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The Initial Stages of Template-Controlled
CaCO3 Formation Revealed by Cryo-TEM
Emilie M. Pouget,1,2 Paul H. H. Bomans,1,2 Jeroen A. C. M. Goos,1 Peter M. Frederik,2,3
Gijsbertus de With,1,2 Nico A. J. M. Sommerdijk1,2*

Biogenic calcium carbonate forms the inorganic component of seashells, otoliths, and many marine
skeletons, and its formation is directed by an ordered template of macromolecules. Classical
nucleation theory considers crystal formation to occur from a critical nucleus formed by the
assembly of ions from solution. Using cryotransmission electron microscopy, we found that
template-directed calcium carbonate formation starts with the formation of prenucleation clusters.
Their aggregation leads to the nucleation of amorphous nanoparticles in solution. These
nanoparticles assemble at the template and, after reaching a critical size, develop dynamic
crystalline domains, one of which is selectively stabilized by the template. Our findings have
implications for template-directed mineral formation in biological as well as in synthetic systems.

Innature, hybrid materials consisting of a com-
bination of soft organic and hard inorganic
components are used for a variety of purposes,

including mechanical support, navigation, and
protection against predation (1, 2). These bio-
minerals, such as bones, teeth, and shells, often
combine fascinating shapes with remarkable
mechanical (3) and optical (4) properties, which
generally are related to a high level of control
over structure, size, morphology, orientation, and
assembly of the constituents.

Calcium carbonate is the most abundant crys-
talline biomineral. In nature, its formation gener-
ally takes place in specialized, self-assembled
compartments, such as vesicles or layeredmacro-
molecular structures, where domains of acidic
proteins induce oriented nucleation (5, 6). Avoid-
ing the complexity and dynamics of the biolog-
ical mineralization systems, template-directed
CaCO3 mineralization has been studied in vitro
through the use of two-dimensional (2D) molec-
ular assemblies as model systems (7).

According to classical nucleation theory, the
crystallization of inorganic minerals starts from
their constituting ions, which, on the basis of their
ionic complementarity, form small clusters in a
stochastic process of dynamic growth and dis-
integration (8). These clusters become stable when
a critical size is reached at which the increasing sur-
face energy related to the growing surface area is
balanced by the reduction of bulk energy related to

the formation of a crystal lattice. The resulting pri-
mary nanoparticles form the critical crystal nuclei that
are the basis of further growth through the associated
reduction of the Gibbs free energy of the system.

In contrast to what is described by classical
nucleation theory, calcium carbonate crystal for-
mation has been shown to occur from a transient
amorphous precursor phase, both in biological
(9, 10) and in biomimetic systems (11, 12).
Moreover, it was recently shown that CaCO3

nucleation (13) is preceded by the formation of
nanometer-sized prenucleation clusters, which
also is not foreseen by classical nucleation theory.
Although a recent model described how a tem-
plate can direct orientated nucleation from an
amorphous calcium carbonate (ACC) precursor
phase (14), the role of prenucleation clusters in
template-directed mineralization is still unknown.

Previously, with the use of a vitrification robot
and attached glovebox, we were able to load a
self-organized monolayer with adhered mineral-
ization solution onto a holey carbon cryotransmis-
sion electron microscopy (cryo-TEM) grid with
minimal disturbance of the system while main-
taining 100% humidity and constant temperature
(fig. S1) (11, 15). Plunge-freeze vitrification of
the sample at various time points allowed trap-
ping of the different stages of the mineralization
reaction and monitoring of the development of
the mineral phase in its native hydrated state by
cryo-TEM. Using 2D imaging and diffraction,
we showed the formation of a transient ACC
phase and demonstrated its transformation into
oriented vaterite before the formation of the final
product, oriented calcite. However, this study did
not show which steps in the mineralization process
depended critically on the presence of the mono-
layer, nor did it discover the prenucleation clusters.

The present work used a stearic acid mono-
layer as a template deposited on a supersaturated

9 mM Ca(HCO3)2 solution (16). We studied the
system through a combination of cryoelectron
tomography (cryo-ET) (17) and low-dose selected-
area electron diffraction (SAED), obtaining mor-
phological and structural information with 3D
spatial resolution. This allowed us to image, locate,
and identify CaCO3 nanoparticles in solution and
to establish whether they were actually in contact
with the template. Also, by using high-resolution
cryo-TEM, we could visualize prenucleation
clusters and collect evidence for their role in the
nucleation of the amorphous nanoparticles. To-
mography revealed that these particles nucleated
in solution but later assembled at the template
surface, where crystallinity developed; low-dose
SAED showed selective stabilization of single
crystallographic orientation through the interac-
tion of the mineral with the monolayer.

