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The role of prenucleation clusters in
surface-induced calcium phosphate crystallization

Archan Dey', Paul H. H. Bomans', Frank A. Miiller?, Julia Will3, Peter M. Frederik',

Gijsbertus de With' and Nico A. J. M. Sommerdijk'*

Unravelling the processes of calcium phosphate formation'*
is important in our understanding of both bone and tooth
formation®7, and also of pathological mineralization, for ex-
ample in cardiovascular disease®'°. Serum is a metastable
solution from which calcium phosphate precipitates in the
presence of calcifiable templates such as collagen, elastin and
cell debris™'2. A pathological deficiency of inhibitors leads
to the uncontrolled deposition of calcium phosphate. In bone
and teeth the formation of apatite crystals is preceded by
an amorphous calcium phosphate (ACP) precursor phase™™,
ACP formation is thought to proceed through prenucleation
clusters—stable clusters that are present in solution already
before nucleation—as was recently demonstrated for CaCO;
(refs 15,16). However, the role of such nanometre-sized clus-
ters as building blocks? for ACP has been debated for many
years. Here we demonstrate that the surface-induced forma-
tion of apatite from simulated body fluid'’"® starts with the
aggregation of prenucleation clusters leading to the nucleation
of ACP before the development of oriented apatite crystals.

Calcium phosphate is the biomineral most relevant for our
day-to-day lives, as it forms the main constituent of bone and
teeth®”. Calcium phosphate deposition also plays an important
role in several pathological situations, such as arteriosclerosis®'2.
Only recently it was demonstrated that in zebra fish bone', as
well as in enamel®, apatite formation does not occur directly
by the association of ions from solution but proceeds through
an amorphous calcium phosphate (ACP) precursor phase, even
though the generality of this pathway is still under debate®.
Not only did this trigger us to investigate the mechanism of
surface-induced mineral deposition from serum, it also urged
us to revisit the postulate that ACP consists of subnanometre
clusters with a chemical composition Cag(PO,)s, the basic unit
of the final apatite crystals’. Calcium phosphate formation has
been proposed to proceed through a cluster-growth model®, but
as such nanometre-sized building blocks are difficult to visualize
and cannot be described by classical nucleation theory?*-?* they have
been a matter of debate for many years.

As mineralization processes are difficult to investigate at
nanometre detail in vivo, we employ a model system that we can
study with cryogenic transmission electron microscopy (cryoTEM).
The application of high-resolution cryoTEM in combination with
low-dose selected-area electron diffraction has been instrumental in
the visualization of the prenucleation clusters of CaCO; (ref. 16).
Here we use simulated body fluid (SBF), a solution containing
near-physiological concentrations of the most important inorganic
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Figure 1| Stable prenuclation clusters in SBF. a, High-resolution cryoTEM
image of assemblies of clusters in SBF kept at 37 °C for 24 h; the arrow
indicates gold particles used as a fiducial marker for tomography. Scale bar,
20 nm. b, Determination of the true diameter of prenucleation clusters by
extrapolation of the diameter measured in HR-cryo TEM images recorded
at different defocus values; error bars indicate the standard deviation.

¢, Computer representation of the Posner cluster with composition
Cag(PO4)e and a diameter of ~0.95 nm.

components in serum, as the mineral source. Through its
composition, SBF under physiological conditions is stabilized
against precipitation in the absence of a nucleation-inducing
surface. In our model a Langmuir monolayer of arachidic acid
mimics the biological calcifiable surfaces that induce calcium
phosphate nucleation in vivo.
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Figure 2 | CryoTEM imaging of different stages of the mineralization process. a-e, Two-dimensional projection images; f-j, computer-aided
three-dimensional visualizations of tomograms; a f, stage 1, the control experiment in the absence of a monolayer; b,g, stage 2; ¢ h, stage 3; d.i, stage 4; the
inset SAED in d shows that the spherical particles attached to the monolayer are amorphous; e j, stage 5; the inset SAED in e can be indexed as cHA with a
[110] zone axis. The preferred nucleating face is (110), indicated by the yellow arrow in the inset of j. Please note that for clarity (markers obscuring the
image) we have not used the same area for two- and three-dimensional images except in e j. Markers and gold beads are indicated by red and blue arrows,
respectively. Scale bars, 50 nm.
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Figure 3 | Schematic representation of the different stages of surface-directed mineralization of calcium phosphate from SBF at 37 °C. Stage 1: loose
aggregation of prenucleation clusters in equilibrium with ions in solution. Stage 2: prenucleation clusters aggregate in the presence of the monolayer with
loose aggregates still present in solution. Stage 3: aggregation leads to densification near the monolayer. Stage 4: nucleation of amorphous spherical
particles only at the monolayer surface. Stage 5: development of crystallinity following the oriented nucleation directed by the monolayer.

