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Coral-mimetic production of aragonite films from
CO, captured by biogenic polyaminest

Kohei Takashina,® Hiroto Watanabe, @2 Yuya Oaki, ©? Yoshikazu Ohno, @°
Ko Yasumoto ®° and Hiroaki Imai @ *2

We designed CaCOs films comprised of aragonite nanorods by mimicking the microstructure and the
formation process of the calcareous skeleton of a stony coral in the sea. Hierarchically structured
calcareous frameworks are produced from the center of calcification (COC) under alkaline conditions in
the organism. In the first step, a seed layer consisting of crystalline nanoparticles was produced as an
artificial COC on a polyvinyl alcohol sheet in a solution containing Ca®* ions, polyacrylic acid, and a
biogenic polyamine, such as putrescine, through the gradual absorption of atmospheric CO,. In the second
step, aragonite nanorods grew on the artificial COC in the mother liquid obtained by mixing a putrescine
solution saturated with CO, and a CaCl, solution containing Mg®* and alginate. Finally, we obtained a
dense, homogeneous film consisting of aragonite nanorods similar to the coral skeleton through the

rsc.li/crystengcomm fixation of CO,.

Introduction

In nature, various marine organisms fix atmospheric CO, as
a skeleton of CaCO,;."* In particular, complex and huge
calcareous architectures are produced by hermatypic corals.
In stony coral organisms, CaCO; crystals grow in the
extracellular calcifying fluid (ECF) at a high pH (Fig. S1 in
the ESIf).>* Recently, calcification was reported to be
accelerated by the reaction of atmospheric CO, with
biogenic polyamines having multiple amino groups (eqn
(S1)-(S3) in the ESI{).” Thus, the formation of CaCOj; is
achieved by mimicking the high pH conditions similar
found in the ECF in corals. The polyamine-based approach
would be effective for recovering atmospheric CO, because
thermodynamically stable CaCO; powder can be produced
through low-energy processes.

Hierarchical coral skeletons exhibit calcareous structures
in which aragonite fibrous crystals extend radially from a
center of calcification (COC) containing organic matter (Fig.
S2 in the ESIt).® A biogenic COC is a fibrous or sheet-like
structure that is composed of low-crystalline nanoparticles of
aragonite. A variety of shapes, such as those of septa and
corallite walls, are controlled by the preceding formation of
the COC. In an abiotic system, the construction of CaCO;
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structures with arbitrary shapes can be achieved by
controlled crystal growth on an artificially produced COC as a
seed layer. When CO, captured by biogenic polyamines is
used as a carbonate source, immobilization of free-form
structures of CaCO; has further advantages for the CO,-
recovered materials. In this study, we designed CaCO; films
by mimicking the microstructure and the formation process
of the calcareous skeleton of a stony coral using an artificial
COC through recovery of CO, in association with biogenic
polyamines as shown in Fig. 1.

Bioinspired calcareous hierarchical structures having
nano- and micrometre-scale textures are generally produced
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Fig. 1 Schematic illustration of the coral-mimetic production of an
aragonite film. In stony corals, a CaCOs3 skeleton consisting of fibrous
aragonite crystals is formed on the COC in the ECF under alkaline
conditions. In the coral-mimetic system, a CaCOs sheet consisting of
skeleton-like fibrous aragonite is produced on an artificial COC in an
alkaline solution of biogenic polyamine by the capture of atmospheric
CO..
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through crystal growth with the control of organic molecules.
A wide variety of organic molecules, such as proteins,”
water-soluble ~ synthetic ~ polymers,'®™®> and hydrogel
matrices,"®2° have been used for the production of
biomimetic CaCO; mesocrystals. Specific control of the

crystal phases requires the formation of metastable
polymorphs, such as aragonite and vaterite. The
production of various calcareous films consisting of

granular domains was achieved on chitosan and polyvinyl
alcohol (PVA) on a glass substrate with soluble polyanions,
such as poly(acrylic acid) (PAA)*»** with polymorph control
by the combination of insoluble and soluble organic
molecules.”*** Basically, the presence of a particular seed
layer promotes the crystal growth of the metastable
phases. Prismatic vaterite films were fabricated with a silk
fibroin by seeded mineralization on a polymer-coated glass
substrate through a granular transition layer.>® Aragonitic
films consisting of c-axis-oriented nanorods were produced
via controlled growth from a seed layer on glass and PVA
substrates.”>?® Multistep growth was developed to produce
biogenic calcareous shell-like oriented nanorods of calcite
using conventional polymer sheets.'® The surface of the
PVA was used as the nucleation site of calcite crystals.
High-density nucleation providing the seed layer on the
polymer surface is important for the formation of oriented
architectures with control of the polymorph. However,
coral-like structures consisting of oriented aragonite
nanorods have not been achieved through recovery of CO,
in association with biogenic polyamines. The string- and
sheet-like frameworks of the COC in the coral body are
biogenic seed layers for the designed construction of
aragonitic architectures (Fig. S2 in the ESI}). Although
polyamines were used for the structural control of
CaCO;,'""> we utilized a biogenic polyamine for the
recovery of CO, to promote the seeded mineralization of
aragonite rods. The polyamine-based approach with an
artificial COC would provide a novel route for the
fabrication of large hierarchical structures having nano-
and micrometre-scale textures through the fixation of
atmospheric CO,.