High-resolution cryo-TEM studies of fresh
9 mM Ca(HCO3)2 solutions showed prenuclea-
tion clusters with dimensions of 0.6 to 1.1 nm
(Fig. 1, A and B). At the same time, a small pop-
ulation of larger clusters (<4 nm) was detected
(Fig. 1C, inset), indicating the onset of the
aggregation process leading to nucleation. After
reaction times of 2 to 6 min, small nanoparticles
with a size distribution centered around 30 nm
were observed (Fig. 2A).

Samples were taken from the crystallization
solution at different time points (figs. S2 and S3)
(15) and analyzedwith analytical ultracentrifugation,
which detects species in solution according to the
difference in their sedimentation coefficient s (18).
Large and dense particles sediment faster than
smaller or less dense particles, thereby yielding a
higher value of s. These experiments confirmed
the presence of nanoclusters (s = 1.5 × 10−13 to
3 × 10−13 s) coexistingwith ions (s≤ 0.6 × 10−13 s),
followed by the aggregation of the clusters (s ≥ 4.5 ×
10−13 s) before the nucleation event.

Gebauer et al. (13) provided convincing evi-
dence that the existence of prenucleation clusters
is due to thermodynamic equilibrium among sol-
vent, individual hydrated ions, and hydrated clus-
ters, as represented by

z{Ca2+}aq + z{CO3
2–}aq ↔ {CaCO3}z,aq (1)

in which the clusters are considered as a solute
entity and z is the number of CaCO3 units in a
cluster. In the absence of data on prenucleation
cluster concentrations, and a value for z, quanti-
tative assessment is currently not possible. They
speculated that the release of water molecules from
the hydration shell of ions provides a substantial en-
tropy gain favoring prenucleation cluster formation.

Low-dose SAED showed that the 30-nm
nanoparticles were amorphous, and cryo-ET dem-
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onstrated that they were present throughout the
whole solution (Fig. 2, A, D, and E) (15), implying
that their formation is independent of the presence
of the organic template. TheSAEDpatterns obtained
from the ACC particles and the fresh Ca(HCO3)2
solutions were indistinguishable and were clearly
different from vitrified films of pure water and aque-
ous 10 mM CaCl2 solutions (Fig. 1D). The sim-
ilarities and differences among the different samples
are not only immediately clear from the position of
the second diffraction ring [at 4.61 T 0.05 Å for
ACC and 9mMCa(HCO3)2; at 4.82 T 0.05 Å and
4.90 T 0.05 Å for water and 10 mM CaCl2, re-
spectively], but are also statistically significant in
the maximum of the first diffraction ring (tables
S1 and S2) (15). These results suggest that the
prenucleation clusters present in freshly prepared
Ca(HCO3)2 solutions consist of ACC.

In contrast to the observations ofGebauer et al.
(13), our experiments showed that the prenuclea-
tion clusters persisted after nucleation. We spec-
ulate that the formation of the ~30-nmnanoparticles
is due to aggregation of the prenucleation clusters
via Brownian motion. Considering that the pre-
nucleation clusters already have the structure of
the ACC particles found after nucleation, the ag-
gregation of clusters mainly leads to a gain in

surface enthalpy. We consider this to be the main
driving force for stabilization of the ACC nano-
particles. However, it is noteworthy that experi-
ments (19) and simulations (20) have indicated
that CaCO3 domains with sizes of ≤2 nm may
already possess short-range local order.

After longer reaction times (10 to 20 min),
larger particles with sizes ranging from70 to 250 nm
were observed (Fig. 2, B, D, and F) in coexistence
with a persistent population of the ~30-nm nano-
particles. Tomograms showed that the larger par-
ticles were found exclusively at the interface with
the monolayer and that all exhibited a smooth
face interactingwith the template. Low-dose SAED
revealed that some of these were still amorphous
(Fig. 2D, particle 2), whereas others produced
complex spot patterns (Fig. 2D, particles 3 to 5)
that could be assigned to vaterite displaying mul-
tiple crystallographic orientations (fig. S4) (15).
The template-associated amorphous particles were
larger than those found in solution and had a size
range of 70 to 120 nm, which implies that these
are temporarily stabilized by the monolayer. The
particles in which crystallinity had developed
were found in all sizes (70 to 250 nm), which
suggests that in the present system the size of
~120 nm is a critical upper limit for the stability

of the amorphous phase. Conversely, the obser-
vations that most ACC particles have a size of
<70 nm, whereas polycrystalline CaCO3 has a
minimal particle diameter of ~70 nm, imply that
this size is critical for the development of crys-
talline domains inside an amorphous matrix.

