Crystal Growth

Angewandte
imemationalediion . CEIMIE

DOI: 10.1002/anie.201210329

Calcite Crystal Growth by a Solid-State Transformation of Stabilized
Amorphous Calcium Carbonate Nanospheres in a Hydrogel**
Assaf Gal, Wouter Habraken, Dvir Gur, Peter Fratzl, Steve Weiner, and Lia Addadi*

During the process of crystal growth, building blocks are
added to the crystal lattice. These building blocks may be
soluble ions, nanometer-sized prenucleation clusters,!! or
even larger crystallites that undergo oriented attachment.”!
The growth process may affect crystal shape, so that rather
than atomically flat facets, aggregations of discrete units (so-
called mesocrystals) may form.*# Crystals can also grow via
an initial highly disordered phase through a solid-phase
amorphous-to-crystalline transition.”! The differentiation of
these crystal-growth mechanisms is challenging, since the
building blocks might be very small, short-lived, and unstable.

Some organisms use a transient amorphous precursor
phase to build their mature crystalline mineral phase.! These
biominerals display an amazing variety of detailed morphol-
ogies and are often characterized by curved surfaces, occluded
additives, and conchoidal fracturing.””! It was demonstrated in
several biological systems that amorphous nanospheres
undergo secondary nucleation on the crystalline phase to
create a morphology reminiscent of aggregated spheres.”!
This crystal-growth mechanism was observed only in living
organisms, which makes its study inseparable from the
cellular context.

In this study, we investigated an in vitro induced
amorphous-to-crystalline transition that exploits a biogeni-
cally produced amorphous calcium carbonate (ACC) phase.
The biogenic ACC minerals that we used are produced by
plant leaves and are called cystoliths (Figure 1A)."!" The
cystolith mineral phase is predominantly ACC, with a minor
silica component.m The ACC is stable inside the leaf, and
when extracted it remains stable at ambient temperature as
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Figure 1. SEM images of cystoliths. A) A single cystolith after extrac-
tion from the leaf. B) A fractured cystolith showing conchoidal
cleavage, characteristic of amorphous materials. C) High-magnification
image of the fracture surface showing the ACC nanospheres that
compose the cystolith.

long as water is completely eliminated from the environment,
for example, in a desiccator or in ethanol. Cystoliths show
a conchoidal-fracture surface resembling glass (Figure 1B).
The basic building blocks of the cystolith are closely packed
nanospheres with a size range of 19.8 + 3.6 nm, as determined
by image analysis (Figure 1C; see also the Supporting
Information). The relative stability and large size of the
biogenic ACC nanospheres enabled us to observe the details
of a unique transformation mechanism, which resulted in
highly ordered single crystals of calcite that are predom-
inantly composed of nanospheres.

To study the transformation of cystolith ACC into calcite,
we placed cystoliths (3 mg) in double-distilled water (DDW;
200 uL) at room temperature. The reaction was quenched
after different time periods by removing the water and
replacing it with ethanol. Since ACC is more soluble than
calcite,['!l the cystolith ACC dissolved until the concentration
of ions in the solution exceeded saturation with respect to
calcite precipitation. Subsequently, calcite crystals nucleated
and grew from the saturated solution. When the process was
quenched after 10 min, the cystoliths showed etched surfaces
from which partially disaggregated nanospheres and small
calcite crystals emerged (Figure 2 A,B). The calcite crystals at
this stage were small and were delimited by flat and smooth
{104} faces. This surface morphology is characteristic of
crystalline calcite that has grown by ion-by-ion accretion from
a solution of calcium and carbonate ions.