With this system we demonstrate conclusively that crystal
nucleation starts with the generation of aggregates of calcium
phosphate prenucleation clusters that densify at a templating
surface. In a next step the densification of these clusters leads to
the formation of an amorphous precursor phase which ultimately
transforms into the crystalline apatite, of which the orientation of
the ¢ axis is directed along the nucleation surface.

When prepared at physiological temperature (37 °C) this system
produced mineral deposits exclusively at the air—-water interface,
that is, at the location of the arachidic acid monolayer (Sup-
plementary Fig. S1). After 24h these deposits were isolated and
demonstrated to consist of preferentially oriented nanocrystallites
of carbonated hydroxyapatite (cHA) elongated along their crystallo-
graphic ¢ axis (Supplementary Fig. S2). Subsequently, plunge-freeze
vitrification of the mineralizing monolayer at various points in time
was used to trap the early stages of the reaction and to monitor the
development of the mineral phase in its native hydrated state with
cryoTEM (refs 16,23).

High-resolution cryoTEM demonstrated that at 25°C and in
the absence of a monolayer the SBF solution contained isolated
nanometre-sized prenucleation clusters (Supplementary Fig. S4).
After increasing the temperature to 37 °C these clusters were present
partially as individual entities or as small aggregates (Fig. 1a), but
mainly as loosely aggregated networks within the bulk solution
(Fig. 2, stage 1). Size analysis (Fig. 1b) of the observed clusters
showed an average diameter 0f 0.874-0.2 nm, in line with previously
reported cluster sizes (0.70—1.00 nm; ref. 3) and the theoretical size
of Posner’s clusters (0.95 nm; Fig. 1¢; ref. 2).

CryoTEM further revealed that the application of the arachidic
acid monolayer induced the formation of densified domains within
the aggregates of clusters. Cryo-electron tomography (cryoET)
demonstrated that this densification only occurs where the cluster
aggregates are in contact with the monolayer surface (Fig. 2,
stage 2). In time this densification progresses to form spherical
domains of ~50nm size (Fig.2, stage 3). In a subsequent step
these domains transform into dense spherical particles with
diameters of 40—80 nm. These nanoparticles were demonstrated to
consist of ACP by low-dose selected-area electron diffraction and
cryogenic electron-dispersive X-ray spectroscopy (Fig. 2, stage 4,
Supplementary Fig. S5). After 12 h, these particles have developed
into spheroidal crystals with an average diameter of 120 nm (Fig. 2,
stage 5). As expected for mineral deposits from SBF (ref. 18) and
in line with their spheroidal morphology**, low-dose selected-area
electron diffraction identified these crystals as B-type cHA—apatite
in which some of the phosphate groups are substituted with
carbonate ions from the SBF solution®. The diffraction patterns
were indexed with a zone axis implying that the presence of the
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monolayer leads to a preferred nucleation of the (110) face. This
agrees well with previous reports of the formation of apatite crystals
preferentially oriented with their ¢ axis parallel to the surface of a
Langmuir-Blodgett film?*.

CryoET revealed that for all these crystals the nucleation plane
forms a flat patch with which they interact with the orientation-
directing monolayer. The (110) face is a polar surface in which
the Ca™ ions form a rectangular unit cell with dimensions of
5.44 A x 3.46 A (Supplementary Fig. $6). Although the dimensions
of two of such cells are in reasonable agreement with the lattice of
arachidic acid on a calcium-containing monolayer (7.57 A x 4.93 A;
ref. 27), currently there is no information that supports a true
epitaxial relation between the organic and inorganic phases.

In later stages of the mineralization reaction we only observed
crystalline particles (stage 5), coexisting with a remaining small
number of ~50nm ACP nanoparticles (stage 4, Supplementary
Fig. S7). This suggests that the ACP nanoparticles have maximum
stability at this diameter, similar to what was previously observed for
nanoparticles of diffraction-amorphous CaCOs, which, depending
on the procedures used, have a preferred diameter of 30-50 nm
(refs 16,23). The crystals were never observed together with aggre-
gates of clusters (stage 1-3) or intermediates. This is in contrast to
the earlier time points where stages 1-4 (Fig. 2) could all be en-
countered in the same sample. However, even for these early points
stages 3 and 4 were never localized in the same area, suggesting that
the transition between these two phases is a fast, concerted process.

