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Abstract: Biological organic—inorganic hybrid materials often
achieve excellent properties and provide inspiration for the
design of advanced materials. The organic phase plays a key
role in determining the properties of biogenic materials, and the
spatial arrangement of organic and inorganic phases provides
direct evidence for interaction between the two phases. Super-
resolution fluorescence microscopy was used to visualize the
gelatin distribution in two different crystalline polymorphs of
calcium carbonate (vaterite and calcite) and to investigate the
process by which gelatin is excluded from the crystals. The
results demonstrated that gelatin is distributed through vaterite
microspheres in the form of nanoparticles, whereas it tends to
accumulate on the edges of the calcite rhombohedra.

Biominerals such as bone, teeth, and seashells are biological
organic-inorganic hybrid materials"™! and often achieve
extraordinary physical properties*® In order to design
materials with advanced properties, many efforts have been
spent in elucidating the functions of the organic component,
which include induced nucleation,”! stabilization of crystal-
line polymorphs,* % and control of crystal morphology.''*4l
In all these aspects, the spatial distribution of organic and
inorganic phases provides direct evidence for the interaction
of the two phases and correlates with the gross morphology of
the biogenic crystal.' Biomineralization is a dynamic process
and proteins control the whole process of crystal nucleation,
crystal growth, and phase transformation.'®!” Direct obser-
vation of the dynamic association of the organic and inorganic
phases will give us more in-depth information about the
mechanism of biomineralization.

Fluorescence imaging enables direct observation when
the organic phase is labeled with fluorescent dyes. However,
some synthetic!™"” and biological’>*! materials contain
nanoscale structures that are beyond the resolving power of
traditional wide-field optical microscopy. Electron microsco-
py (EM) can achieve high spatial resolution but lacks
molecular specificity. Moreover, it is difficult for EM to
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provide dynamic information directly. The development of
super-resolution microscopy may help resolve this problem.
The nanoscale resolution of super-resolution microscopy is
especially suitable for nondestructively detecting dynamic
process in nanostructures. Among super-resolution microsco-
py techniques, (direct) stochastic optical reconstruction
microscopy ((d)STORM), which is based on detection and
localization of the signal of a single fluorescent molecule, can
achieve 20-30 nm lateral resolution.”??! This technique has
been widely used in cell biology,™ for example, in distin-
guishing the nanoscale structures in cell compartments like
the nucleus® and cell organelles,” or acquiring the distri-
butions of proteins on cell membranes.”**")

In our study, dSTORM was applied to detect the
distribution of gelatin in two different crystalline polymorphs
of synthetic calcium carbonate (vaterite and calcite). Calcium
carbonate is the most abundant biomineral and plays an
important role both in nature and industrial applications.”"!
Gelatin, which is the partial degradation product of collagen,
is widely used to study the role of protein networks in the
formation of biominerals in vitro.?”! As far as we know, this is
the first time dSTORM has been applied to the field of
biomineralization.

Gelatin was labeled with a Cy5 NHS ester through an
amide bond and vaterite microspheres with gelatin were
prepared through one-step protein/CaCO; co-precipita-
tion.”" Scanning electron microscopy (SEM; Figure 1a,b)
and transmission electron microscopy (TEM; Figure 1e)
images reveal the rough surface of the fabricated vaterite
microspheres.

Unlike the homogeneous distribution of silk fibroin (SF)
in vaterite shown by element mapping,’!! the dSTORM
images (Figure 1d) showed that gelatin is distributed through
vaterite microspheres in a form of nanoparticles. It has been
shown that vaterite fabricated with®" or without®? additives
consists of nanoparticles with similar dimensions to the first
formed nanoparticulate amorphous calcium carbonate
(ACC). The zeta potential of gelatin is —13.2mV and it
could thus interact with Ca*" to form a gelatin-Ca complex
that acts as a nucleation agent. Gelatin—-CaCOj; nanoparticles
then form and aggregate to form the vaterite microspheres.
The gelatin distribution thus reveals the formation mecha-
nism of vaterite microspheres.