When the reaction was quenched after 20 min, the calcite
crystals on the cystolith surface were larger, as expected after
a longer reaction time, but their crystal morphology had
changed. In addition to the smooth {104} faces, a new set of
partially developed prismatic {hkQ} faces had formed (Fig-
ure 2C). The topography of these higher-energy surfaces was
rough and was found to consist of aggregated particles of the
same size as the original ACC nanospheres (Figure 2 D). This
change in morphology indicates a change in the dissolution—
crystallization process as crystal growth proceeds. In the

SWILEY i

ONLINE LIBRARY

4867


http://dx.doi.org/10.1002/anie.201210329

Angewandte

4868

Communications

Figure 2. SEM images documenting the aqueous transformation of
cystolith ACC into calcite. A) After 10 min in DDW, the cystolith ACC is
etched, and small calcite crystals nucleate on its surface. B) Higher-
magnification of a calcite crystal. C) After 20 min in DDW, the
cystoliths continue to disintegrate; the calcite crystals are larger and
express rough {hk0} surfaces. D) Higher-magnification image of a crys-
tal showing that nanosphere aggregation forms the rough surface
between the smooth {104} faces. E) After 100 min in DDW, the calcite
crystals show rough faces, even though the rhombohedral morphology
of calcite is conserved. F) At the crystal surface, the nanosphere
aggregates form edges and planes according to the crystallographic
{104} orientations. G,H) A fracture through the center of a crystal
follows {104} cleavage planes. 1,)) A fracture through the external layer
of a crystal shows conchoidal fracturing and a texture corresponding
to nanosphere aggregation.

second phase of crystal growth, the nanospheres from the
cystolith ACC migrate and crystallize as discrete entities on
the growing calcite crystal. Other components released from
the dissolving cystolith substrate probably also interact with
the growing crystal surface and thus induce a change in crystal
habit.['?!

After 100 min the transformation reaction was complete
and all ACC had been consumed by the growing calcite
crystals. A few micron-sized crystals were usually found
attached to the collapsed organic scaffold of the cystolith
(Figure 2E). The crystal surfaces were composed of irregu-
larly pitted {104} faces and partially developed {hkO} faces.
Close examination of the {104} faces showed that the
complete crystal surface consisted of an agglomeration of
particles with sizes similar to those of the nanospheres of the
original ACC (Figure 2F). This surface texture stands in
contrast to the smooth faces of the primarily formed calcite
crystals and implies that the ongoing growth of the calcite
crystals occurs through particle accretion.

When the resulting calcite crystals are fractured, typical
{104} cleavage planes of calcite are exposed at their center
(Figure 2G,H). The sharp cleavage planes, however, grade
into conchoidal-fracture surfaces close to the outer surface of
the crystal (Figure 21). At higher magnification, the conchoi-
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dal fracture still shows the nanosphere morphology of what is
now a calcite crystal (Figure 27J).

When control experiments were carried out with synthetic
ACC that contained no additives, the resulting calcite crystals
showed flat faces without any trace of nanospheres, as
expected from ion-by-ion crystal growth (see Figure S1 in
the Supporting Information). This difference between the
synthetic and biogenic ACC implies that some constituent (or
constituents) of the cystolith ACC is responsible for the
different crystal-growth mechanism.

We monitored the process of the transformation of ACC
into calcite in situ inside an environmental scanning electron
microscope (ESEM). Cystoliths were placed in the ESEM,
and the water-vapor pressure inside the ESEM chamber was
increased so that water condensed on the sample holder and
covered the cystoliths. To observe the sample, we reduced the
pressure periodically to below the dew point so that liquid
water evaporated; in this way, imaging in a high-humidity
atmosphere was possible.

When cystoliths were left overnight covered with water
inside the ESEM, aggregates of crystals formed and sur-
rounded the original location of a cystolith (Figure 3 A).
Although the faces of the crystals were discernible, the entire
aggregate was unexpectedly covered by a smooth, featureless
substance (Figure 3 A,B). This substance persisted below the
dew point of water, but over time shrank and finally collapsed
into a flexible film when the humidity was further decreased
(see Figure S2). These properties are characteristics of
a hydrogel, which in this case originated from inside the
cystolith.

Cystoliths contain polysaccharides that consist mainly of
cellulose and pectin.! Our analyses showed that the organic
fraction of the cystolith is 5% w/w, and infrared spectra
confirmed the presence of abundant polysaccharides (see
Figures S4 and S5). Amino acid analysis showed that serine-
rich proteins comprise only 2% w/w of the organic fraction
(see the Supporting Information). Therefore, it is plausible
that the obtained hydrogel is mainly composed of cellulose
and pectins, which in other plant tissues also exhibit gel-like
behavior."!