The size of the particles further increased, and an
increasing fraction of these particles showed a domi-
nating or even a single diffraction pattern (particle
diameters of >300 nm) (Fig. 2, F and G, and fig.
S4) (15). In accordance with literature (16, 21, 22),
SAED identified this plane as (00.1) vaterite (Fig. 2,
C and D); in the absence of a monolayer, a mixture
of randomly oriented calcite and vaterite was ob-
tained (fig. S6) (15). Tomograms showed that after
a reaction period of 30 to 60 min, the nanoparticles
were still present throughout the solution, and in
many cases they were found to decorate the surface
of the 300- to 500-nm vaterite crystals (Fig. 2G).

In accordancewith electronmicroscopy obser-
vations (9, 14) and simulations (23), the present
results imply a locally confined transformation of
the amorphous to the crystalline state. Also, struc-
tural and spectroscopic techniques have demon-
strated the development of short-range order in
transient ACC, indicating a gradual development
of crystallinity within the material (24, 25). None-

Fig. 1. (A) High-resolution cryo-TEM image of a fresh 9mMCa(HCO3)2 solution
after image processing (15) in which prenucleation clusters are observed. An
arbitrary number of clusters are highlighted by black circles. Scale bar, 20 nm.
(B) Nonfiltered images representing the zone delimited by the red square in (A).
In the high-magnification image, all particles present are highlighted by black
circles. Particle sizes below the detection limit of 0.45 nm (3 times the pixel size)

are considered noise. Scale bar, 5 nm. (C) Particle diameter (d) distribution of
the prenucleation clusters observed in the cryo-TEM images. (D) Radial in-
tegration of the diffraction patterns of vitrified aqueous solutions of (1) ACC
(green), (2) 9 mM Ca(HCO3)2 (red), (3) water (blue), and (4) 10 mM CaCl2
(black). Vertical (black) lines are drawn to indicate the shifts of the diffraction
rings of the different samples with respect to that of a vitrified film of pure water.
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theless, for several other calcium carbonate–based
systems, crystallization proceeds through a dissolution-
reprecipitation mechanism (12, 26).Moreover, we
cannot exclude the possibility that the presence of
watermediates this phase transformation through the
solubilization of ACC on a nanoscopic scale (19).

The narrow size distribution of the initial ACC
particles suggests an optimal stability at a diameter
of ~30 nm, similar to previous reports for mineral
nanoparticles in studies of calcium carbonate from
nacre (6) and calcium phosphate from enamel
(27). The presence of these nanoparticles in all
stages of the mineral formation process (fig. S8)
(15) supports proposals that these nanoparticles
form the feedstock on which the larger particles
and crystals grow (11, 28). Although the obser-
vation that nanoparticles adhere to the surface of
the vaterite crystals (Fig. 2G) suggests that growth
proceeds through the direct addition of such par-
ticles, no crystals with roughened surfaces have
been observed. Therefore, also considering the
high solubility of ACC in water (1.7 mM) (29),
one may expect that the nanoparticles exist in
equilibrium with the material in solution, and we
propose that the growth of the larger particles
occurs through a dissolution-reprecipitation mech-
anism at the expense of the nanoparticles (30).

We propose that the template-directed crys-
tallization of CaCO3 proceeds through several
distinct steps (Fig. 3) (15). The starting point is

Fig. 3. The different stages of template-controlled calcium carbonate formation. (A) The
distribution of particle diameters at different stages of crystal development. (B) Schematic
pathway of the mineralization of an organic matrix. Step 0: formation of prenucleation clusters.
Step 1: Aggregation of the clusters to form 30-nm ACC nanoparticles. Step 2: Clustering and
growth of the ACC particles at the surface of the organic matrix. Step 3: Start of the crystallization;
formation of poorly crystalline particles. Step 4: Formation of nanocrystalline domains inside the
amorphous particle. Step 5: Prevalent growth of the crystalline domain stabilized by the template.
Step 6: Formation and growth of oriented single crystals. Numbers in parentheses in (A) and step
numbers in (B) relate to the particle numbers in Fig. 2.