Mineral formation from SBF in the above experiments occurs
exclusively through heterogeneous nucleation at the surface of
the monolayer. This is in clear contrast to the recently reported
formation of CaCO; from an fast out-gassing Ca(HCO3), solution
in the presence of a stearic acid monolayer'®. In that case, the
aggregation of prenucleation clusters led to the homogeneous
nucleation of amorphous nanoparticles in solution, despite the
presence of the organic template. As a recent theoretical study
predicted the stabilization of the prenucleation clusters by foreign
ions such as Na* (ref. 28), we attribute the absence of homogeneous
nucleation of ACP in bulk solution to the relatively high
concentration of Na™, Mg?", ClI~ and HCOj ions in SBF (ref. 29).
Indeed, cryoET showed that in the presence of an arachidic
monolayer a subphase consisting of a Tris-buffered (pH?7.4)
solution containing only 2.5mM CaCl, and 1.0mM K,HPO,
already after 1h produced diffraction-amorphous nanoparticles
with diameters of 30-80 nm in the bulk solution (Supplementary
Fig. S8). Hence, we assign the difference in nucleation behaviour—
heterogeneous versus homogeneous nucleation—to the higher
driving force for homogeneous nucleation in the calcium carbonate
and Tris-buffered CaCl, and K,HPO,. The reduced kinetics in SBF
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also underlines the higher level of control over the localization of
mineral deposition under physiological conditions.

The above observations clearly show that the formation of ap-
atite crystals from SBF at physiological temperature in the presence
of an arachidic acid monolayer proceeds through a multistage
process (Fig. 3) that involves the formation and aggregation of
prenucleation clusters. In contrast to our recent reports on the
template-directed growth of calcium carbonate'®, and the miner-
alization of collagen®, the present study enables us to distinguish
the different stages before the nucleation of the amorphous phase.
In the first stage the prenucleation clusters, present in the SBF,
aggregate to form free-floating, loosely associated networks that are
stable in solution. In the second stage parts of the cluster aggregates
that are in contact with the organic film start to densify by adapting a
closer packing of the clusters. The continuation of this densification
process leads to defined domains of closely associated clusters
with diameters of ~50nm (stage 3) attached to the monolayer,
which further fuse to form monolayer-suspended ACP particles.
These nanoparticles further grow and develop crystallinity, yielding
spheroid crystals of B-type cHA. The development of crystallinity
is guided by the monolayer as shown by the alignment of the crys-
tallographic ¢ axis along the nucleating surface, following specific
nucleation from the (110) face. The spheroidal morphology of cHA
is typical for crystals grown in the presence of higher carbonate
concentrations®*. The more typical plate-like morphology of the
final apatite crystals (Supplementary Fig. S2b) is most probably
due to a gradual decrease of the carbonate in the SBF solution by
consumption of the ions during the reaction and out-gassing of
CO; during the course of the experiment.

Our experiments not only confirm the existence of nanometre-
sized prenucleation clusters in SBF solutions, they also show their
role as building blocks in the formation of ACP. The observed
ordering of prenucleation clusters at the templating surface
also supports the previously advocated cluster growth process’.
However, the process does not lead to the direct crystallization of
apatite, but to the nucleation of ACP that only later transforms into
a crystalline phase, most likely through a solid-state transition”!.
In contrast to what was found in bone®”, we did not observe
octacalcium phosphate as an intermediate phase.

Indirectly, our studies also support the original proposition of
Posner et al.® that ACP is formed from such clusters, although
their composition may be different from the stabilized clusters
present in solution. In fact, we propose that the presence of the
nucleating surface induces structural and compositional changes
that enable the denser packing of the clusters and their subsequent
fusion to form ACP. However, at present there is no information
concerning the structural stability of the clusters throughout the
different steps, nor on the detailed mechanism of the cluster
aggregate-to-ACP transition.

The discussion of the relevance of in vitro models for
understanding selected aspects of in vivo systems has always
been inherent to their use. Although the application of SBF to
predict the in vivo bioactivity of implants has been a subject of
discussion®, in the present work the use of SBF enables us to study
exclusively the effect of the nucleating surface on calcium phosphate
mineralization, without interference of bulk precipitation or the
effect of additives. Moreover, with our model system that focuses
on unravelling the mechanism of mineral formation rather than
on mimicking the biological environment, we are indeed able to
visualize all stages from the prenucleation clusters to the formation
of cHA on a nucleating surface.

