous ACC, and calcite (shown 
in panel B with their color code) was used to fi t the XANES spectrum 
extracted from each 10 or 20 nm pixel. [ 34 ]  The pixels on the maps are 
colored according to the relative intensity of each component and the 
RGB mixing rule. The ACC map is mostly red as it is mainly composed 
of un-transformed hydrated ACC. The nearly homogenous blue color in 
(C) indicates the lack of any phases other than calcite. Two representative 
spectra taken from the single pixels indicated in the panels A and C are 
presented in black in panel B. Scale bars are 100 nm.

 Figure 6.    A) High resolution micro-XRD pattern collected from a single 
crystal of calcite resulting from the transformation of ACC containing the 
sea urchin spicule extract in DDW (procedure (i)). Rectangles indicate 
the two sharp {104} diffraction spots. One spot is magnifi ed in the inset 
and the area used for the radial integration is shown. B) Radially inte-
grated profi le of the magnifi ed diffraction peak in (A). The peak widths at 
half maximum from different crystals were used in the coherence length 
analysis.
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growth. The presence of the additives changes the nature of 
the transformation process to a particle accretion mechanism 
in a gradual manner, depending on the additive concentration. 
In the case of gels and phosphate ions this change is essen-
tially a kinetic effect. This is deduced from the observation that 
it does not matter if the additive is present in the solution or 
co-precipitated within the ACC phase. Moreover, in the case of 
phosphate ions the concentration needed to induce the accre-
tion process is so low that no change in the thermal stability of 
ACC is detected. 

 The evidence in favor of a kinetics-dominated process is fur-
ther supported by the accepted role of additives as kinetic inhib-
itors of ion-by-ion crystal growth and dissolution. Specifi cally, 
interactions of gels with water molecules, [ 32,44 ]  or interactions of 
phosphate ions with crystal surfaces, [ 45,46 ]  were shown to kineti-
cally slow down the ion-mediated processes. The gel induces 
confi nement of the solution into delimited volumes. Such con-
fi ned volumes were shown to stabilize ACC. [ 47 ]  We suggest that 
by slowing down the ion-mediated process, the additives change 
the kinetic balance between the two competing crystal growth 
processes such that the particle-mediated process dominates. 

 On the other hand, the sea urchin spicule extract is effective 
predominantly when the macromolecules are present inside 
the initial ACC phase, and their molar concentration is 2–5 
orders of magnitude lower than that of the other additives. This 
suggests that the biogenic macromolecules stabilize the ACC 
phase against dissolution by chemical interactions in the bulk 
of the ACC, thus changing the transformation process. This 
effect, which is different from that of the other additives, might 
originate from a different kinetic pathway or from altering the 
thermodynamic stability of the material. 

 The in vitro crystallization pathway induced by the spicule 
extract closely reproduces the texture of the biogenic minerals. 
However, the synthetic crystals show crystallographic habit and 
lack traces of ACC; both properties differ from the biogenic 
spicule formation process. This is conceivably the result of 
the different environments of the reactions. In vivo, the trans-
formation occurs inside confi ned chambers, with the crystal 
adopting the shape of the chamber, and no bulk water phase 
is detected. [ 48 ]  In the synthetic experiments the local presence 
of bulk water enables migration of a particle to an energetically 
favorable site before crystallization. In contrast to the biogenic 
environment, the particle mobility in the synthetic experiments 
makes it less likely for an amorphous particle to be trapped in 
the crystal and to persist as an amorphous island, such as was 
observed in the formed sea urchin embryonic spicule. [ 37 ]  

 It is counter intuitive that the particle accretion process, 
involving aggregation of spherical amorphous particles, results 
in crystals displaying the most thermodynamically stable {104} 
faces of calcite. The development of crystal faces is normally 
the result of different attachment kinetics of ions to different 
crystal planes due to anisotropic attachment energies. [ 49,50 ]  
These faces have the highest ion density, are balanced with 
respect to positive and negative charges, and thus are the most 
stable. The formation of rough crystal faces composed of aggre-
gated particles suggests that anisotropic forces, similar to the 
ion-mediated process, control the site at which a nanoparticle 
stops migrating on the crystal surface, fuses with the crystal, 
and after crystallization becomes part of the lattice. This can be 

rationalized as follows ( Figure    7  ): the habit of the initial crystal-
lite is rhombohedral (Figure  2 E), because it originates from an 
ion-mediated nucleation step. The ACC particles stabilized by 
the additive can resist dissolution for an extended amount of 
time and migrate to the crystallite surface. On the rhombohe-
dral crystal surface, diffusion and surface tension will favor the 
migration of particles to kinks or steps. In these locations the 
particle interacts with the crystal over an extended area, thus 
favoring crystallization. In addition, the aqueous environment 
may facilitate reconstruction of the spherical particles into fac-
eted particles by local dissolution-reprecipitation. This, together 
with concomitant ion-by-ion growth, results in crystal surfaces 
that are composed of {104} faces at a close-to-atomic scale. 
Lastly, when sea urchin embryos, characterized by spicules 
with convoluted curved surfaces, were grown in low Mg and 
Ca concentrations or in the presence of other ions, the spicules 
grew anomalously and showed {104} faces with rough nano-
structured surfaces. [ 51 ]  This might imply that disturbed biolog-
ical control yields the default rhombohedral habit also in vivo.  