In this work, we learned from the microstructure and
calcification process of stony corals and attempted to
fabricate an array of aragonite nanorods by mimicking the
micro-textures of calcareous skeletons through the fixation
of atmospheric CO, with a biogenic polyamine. First, we
created a seed crystal layer consisting of aragonite
nanocrystals as an artificial COC on a self-standing organic
sheet. Second, we investigated the conditions for the
controlled growth of oriented aragonite rods on the
artificial COC from a CO,-captured polyamine solution. The
presence of Mg ions and alginate was found to be effective
for the control of the polymorphs, microstructures, and
homogeneity of the products. Ultimately, a suitable
combination of the additives succeeded in forming an
aragonite array structure similar to a coral skeleton. This
fact suggests the contribution of polyamine to
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biomineralization, although a wide variety of functions or
roles were studied for biogenic polyamines. Thus, the
current study leads the bio-inspiration for the
architectonics of hierarchical CaCO; structures by capturing
atmospheric CO,. Our findings would provide novel
technological insight into the fabrication of highly ordered
architectures by mimicking biological mineralization
systems. The controlled crystal growth would be applicable
to the fabrication of well-organized materials with the
recovery of industrially emitted CO,.

Results and discussion

Production of an artificial COC through selective nucleation
on a self-standing polymer sheet

The biogenic COC of a coral skeleton is a fibrous or sheet-
like structure that is composed of low-crystalline
nanoparticles of aragonite with a large amount of organic
matter. In the first step, we produced aragonite nanograins
on a self-standing PVA sheet as an artificial COC (Fig. S3b in
the ESIf). The smooth polymer surface covered with OH
groups is suitable for the nucleation of CaCOj; crystals. In
aqueous solution at [Ca*'] = 10 mmol dm™, putrescine at 10
mmol dm™, and PAA at [COOHpss] = 10 mmol dm™, the
deposition of calcareous nanoparticles occurred through
heterogeneous nucleation on the organic surface by the

(a) artificial COC (b)
l on PVA
tape

artificial T
CcoC

Fig. 2 A schematic illustration (a), a photograph (b), and cross-sectional
SEM images (c and d) of an artificial COC layer deposited on a PVA sheet.
SEM images of the biogenic COC with fibrous aragonite of a coral
skeleton (Acropora digitifera) (e and ).° The green area in (b) indicates
tape for fixing the PVA substrate on a glass plate. Reproduced from ref. 6
with permission from the Royal Society of Chemistry.

This journal is © The Royal Society of Chemistry 2024
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absorption of atmospheric CO, without homogeneous
nucleation (Fig. 2a and b). According to SEM observation
(Fig. 2c and d), a homogeneous film ~1 pum thick and
consisting of nanograins ~30-80 nm in size covered the
polymer sheet after being kept in air for 24 h. By mimicking
the biogenic COC consisting of aragonite nanoparticles in a
stony coral (Fig. 2e and f), we designed an artificial COC
consisting of nanoparticles.

From Raman signals (Fig. 3a), the crystal phase of the
deposition was identified as aragonite. We observed typical
signals of aragonite assigned to lattice vibration modes
(154 and 208 cm™) and carbonate internal modes that
originate from the in-plane bending (703 cm™) of the
carbonate anions.”” The broadening of the lattice modes
and a weak signal originating from carbonate ions suggest
disorder of the crystal lattice. Since a weak signal
attributed to the 012 diffraction of aragonite was only
observed in the X-ray diffraction (XRD) pattern (Fig. 3b),
the c-axis of low-crystalline aragonite grains was roughly
arranged to be vertical to the organic substrate surface.