Close examination of the crystals showed that the crystal
faces grew around former cystolith components (Figure 3B).
The growing terraces had an undulating shape, and the
granular morphology of the crystal matched the nanospheres

Figure 3. ESEM images of a cystolith undergoing transformation into
calcite. A) Gel covering an aggregate of calcite crystals produced from
a transforming cystolith. B) Higher magnification of two crystals
forming around protrusions in the original cystolith (indicated with
arrows). The featureless gel surrounding the crystals is marked by
arrowheads. C) Surface of a growing crystal showing the granular
morphology of nanosphere aggregation. Scale bars: 10 pm.
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identified in the dry crystals (Figure 3 C). These observations
also show that late-stage crystal growth occurs by the
accretion of nanospheres on the existing calcite crystal
surface.

The calcite crystals formed by cystolith crystallization
were analyzed by microspot X-ray diffraction (micro-XRD).
Diffraction patterns were collected using a 10 um beam
diameter from calcite crystals that were isolated from trans-
formed cystoliths. Each rhombohedral-shaped calcite crystal
produced a sharp diffraction pattern (Figure 4 A). We ana-
lyzed the shape of the diffraction spots by measuring the
width of the peak in the radial direction and in the azimuthal
direction (Figure 4B-D). The strongest {104} diffraction
peaks from 10 different crystals had an average radial full
width at half maximum (FWHM) of ¢ =0.062+0.017 nm™!
and an azimuthal FWHM of 0.27 £ 0.08°. These character-
istics are similar to those of simultaneously analyzed geogenic
crystals, which exhibited a radial FWHM of ¢=0.069 £
0.016 nm™! and azimuthal FWHM of 0.24 +0.06°. The calcu-
lated instrumental resolution for the beamline setup used for
the measurements was g = 0.062 nm~'. We thus conclude that
the FWHM was determined by the instrumental resolution
rather than by the crystal quality. This conclusion is consistent
with previous reports of calcite crystals with much narrower
diffraction-peak widths.['")

The peak broadening in the radial direction is correlated
to the lattice coherence length in the crystal (the size of
perfectly ordered crystalline domains) by the Scherrer
equation."! According to the Scherrer equation, the micro-
XRD setup resolution cannot resolve coherence lengths
larger than about 170 nm (see the Supporting Information).
The results therefore show that the coherence length in the
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Figure 4. Micro-XRD of a crystal formed by the disaggregation and
crystallization of cystolith ACC. A) Diffraction pattern of an isolated
crystal. The intensity scale is inverted for better visualization of the
diffraction spots. B) Detailed image of a single (104) diffraction spot
marked by the arrowhead in (A). C,D) Example of diffraction-spot
analysis: azimuthal profile (C) and radial profile (D) of the rectangles
shown on the diffraction spot in (B).
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crystals formed from cystoliths is larger than 170 nm and thus
at least 8-9 times the size of the nanospheres in the cystolith
ACC. The peak broadening in the azimuthal direction
indicates the degree of mosaicity in the crystal (the misalign-
ment of perfectly ordered domains). The similarity between
this broadening in the geogenic and cystolith-derived calcites
shows that both have similar domain alignments. The
extended lattice order shows that the cystolith-derived
crystals are not a semioriented assembly of previously
crystallized ACC nanospheres, but that the particles are
transformed upon contact with the crystal surface; in this way,
they become structurally fully integrated into the growing
crystal at the atomic level. The alternative scenario, in which
each nanosphere disaggregates, crystallizes independently,
and undergoes oriented attachment to the growing crystal,
would result in a reduction of the coherence length to the size
of the individual crystallite, as observed in synthetic calcite
crystals,'”! and is therefore rejected.