 The properties of the synthetic calcite crystals grown from 
ACC containing the spicule macromolecules provide a solution 
to long-standing apparent contradictions arising from the bio-
genic process. Firstly, even though the nanoparticle morphology 
and the lack of crystallographic habit of the spicule suggest a 
solid-state amorphous-to-crystalline transition, the organic 
components of the spicule are anisotropically dispersed inside 
the mineral, preferentially residing along {100} planes. [ 52 ]  This 
textural anisotropy is conventionally associated with adsorp-
tion processes driven by molecular recognition occurring in 
bulk solution. [ 53 ]  Secondly, the macromolecules are thought 
to be homogenously distributed in the ≈20 nm ACC particles 
and to stabilize them. However, in the crystalline spicule the 
average distance between lattice imperfections as determined 
by the coherence length of the lattice is 125 nm, [ 54 ]  suggesting 
a nanometer-scale rearrangement of the embedded proteins 
which is hard to conceive in a solid-state reaction. 

 Our experiments show that the aqueous particle accretion 
process is compatible with these two properties of biogenic 
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 Figure 7.    Crystal growth pathways. 1) Upon immersion of ACC (red) in 
water, the ACC particles can undergo partial dissolution (blurred parti-
cles) into ions (gray). This process of ACC dissolution into ions, as well as 
the process of ion-by-ion crystal growth, is slowed down by the presence 
of additives. (2) An ACC particle can migrate to the crystal surface (blue) 
where diffusion and surface tension will favor its movement towards 
steps and kinks on the crystal surface. (3) Particle crystallization at such 
preferred sites will be favored, whereby they will become integral parts 
of the crystal. Ion-by-ion attachment to the crystal is occurring concomi-
tantly with particle accretion.



FU
LL P

A
P
ER

5425wileyonlinelibrary.com© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

crystals. Water is present in the transformation process even 
though dissolution does not dominate, and its presence may 
explain the observed phenomena. The initial ACC phases in 
both the biogenic and synthetic cases are hydrated phases, 
where the water molecules were suggested to concentrate in 
nanometer-sized channels. [ 17,55 ]  Therefore, water elimination 
from the ACC before crystallization can have a major effect on 
its properties and the expelled water may be suffi cient to pro-
vide a nanoscale solution environment. In vivo, this eliminated 
water may facilitate local aqueous interactions between crystal 
surfaces and additives as well as long range rearrangement of 
imperfections in the lattice. [ 56 ]  Nanoconfi ned water channels 
can thus explain the anisotropic intercalation of additives in 
the biogenic crystals, while the lack of bulk water, which could 
favor the ion-mediated process, allows preservation of the nano-
particle morphology. This does not preclude the possibility of a 
solid-to-solid transformation of the anhydrous ACC phase into 
calcite, as detected in biogenic minerals. [ 37,38 ]  

 The change in crystal growth mechanism shown here, from 
an ion-mediated process to a particle-accretion process, dem-
onstrates how different strategies can lead to the characteristic 
nanoparticle texture of biogenic minerals. Several biominerals 
form inside gel-like matrices with varying chemical proper-
ties, [ 32 ]  and more may well be discovered. In all these systems a 
kinetic effect that is largely independent of the chemistry of the 
macromolecules can have a major impact on the crystallization 
pathway. Specifi c interactions of additives, such as inorganic 
ions or organic macromolecules with the amorphous and crys-
talline phases, can lead to kinetic and/or thermodynamic con-
trol over the crystallization pathway.  

  4.     Conclusions 

 The synthetic experiments presented here show that crystal-
lization can proceed by the attachment of nanoparticles to a 
growing crystal and their incorporation into the ordered lattice 
after crystallization. Our results show that in the case of calcium 
carbonate, if nanoparticles are present in solution in addition to 
ions, there is a kinetic competition between the attachment of 
the two species during crystal growth. The presence of an addi-
tive might stabilize the amorphous particles through a kinetic 
and/or thermodynamic effect, making them less soluble. This 
can change the crystallization pathway such that the particle-
mediated crystal growth process dominates and the morphology 
of the crystal is reminiscent of aggregated particles. Many 
organisms form their minerals from amorphous precursors 
inside a privileged space in the absence of bulk water and in the 
presence of additives similar to the ones we used synthetically. 
Thus, the origin of many properties of biogenic minerals, such 
as their shape, crystallinity, composition, and nano-particulate 
texture, may originate from such a crystallization pathway.  