Fig. 2. (A to C) Cryo-TEM im-
ages of the early, intermediate,
and mature stages, after reac-
tion times of 6min, 11min, and
45 min, respectively. Inset in (B)
is a micrograph taken from a dif-
ferent area. Scale bars, 200 nm.
(D) Diffraction patterns of the
particles marked in (A) to (C),
showing the development of
crystallinity during the miner-
alization. Scale bar, 5 nm−1. Par-
ticles 1 and 2 are amorphous;
particles 3 to 5 are polycrystal-
line. The marked spots can be
indexed (yellow arrows) as va-
terite oriented (00.1). The d-
spacings of the other spots fit
with the vaterite distances. Par-
ticle 6 is vaterite (00.1). See
details of the diffraction pattern
indexation in (15). (E to G)
Computer-aided visualization of
the tomograms recorded from
the areas shown in (A) to (C)
(15). The red arrows in (E) show
the nanorods marking the mono-
layer (fig. S5) (15). The black
arrows in (G) show the 30-nm
ACC decorating the more ma-
ture crystals. Inset in (F) shows
the particle surfaces that inter-
act with the monolayer.
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the formation of prenucleation clusters with dimen-
sions of 0.6 to 1.1 nm (step 0). In analogy to the
chemistry of calcium phosphate (31), we consider
them to be the smallest stable agglomerates of
CaCO3 present from the beginning of the reaction.
Aggregation of these clusters in solution leads to the
nucleation of ACC nanoparticles with a size distri-
bution centered around 30 nm (step 1). Association
of these particles with the template surface initiates
the growth of ACC (step 2), using the nanoparticles
in their neighborhood as feedstock. Next, randomly
oriented nanocrystalline domains are formed inside
the otherwise amorphous particles (steps 3 and 4).
On the basis of the model of Zhang et al. (23), we
expect these domains to be unstable and in equi-
libriumwith the amorphous phase. In the last steps,
the orientation that is stabilized through the inter-
action with the monolayer becomes dominant (step
5) and develops into a single crystal (step 6). This
single crystal probably grows by the further addition
and incorporation of ions and clusters from solution.

The initial experiments ofMann and co-workers
showed that the present system could produce cal-
cite (11.0) or vaterite (00.1) depending on the pre-
cise conditions (16, 32). Later, it was demonstrated
that rapid CO2 evaporation favors the kinetic product,
vaterite (21, 22), whereas lower evaporation rates
lead to the calcitic form (21). These results are
confirmed by our finding of (00.1) oriented vaterite
in the present work (i.e., in a fast-outgassing thin
film) and the formation of (11.0) oriented calcite
in crystallization dishes (fig. S7) (15) from which
CO2 outgassing is slower. Moreover, the observation
of randomly oriented vaterite crystals also puts in
perspective the synchrotron x-ray scattering exper-
iments that showed the formation of randomly
oriented crystals from the same system (22).

The nanoscopic prenucleation clusters that we
visualized are the smallest stable form of CaCO3

and are likely the building blocks of the amorphous
precursor particles observed in biomineralization;
such particles are also observed in many synthetic
systems and are not restricted to calcium carbonate
(13,31).As a consequenceof their aggregation,ACC
nucleates in solution and subsequently assembles at
the template. There, it is present as a temporarily
stabilized but transient phase thatmediates the trans-
fer of information from the template to themineral
phase. This occurs through the selective stabiliza-
tion of only one of the orientations present, leading
to the development of a single crystal.
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but they still suffer from mechanical damage. We report the development of polyurethane networks
that exhibit self-repairing characteristics upon exposure to ultraviolet light. The network consists
of an oxetane-substituted chitosan precursor incorporated into a two-component polyurethane.
Upon mechanical damage of the network, four-member oxetane rings open to create two reactive
ends. When exposed to ultraviolet light, chitosan chain scission occurs, which forms crosslinks with
the reactive oxetane ends, thus repairing the network. These materials are capable of repairing
themselves in less than an hour and can be used in many coatings applications, ranging from
transportation to packaging or fashion and biomedical industries.

When a hard or sharp object hits a ve-
hicle, it is likely that it will leave a
scratch, and for this reason the auto-

motive industry looks for coatings with high
scratch resistance. Because of their hardness and
elasticity, polyurethanes exhibit good scratch re-
sistance but can still suffer from mechanical dam-
age. An ideal automotive coating would mend
itself while a vehicle is driven. To heal mechan-

ical damage in plants, suberin, tannins, phenols,
or nitric oxide are activated to prevent further
lesions (1–3), whereas in a human skin, the outer
flow of blood cells is arrested by the crosslink
network of fibrin, giving rise to wound-healing
(4, 5). Concentration gradients or stratification in
living organisms inspired the development of spa-
tially heterogeneous remendable polymers (6, 7),
composites containing micro-encapsulated spheres

(8–11), encapsulated fibers (12–14), reversible
cross-linking (15, 16), andmicrovascular networks
(17). One example is epoxymatrices containing a
glass hollow fiber filled with a monomer and an
initiator with the “bleeding” ability to heal poly-
mer networks during crack formation (12). A sim-
ilar phenomenon was used in another approach,
in which amicro-encapsulated dicyclopentadiene
monomer was introduced in a catalyst-embedded
polymer matrix, which healed the crack near the
ring opening of the monomer (8–11). Reversibil-
ity of Diels-Alder reactions resulted in another
approach to thermally repair damaged areas, and
approach using malemide-furan adducts (15, 16).
Mimicking ofmicrovascular structures (17), water-
responsive expandable gels (7), and formation of
supramolecular assemblies (18) are other ave-
nues of remendability.

This study departs from previous approaches
and reports the development of heterogeneous
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