The calcite growth process described herein provides
mechanistic insight into the crystallization pathway that starts
with ACC nanospheres. In the case of synthetic ACC, the
ACC dissolved into ions, and the calcite crystals grew by the
adsorption of these ions on their surfaces, as deduced from the
smoothness of their facets. In contrast, the calcite crystals
formed from biogenic stabilized ACC clearly showed an
initial ion-by-ion growth followed by a shift to an accretion
process via nanospheres that did not dissolve. The fact that
the coherence lengths of the formed crystals are much longer
than the diameters of the nanospheres demonstrates that the
amorphous nanospheres undergo secondary nucleation on
the crystal surface; this process results in a seamless continu-
ity of the crystal lattice. Interestingly, the parts of the crystals
that formed through nanosphere crystallization displayed
a conchoidal fracture as opposed to the atomically flat
cleavage of the parts that formed by ion adsorption.

We do not know what attributes of the cystoliths are
responsible for stabilizing the nanospheres in such a way that
they can adsorb directly on the crystal surface without
dissolving. The quantity of inorganic additives, such as
magnesium and silicate ions, in the cystoliths is so low that
such species are unlikely to account for the nanosphere
stability.' When the cystoliths were completely dissolved
into ions with acid, and carbonate was reintroduced by
diffusion into the solution, only ion-by-ion crystal growth was
observed (see Figure S3). Also in experiments in which the
transformation of synthetic ACC that was precipitated in the
presence of purified organic components of the cystoliths was
tested, only ion-by-ion crystal growth was observed (see
Figure S3). These control experiments demonstrate that the
original organization and microenvironment of the nano-
spheres inside the cystolith are somehow responsible for their
enhanced stability, and this stability cannot be reproduced by
combining the cystolith components in vitro.

Two mechanisms influence the outcome of the crystal-
lization process: ion-mediated dissolution and precipitation,
and nanosphere disaggregation from the cystolith body,
followed by nanosphere nucleation on the crystal surface.
The prevailing process at the beginning of the transformation
is the ion-mediated mechanism, which leads to the character-
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istic flat rhombohedral-shaped crystals. With time, the
dominant process becomes the nanosphere-mediated mech-
anism, which results in the nanosphere texture of the
rhombohedral-shaped crystals. The whole process, including
the transition from one mechanism to the other, is regulated
by both kinetics and thermodynamics. The thermodynamic
driving force for the formation of calcite after ACC dissolu-
tion is the higher solubility of ACC relative to that of calcite;
nonetheless, it is conceivable that compositional inhomoge-
neities within the biogenic composite material could be
responsible for the initial dissolution of the cystoliths into ions
and the subsequent growth by the addition of more stable
particles, as well as of ions from the solution. The resulting
morphology reflects the unique balance between nanosphere
accretion and ion adsorption. The two competing processes
have been thoroughly analyzed for magnetite precipitation
from solution.™”!

Mineral growth inside a gel phase was reported to occur in
the formation of a few biogenic minerals and might be
a widespread mechanism.?*?!! Crystals grown in gels have
crystallographic facets and incorporate to some degree the
gel-forming molecules.*?"! Although in cystoliths no crystal-
lization occurs in vivo, the organic scaffold of the cystolith is
observed to form a gel phase when crystallization is artificially
induced in water. The gel phase around the forming crystals
probably limits the nanosphere diffusion in solution and
creates a microenvironment that makes the crystallization
process very different from equilibrated-solution-mediated
growth. Because the nature of this crystal-growth pathway
appears to involve “kinetic competition” between the dis-
solution—precipitation of ions and the disintegration—crystal-
lization of nanospheres, the gel may play a crucial role in
controlling diffusion and balancing the relative rates of these
processes.

The unique crystallization process of cystoliths leaves
many questions open for further investigation. Is there
a chemical moiety that prevents the ACC nanospheres from
dissolving? Is the reaction environment inside the hydrogel
the controlling factor? What are the prevailing thermody-
namic and kinetic forces that determine the number, size, and
morphology of the calcite crystals, including the coalescence
of the nanospheres to form crystallographic planes and
edges? Finally, does this solid-state transformation of nano-
spheres occur in some biological processes in which mature
crystals form via a disordered precursor phase ?
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