If the vaterite microspheres were opaque, we would only
have been able to get a ring shape through optical sectioning.
The distribution of gelatin was almost uniform in vaterite
microspheres, however, so it can be deduced that the interior
signal could pass through the vaterite microspheres and be
received. The signals in the middle of the dSTORM image
(Figure 1d) reveal the gelatin distribution inside the micro-
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Figure 1. Nanostructures of fabricated vaterite microspheres and the
gelatin distribution within them. a) SEM image of a CaCO; micro-
sphere produced with gelatin. b) Magnified section of (a). c) dSTORM
image of gelatin in CaCO; microspheres. d) Magnified section of (c).
e) TEM image of a CaCO; microsphere.

sphere, whereas the signals on the edge of the image reveal
gelatin distribution on the surface of the microsphere. So
when we use dSTORM to observe the distributions of
proteins in hybrid materials, whether or not the materials
are transparent must be considered. If the material is not
transparent, the signals from the interior of crystal cannot be
received. In this case, one can image ultrathin sections of the
material.

IR was used to analyze the effect of gelatin on the
stabilization of vaterite. The proportion of absorptions at
712 cm ™' and 745 cm ! reveal the relative content of calcite
and vaterite phases in the fabricated CaCOj5 crystal.” The
crystalline polymorphs of CaCOj; obtained immediately after
centrifugation were vaterite in both cases (Figure 2a,b). After
20 h, however, vaterite microspheres with gelatin transformed
into calcite in a higher proportion (Figure 2¢). However, the
vaterite phase was stable for a longer time with increased
concentrations of gelatin (Figure 2d). So gelatin promotes the
transformation of vaterite at low concentrations and stabilizes
the vaterite phase at higher concentrations.

It has been found that some additives®>**! can stabilize
vaterite in a concentration-dependent manner due to surface
adsorption. This helps explain the effect of gelatin on the
stabilization of vaterite. At low concentrations, most of the
gelatin is incorporated into vaterite microspheres and there is
little adsorption of gelatin on the surface. Moreover, gelatin is
an amphoteric electrolyte and cannot associate with Ca*" as
tightly as polyanions. With increased concentrations of
gelatin, the adsorption of gelatin on the surface of vaterite
microspheres will increase and the diffusion of Ca*' and
COs* is restricted, thus hindering the transformation of
vaterite into calcite.

Overnight in water, vaterite microspheres transformed
into calcite rhombohedra (Figure 3b) via an intermediate
state (Figure 3a). It is worth noting that the space between
CaCOs; nanoparticles in the intermediate state is larger than

Angew. Chem. Int. Ed. 2016, 55, 908911

Communications

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

An

Internati

QO
~
N
o
=
(=}
~

744.85

A (Absorbance)
A (Absorbance)

1489.36 876.69

1800 1500 1200 900 600
wavenumber /cm-1

\/\/.\M/m
747.37 12.70
2

745.97

1490.24 876.98
1800 1500 1200 900 600
wavenumber /cm-1

)
[
=

with gelatin

745.59 712.26

‘without gelatin

745.07 712.10

A (Absorbance)
A (Absorbance)

800 750 700 650 800 700 600
wavenumber /cm-1 wavenumber /cm-1

Figure 2. FTIR spectra of CaCO; produced with and without gelatin.

a) FTIR spectra of CaCO; produced without gelatin measured just after
centrifugation and after 20 h in water. b) FTIR spectra of CaCO,
produced with gelatin measured just after centrifugation and after 20 h
in water . c) Contrast FTIR spectra of CaCO; produced with and
without gelatin after 20 h in water. d) IR spectra of CaCO; with
different concentrations of gelatin. The CaCO; crystal was left in water
for 4 h. The concentrations of gelatin were 0.6 mgmL™', 2 mgmL™",

4 mgmL~". The 713 cm ™" and 744 cm ™' peaks indicate calcite and
vaterite, respectively

Figure 3. Structures of calcite rhombohedra and the distribution of
gelatin within them. a) SEM image of the intermediate state of
transformation from vaterite microspheres to calcite rhombohedra.
b) SEM image of a calcite rhombohedron. c) Bright-field image of
a calcite rhombohedron. d) dSTORM image of gelatin in a calcite
rhombohedron.

in the intact vaterite microspheres (Figure 1a,b). This might
be because water permeates into the vaterite microspheres
and reduces their density.