  5.     Experimental Section 
  Additive Solutions : Powders of the gel-forming macromolecules were 

dissolved in hot DDW. 0.5% Pectin from apple (Sigma) solution, 0.5% 
SeaKem LE agarose (BMA) solution, and 5% gelatin type B from bovine 

skin 75 Bloom (Sigma) solution were used. These concentrations, which 
are above the critical concentration for the formation of a gel, were the 
highest that would enable mixing of ≈40 °C liquid phase solutions and 
drying of the precipitate. With higher concentrations it was impossible 
to isolate an amorphous precipitate, and with lower concentrations the 
accretion process was less dominant. Na 3 PO 4  (Sigma) solution at the 
appropriate concentration was used as the phosphate additive. Embryos 
of the sea urchin  Paracentrotus lividus  were grown for about 48 h. At 
this stage the spicules were extracted according to well-established 
protocols. [ 36 ]  The spicules were demineralized by immersing in DDW 
and a drop-wise addition of a calculated volume of 0.1 M HCl. [ 54 ]  
The protein concentration used (35 nmol ml −1 ) is the same as in 
previous experiments performed to study the macromolecule effect on 
crystallization, [ 36 ]  and was calculated according to the known fraction of 
spicule proteins in the mineral. [ 57 ]  

  ACC Precipitation and Transformation : Calcium chloride and sodium 
carbonate solutions (reagents by Sigma) were prepared by diluting a 
1 M stock solution in DDW or in an additive solution. Sodium carbonate 
(0.5 ml of 100 mM) was added to calcium chloride (0.5 ml of 100 mM). 
Immediately after mixing, the solution was fi ltered with a membrane 
fi lter, washed with absolute ethanol, and dried under a heating lamp. 
The dried precipitates were kept in a desiccator. 

 3 mg aliquots of the dry ACC sample were placed in 2 ml Eppendorf 
plastic tubes containing 200 µl of solution (DDW or an additive 
solution). In the case of gels, a warm liquid solution was poured over 
the ACC and immediately cooled to induce gelation. The tubes were 
left closed at ambient temperature for 2 h. After that the solution was 
washed once with DDW and twice with ethanol and then dried. In the 
case of transformation inside a gel, the gel was heated gently so it 
became liquid again and then washed. 

  SEM and FTIR Characterization : ACC and calcite samples were coated 
with chromium and imaged using an ULTRA 55 scanning electron 
microscope (Zeiss). Each calcite sample was fractured by gentle 
crushing with an agate mortar and pestle and the interior surfaces were 
examined. For FTIR spectroscopy the sample was ground, embedded 
in a KBr pellet, and measured with a NICOLET iS5 spectrometer. For 
heating experiments the samples were placed for 1 h in an oven 
preheated to the desired temperature. 

  X-PEEM : ACC and calcite samples were embedded in epoxy (Epofi x, 
EMS, Hatfi eld, PA, USA), polished to expose cross-sections, coated 
(sputter coater 208HR, Cressington, UK) with 1 nm Pt in the area to be 
analyzed by XANES-PEEM, and covered with 40 nm Pt around it. They 
were then analyzed with PEEM-3 on beamline 11.0.1 at the Advanced 
Light Source - Berkeley. [ 39 ]  A stack of images was collected across the Ca 
L-edge, between photon energies of 340 and 360 eV (121 images, with 
fi eld of view either 10 × 10 µm or 20 × 20 µm images, and pixel sizes 
10-nm or 20-nm, respectively), with a sample voltage of 18 kV. Each 
pixel in a stack contained the complete Ca L-edge XANES spectrum and 
was fi tted to a linear combination of the three component spectra of 
hydrated ACC, anhydrous ACC, and calcite, as described in Gong et al. [ 37 ]  

  XRD : In-house single crystal XRD was carried out on a Rigaku 
diffractometer using AU3HR generator and Raxis IV ++ detector. The 
samples were mounted on thin glass fi bers using Paratone oil (Hampton 
Research). High-resolution micro-XRD measurements were carried out 
on beamline P03 at DESY, Hamburg. [ 58 ]  Crystals were mounted on a 
Mylar (DuPont) tape and measured using a 1 micron diameter beam 
at 15 keV. The acquisition time was 0.5 s and the sample-detector 
distance was 281.9 mm, as determined using an LaB 6  standard. Under 
these conditions the theoretical resolution of the measurement at 
 q  = 20.7 nm −1  is 0.080 nm −1 , the measured widths of the calcite {104} 
peaks were 0.075 ± 0.012 nm −1 .  

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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