By confirming and integrating the finding of prenucleation
clusters in calcium phosphate solutions as well as the previously
proposed cluster growth model with the ACP-mediated apatite
formation, our results provide an integral and comprehensive
model for surface-controlled apatite formation with implications
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for our understanding and possibly for the treatment of
pathological mineral formation in biological environments.

Methods

CryoTEM and cryoET. For the preparation of cryoTEM samples from monolayers
with attached mineralization solution we made use of a vitrification robot (FEI
Vitrobot Mark III) equipped with a humidity- and temperature-controlled glove
box (see details in Methods and Supplementary Fig. S3). Using this approach we
can load the whole mineralization system onto a holey carbon-coated cryoTEM
grid with minimal disturbance of the system, while maintaining 100% humidity
and a constant temperature of 37 °C (refs 16,23).

CryoTEM grids, R2/2 Quantifoil Jena grids, were purchased from Quantifoil
Micro Tools GmbH. Before the vitrification procedure the grids were surface
plasma treated using a Cressington 208 carbon coater. The cryoTEM experiments
were carried out on a FEI Technai 20 (type Sphera) TEM or on the TU/e CryoTitan
(FEI) (www.cryotem.nl). For the Technai 20 a Gatan cryo-holder operating
at about —170 °C was used. The Technai 20 is equipped with a LaBy filament
operating at 200kV and the images were recorded using a 1k x 1k Gatan CCD
(charge-coupled device) camera. The TU/e CryoTitan is equipped with a field
emission gun operating at 300kV and with a postcolumn Gatan energy filter.
Images were recorded using a 2 k x 2 k Gatan CCD camera. The three-dimensional
reconstructions were carried out with the software Inspect 3D v.3.0 (FEI Company).
For the segmentation and visualization of the three-dimensional volume, Amira
4.1.0 (Mercury Computer Systems) was used. The DiffTools package* supported
by DigitalMicrograph software was used as an aid to analyse the diffraction patterns
and crystallography data from the Inorganic Crystal Structure Database (cHA:
93783; ref. 25) were used for indexing the diffraction patterns.

Experimental protocol for cryoTEM sample preparation. As a model system,
we used a monolayer of arachidic acid [CH;(CH,);sCOOH] as the nucleation
surface, spread on SBF (Supplementary Fig. S1a). The mineralization reaction then
proceeds by heating up the system to 37 °C. Specimens were prepared at different
time points by draining the solution and loading the monolayer with calcium
phosphate particles on the cryoTEM grid, in a glove box in which the temperature
and the humidity were controlled at 37 °C and 100% relative humidity. At the
beginning of the reaction the cryoTEM grids were present in the solution, on a
metallic support. The cryoTEM grids are 200 mesh copper grids, covered by a
carbon film that contained a regular pattern of 2 um holes in the carbon layer
(Supplementary Fig. S3, step 1). After a certain reaction time the SBF was drained
and the monolayer with calcium phosphate particles loaded onto these cryoTEM
grids with minimal disturbance of the system (step 2). The grid was transferred
to a fully automated vitrification robot (Vitrobot). The environmental conditions
were kept constant at 37 °C and 100% relative humidity. A suspension of 3 ul of
4.96 x 107> mM of CdSe nanorod solution in CHCI; was added on the hydrophobic
side of the monolayer (step 3) to mark the monolayer and 3 ul of a 6 nm gold
solution was also added from the opposite side of the grid for reconstruction of
the tomography tilt series. Finally, excess of liquid was removed by automatic
blotting to produce a thin liquid layer (around 100 nm thick) containing the
monolayer and the calcium phosphate particles, and the reaction was quenched by
plunging the grid into melting ethane (step 4). For all crystallization experiments,
SBF-10'® (see the ion concentration in Supplementary Table S1) was used. The
required salts were purchased from Merck, purity >99%, the arachidic acid from
Aldrich, purity >99.5%, and the chloroform from Biosolve, purity >99.9%.
Hydrophobic CdSe nanorods were provided by Patrick Chin (TU/e, Eindhoven).
The monolayers were prepared by spreading a CHCI; solution of arachidic acid

(1 mM). The amount of arachidic acid has been calculated to cover the surface with
a close-packed organization.
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