Calcite powder was formed through homogeneous
nucleation without PAA (Fig. S4 in the ESIt). A higher ratio of
PAA to Ca ions (R = [COOHpss]/[Ca®']) suppressed the
deposition of calcite in the solution system. A suitable
combination of the insoluble polymer surface and the soluble
polymer resulted in the selected nucleation of aragonite. In
previous reports,”®*° the adsorption of PAA miniaturized the
crystal grains and promoted the formation of mesocrystalline
structures. Our results indicate that a thin film consisting of
aragonite nanograins was selectively formed as a seed layer
through high-density heterogeneous nucleation on the PVA
surface under moderate growth conditions at R = 1.0-1.2.
Since the distance between CO3>~ groups of PAA on the PVA
surface is similar to that on the crystal lattice of aragonite,*
the specific nucleation is deduced to be promoted on the
substrate.

(@) ; ‘ | (b) | 1CDD calcite
I /\ calcite “‘ = n - .
,,‘|\,T o Nemeeea il e ,I/‘« e 021 012 200 aragonite
=y aragonite = I %2 I .1y -
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Fig. 3 Raman spectra (a) and XRD patterns (b) of the artificial COC
and films produced under standard conditions with and without
sodium alginate. Raman spectra of geological calcite and aragonite
and ICDD patterns are shown as references. Red lines at 154 and 208
cm™ and blue lines at 703 cm™ in (a) indicate the lattice vibration
mode of aragonite and the carbonate internal modes that originate
from the in-plane bending of the carbonate anions, respectively.?”
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Formation of c-axis-oriented aragonite films on the artificial
COC layer

For the formation of fibrous aragonite elongated along the
c-axis on the COC layer, we replaced the growth medium with
a mixture of an aqueous solution of putrescine at 30 mmol
dm™ that was saturated with CO, and a solution containing
Ca and Mg ions after washing the deposited PVA film with
purified water (Fig. S3c in the ESIf). The metal ion
concentrations were adjusted to [Ca®>"] = 10 mmol dm™ and
[Mg*>*] = 30 mmol dm™ to promote the crystal growth of
fibrous aragonite on the substrate. Before the crystal growth,
a CO,-saturated putrescine solution was prepared by the
bubbling of pure CO, (Fig. S3a in the ESI}).

As shown in Fig. 4a and b, a homogeneous layer (~4 um
thick) was produced on the artificial COC after the deposition
for 3 h. Since the thickness was not changed by prolongation
of the deposition, the crystal growth almost stopped within 3
h due to a decrease in the ion concentration. The crystal
phase of the films was identified as aragonite from Raman
spectra and XRD patterns (Fig. 3). Here, we found that
fibrous aragonite grew steadily from the artificial COC layer
without heterogeneous nucleation. A relatively intense 012
peak of aragonite was observed in the XRD pattern for the

fibrous
aragonite

Fig. 4 SEM images (a-c and e) and a schematic illustration (d) of the
film after 3 h of crystal growth in the aqueous solution containing
putrescine, Ca>*, and Mg?*. Top (a), bird's-eye (b), and cross-sectional
(c-e) views of the film. The inset of (a) is an enlarged image of the
surface. SEM image of the biogenic COC of a stony coral (f).
Reproduced from ref. 6 with permission from the Royal Society of
Chemistry.

CrystEngComm, 2024, 26, 2065-2071 | 2067
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film (Fig. 3b). Generally, aragonite is elongated in the c
axis. As shown in Fig. S5 in the ESLj} the strong 012 peak
suggests that the c-axis of fibrous aragonite was roughly
arranged to be vertical to the substrate surface. The
growth direction of all rods changed to upward in the
middle of the film (Fig. 4c and d). Finally, the oriented
growth of nanorods was achieved by the gradual change
in growth direction in the progressive stage. We have
reported the bending of CaCO; nanorods grown on a
substrate.'®*® The growth of the nanorods was gradually
oriented to the direction of ion diffusion from the bulk of
the solution.

In the enlarged SEM images near the bottom
(Fig. 4c and e), nanorods were observed to grow from the
COC layer. The growth direction of all rods changed to
upward in the middle of the film with widening fibrous
crystals (Fig. 4d). The width of the aragonite rods near the
top was estimated to be ca. 200 nm. As shown in Fig. 4f, the
nanoscale fibrous structure of the aragonite crystals
elongated in the ¢ direction is produced on the COC in the
stony coral skeleton.® The biogenic architecture is similar to
that of the synthesized layer of fibrous aragonite on the
artificial COC. The cellular structures of a coral skeleton are
composed of micrometric rods and sheets as shown in Fig.
S2 in the ESIf The sheet formation of aragonite rods is
regarded as a basic process for the production of the cellular
structures. Thus, we succeeded in demonstrating the coral-
mimetic mineralization process using the artificial COC and
CO, captured by biogenic polyamines.