The distribution of gelatin (Figure 3d) in calcite rhombo-
hedra (Figure 3c) was very different to that in vaterite
microspheres. The gelatin was mostly distributed on the edge
of the calcite rhombohedra in a continuous manner, with
a small amount of gelatin located in the interior of the
rhombohedra like small islands. During the transformation,
the vaterite microspheres dissolve to release calcium and
carbonate ions into solution and a calcite phase forms on the
surface of vaterite microspheres. Since the solubility of calcite
is lower than that of vaterite,”” water cannot enter the
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vaterite phase as easily once the calcite phase forms and the
dissolution of the vaterite phase is thus restricted. Slow
transformation leads to complete phase transformation of the
contents inside the vaterite microspheres, leaving the charac-
teristic spherical shape of vaterite intact.”*?) The confined
environment also restricts the expulsion of gelatin into the
solution, thus resulting in gelatin islands on the surface of
calcite rhombohedron.

During the transformation of vaterite into calcite, gelatin
is excluded from the CaCOj crystal (Figure 4). The bright-

102 min

Figure 4. dSTORM images of the distributions of gelatin in CaCO,
over time in switch buffer. Scale bar: 1 um.

field images of the sample (Figure S1 in the Supporting
Information) show neither microspheres nor rhombohedra.
The CaCOj; crystals are thus in the intermediate state and
consist of both calcite and vaterite phases. Although the
bright-field images do not show big change during the imaging
process, gelatin tends to accumulate on the edge of the
crystals. The gelatin is hard to see in the last picture, which
might be the result of either fluorescence quenching or
complete removal of gelatin from the crystal. To address this,
CaCOs; stored in water for 5 days was imaged. The results
showed that gelatin can still be seen on the edge of the
rhombohedron and has a similar distribution to that seen in
Figure 3d. So the apparent disappearance of gelatin is mainly
because of fluorescence quenching. The reason that gelatin
could not be completely excluded from the CaCO; crystal
might be that gelatin does not dissolve in cold water and the
CaCOs; crystal can adsorb gelatin.

Aizenberg et al. have shown that fluorescent molecules
can be removed from the growing crystal and accumulate at
the framework-mineral interfaces.””! It was expected that
during the crystallization of ACC, the stabilizing macro-
molecules could also be excluded from the crystal.l'” The
result that gelatin was excluded from CaCOj crystals proves
that macromolecules can be excluded from the crystals during
the transformation from vaterite into calcite. The dynamic
distribution of gelatin may shed light on the dynamic
interaction between macromolecules and biominerals. For
example, it was found that defective distribution in immature
sea urchin spines was much more isotropic than in mature
spines.'”) Revealing the dynamic distribution of the defect will
deepen our understanding of the different mechanisms of
control in the two stages of biological crystal growth during
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spine formation. However, it is still a challenge to detect the
dynamic distribution of macromolecules in biominerals
in vivo. The difficulties come from fluorescent labeling of
biological macromolecules, simulation of the biological
environment when the imaging requires a particular buffer,
and the limitation that dSTORM can only be used for surface
detection when the crystal is opaque.

To conclude, we have demonstrated the extended appli-
cation of dASTORM in the field of biomineralization. The
distribution of gelatin in vateite microspheres is in the form of
nanoparticles, which reflects the formation mechanism of
vaterite microspheres with gelatin. In contrast, gelatin tended
to accumulate on the edge of calcite rhombohedra. We were
also able to show how gelatin is excluded from the CaCO;
crystals during the transformation. Because the fluorescent
labeling of proteins is simple, the method can be used to
detect the distribution of numerous proteins in CaCO; with
different morphologies. Furthermore, it can be extended to
multicolor imaging to investigate the interaction between
different proteins in synthetic and biological materials.
Although the application of super-resolution microscopy to
the field of biomineralization still faces many difficulties, the
high resolution of this approach and its applicability to in situ
testing will give us more distinct information about biomin-
eralization from a new perspective.
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