When we used a solution without Mg ions, the deposition
of aragonite crystals on the artificial COC layer decreased
with an increase in the amount of calcite powder that was
formed through homogeneous nucleation. The degree of
supersaturation increased drastically by mixing the
polyamine solution saturated with CO, and a Ca ion solution.
The presence of Mg ions suppresses homogeneous
nucleation and promotes the growth of the COC layer by
limiting rapid crystal growth. The morphology of the
aragonite rods was not affected by putrescine in our system
because almost the same structures were obtained in a
supersaturated solution without the molecule (Fig. S6 in the
ESIT).

Formation of homogeneous films consisting of miniaturized
aragonite nanorods

By addition of alginate, a soluble polysaccharide, we
fabricated ordered architectures that consisted of
miniaturized nanorods. In a previous study,>® bunched
nanorods 100-150 nm in diameter were formed by the
addition of sodium alginate on a single-crystalline aragonite
substrate (Fig. S7 in the ESI{). The miniaturization of the
grown aragonite crystals was suggested to be achieved with
specific interactions of alginate with the specific planes of
aragonite. Fig. 5 and S6 in the ESIf show SEM images of
homogeneous films consisting of aragonite nanorods that

2068 | CrystEngComm, 2024, 26, 2065-2071
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Fig. 5 SEM images (a-d) of the film after overgrowth in aqueous
solution with putrescine, [Ca®*] = 20 mmol dm™>, [Mg?*] = 30 mmol
dm3, and [COO .ginatel = 0.5 mmol dm™ for 3 h. Top (a and b) and
cross-sectional (c and d) views of the film.

were obtained in the solutions containing sodium alginate at
[COO iginate] = 0.5 mmol dm ™ and [Ca®'] = 10 mmol dm™. A
homogeneous layer ~5 pum thick was grown for 3 h in the
solution mixture.

Because the intense 012 peak of aragonite was observed in
the XRD pattern for the film produced with alginate (Fig. 3b),
it was concluded that the aragonite nanorods were elongated
in the ¢ axis that was perpendicular to the substrate. The
width of the aragonite rods decreased from ~200 to ~20 nm
as the alginate concentration increased (Fig. 6). In our
system, the crystal growth occurred in the solution phase,

6
[CO0", ginie] (MmOl dm3)

Fig. 6 Cross-sectional SEM images (a-c) and rod width as a function
of alginate concentration (d) of the film after overgrowth in aqueous
solution with putrescine, [Ca®*] = 20 mmol dm™3, [Mg?*] = 30 mmol
dm™>, and [COO 4ginate] = 0.15 (a), 1.5 (b), and 5 mmol dm™ (c).

This journal is © The Royal Society of Chemistry 2024
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Fig. 7 TEM images (a-c) and schematic illustrations (d-f) of an FIB-cut
sample of a film produced on the artificial COC under standard
conditions with (b and e) and without (c and f) sodium alginate. The
thin plate ~100 nm thick shows the cross-sectional structure of the
film. The structural variation depending on the growth conditions is
shown in (a) and (d). Colored frames (g-j) indicate the FFT patterns of
the same colored areas in (b) and (c).

not in the hydrogel. The miniaturization of aragonite crystals
was reported to be ascribed to the incorporation of alginate
in previous work.>® The distances between calcium ions on
the (011) plane of aragonite were suggested to be relevant to
the distances between carboxyl groups of alginate. Since the
interaction of alginate with the specific plane partially
suppresses the facet growth of the crystal, bunched thin rods
are formed by branching and decreasing the length. Finally,
by adjusting the concentration, we obtained a dense,
homogeneous film consisting of aragonite nanorods with
control of the crystal size.

Fig. 7 shows TEM images of a thin plate cut with a
focused ion beam (FIB) from the film grown on the PVA
surface. We observed that nanorods grew from an aggregate
of nanoparticles ca. 10 nm, which is assigned to the
artificial COC. From the fast Fourier transform (FFT)
patterns, the aragonite nanorods prepared under the
standard conditions were found to be elongated in the ¢
direction (Fig. 7c, f and j), whereas the direction of the
nanograins in the artificial COC region was random.
Consequently, we obtained aragonite films that consisted of
c-axis-oriented nanorods that were arranged perpendicularly
to the surface. The upper part of the TEM image shows the
thin rods produced with sodium alginate. As mentioned
above, the adsorption of alginate was reported to form
granular  structures of calcium carbonate through
deposition in aqueous systems. We observed nanograins in

This journal is © The Royal Society of Chemistry 2024
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an enlarged TEM image (Fig. 7b). The ¢ direction of the
grains was roughly oriented to be perpendicular to the
substrate surface according to the FFT patterns (-
Fig. 7e and g-i). Here, the direction of the daughter crystals
was influenced by the basal direction. Finally, weakly
oriented architectures were produced on polymer sheets by
the construction of granular aragonite crystals with the
adsorption of the polymer molecules.

In the present study, we produced biogenic calcareous
coral-like oriented nanorods of aragonite using a
conventional polymer sheet. In the step for producing an
artificial COC, a large number of nuclei are induced by the
interaction of alcoholic hydroxy groups of the polymer
surface and carboxy groups of PAA and calcium ions. The
presence of alginate miniaturizes the growth units and
promotes the growth of aragonite in the ¢ direction. Selective
growth from densely formed nuclei produces an oriented
architecture consisting of aragonite rods whose ¢ axis is
perpendicular to the surface.

Conclusion

Coral-like calcareous films comprised of aragonite nanorods
were produced by mimicking the microstructure and the
formation process of the calcareous skeleton of a stony coral
using atmospheric CO, in association with biogenic
polyamines. A seed layer consisting of aragonite
nanoparticles was initially fabricated as an artificial COC.
Aragonite fibrous crystals were grown on the artificial COC in
the mother liquid obtained by mixing a putrescine solution
saturated with CO, and a CaCl, solution. Finally, a dense,
homogeneous film consisting of aragonite nanorods was
obtained through the fixation of CO,.

Experimental
Preparation of precursor solutions

A CO,-saturated putrescine solution was prepared as a
precursor solution by bubbling CO, into a putrescine
solution (10-30 mmol dm™) at 25 °C as shown in Fig. S3a in
the ESL{ The pH value reduced to ca. 7 with the absorption
of CO, and the formation of carbonate species with cationic
putrescine as shown in eqn (51)-(S3) in the ESLf We stopped
the bubbling after the pH of the solution became constant.

Production of an artificial COC through selective nucleation
on a self-standing polymer sheet

We prepared fine grains of CaCO; as an artificial COC in a 60
em?® polypropylene vessel containing 20 cm® of an aqueous
solution of CaCl,-2H,O (Junsei Chemical) containing PAA
(Mw: 1800, Sigma-Aldrich). A PVA sheet (Aisero Solublon®,
saponification rate >99.5%, Mw: 1700, 50 upm thick)
supported on a polypropylene plate with masking tape was
used as a substrate for the nucleation of CaCO; crystals. The
polymer substrates were fixed vertically in the polypropylene
vessel containing the precursor aqueous solution (Fig. S3b in

CrystEngComm, 2024, 26, 2065-2071 | 2069
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the ESIt). We used an aqueous solution of 10 mmol dm™
CaCl,-2H,0 (Junsei Chemical) and 10 mmol dm™ putrescine
containing a 10 mmol dm™ carboxy group of PAA ([COOHpaa]
= 10 mmol dm™). The solution was kept at 25 °C for 48 h
with stirring for the absorption of CO, from the atmosphere.
The resultant products were sonicated with pure water at
room temperature and air dried at 25 °C for 24 h. Here, we
obtained a seed layer of CaCO; as an artificial COC on the
polymer sheet.

Crystal growth for c-axis-oriented nanorod arrays

After washing the substrate with purified water, the growth
medium was changed to an aqueous solution of 10 mmol
dm™ CaCl,-2H,0 and 30 mmol dm™> MgCl,. The CO,-
saturated putrescine solution (the precursor solution) was
mixed to enhance the crystal growth for the c-axis-oriented
nanorod arrays on the seed layer. With the suppression of
homogeneous and heterogeneous nucleation, the Mg to Ca
ion ratio increased to promote crystal growth from the seed.
The pH of the solution decreased to 7 with the formation of
CaCO;. After 3 h, the exchange of the growth medium with a
freshly prepared precursor aqueous solution was repeated to
continue the crystal growth. We added sodium alginate (Mw:
220000, Junsei Chemical) at various concentrations
([COO Jaiginate = 0.15-5 mmol dm™). The resultant products
were washed with pure water and air dried at 25 °C for 24 h.

Characterization

The product structures were characterized using scanning
electron microscopes (SEMs, JEOL JSM-7100F, JSM-7600F,
Hitachi S-4700) and a field-emission transmission electron
microscope (TEM, FEI Tecnai F20). We evaluated the crystal
structure and composition of the products using X-ray
diffractometry (XRD, Bruker D8 Advance), Raman scattering
spectroscopy (Renishaw inVia Raman microscope), and
thermogravimetry (Shimadzu DTG-60).
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