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Control of Calcium Carbonate Polymorphism and Morphology through
Biomimetic Mineralization by means of Nanotechnology

Kazuhiko Ichikawa,* Noriyuki Shimomura, Masanori Yamada, and Naoki Ohkubo!®!

Abstract: In vitro biomimetic minerali-
zation by means of nanotechnology
allows the formation of calcium car-
bonate polymorphs at low temperatures
(<25°C) under a CO, atmosphere of

aqueous zinc solution. The zinc array
mounted on the ImSi substrate cata-
lyzed the conversion from CO, to
HCO;~, and accelerated the formation
of calcium carbonate. In situ X-ray

carbonate on the poly(L-aspartate)-coat-
ed chitin substrate (pAsp substrate),
with calcium ion-recognition sites, dem-
onstrated that the interaction between
the zinc array and pAsp substrates

500-1500 ppm A two-dimensional
zinc-ion ordered array (zinc array),
which acts as an active-site mimic of
carbonic anhydrase, has been prepared
by immersing the self-organized mono-
layer of 3-(2-imidazolin-1-y)propyltri-
ethosilane on mica (ImSi substrate) into

anhydrase
polymorphism

Introduction

The marine invertebrate animals of mollusk, coral, and
forminifera undergo elaborate in-vivo biomineralization by
using carbon dioxide dissolved from the atmosphere into
seawater. The polymorphism of calcium carbonate, which
consists of aragonite, vaterite, and calcite in mollusk shells, is
controlled by organic matrix proteins.>? The nacrein ex-
tracted from the nacreous shell layers has carbonic anhydrase
(CA) as the main CO, hydration enzyme, the active site of
which is zinc-bound H,O/OH~.P! The in-vitro mineralization
has been tried using the macromolecules extracted from the
nacreous shell layers.*l

The effect of Asp/Glu-rich macromolecules, which can
recognize and bind to calcium ions, on the control over
calcium carbonate polymorphism has been revealed scanning
electron micrographs, optical microscopy images, and powder
X-ray diffraction patterns.l*->¢The role of the CA-active
sites in biomineralization or biomimetic mineralization has
not yet been reported, except for a preliminary study on the
skeleton formation in coral.l’]

Our research target is to use in vitro biomimetic mineral-
ization by means of nanotechniques to form the polymorphs
of calcium carbonate in aqueous solution at low temperatures
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diffraction data of the formed calcium

Keywords: biomimetic mineraliza-
tion - calcium carbonate -
nanotechnology

formed both vaterite and calcite at low
temperature (15°C) and mainly vaterite
at 25°C; this interaction also controlled
the morphology of calcium carbonate
formed on pAsp substrate.

carbonic

(<£25°C) under atmospheric pressure. The zinc model com-
pounds that act as CA active-site mimics were designed and
prepared by using biomimetic ligands.®! In this work the two-
dimensional-ordered array of zinc ions that coordinate water
molecules as mimetic CA-active sites have, for the first time,
been prepared at a surface; the self-organized monolayer of
3-(2-imidazolin-1-yl)propyltriethosilane (ImSi) on mica sub-
strate (zinc-array substrate, Scheme 1). The poly(L-aspartate)
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Scheme 1. A proposed geometry of zinc-coordinated ImSi adsorbed onto a
mica substrate.

(pAsp-assisted) calcification, with the pAsp-coated chitin
substrate providing the calcium binding sites, may be realized
from the reaction of Ca** with HCO;~, formed by the zinc
array accelerated CO,-hydration reaction. To our knowledge,
this is the first time biomimetic mineralization has been
carried out by preparing a mimic for the CA active site from a
zinc-array substrate by using nanotechniques.
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Results and Discussion mica surface have been characterized as their self-organized
monolayer (ImSi substrate); a possible mechanism for ImSi
Characterization of ImSi substrate: The atomic force micro- molecules to anchor to the mica surface is described in the
scopy (AFM) image of the mica surface covered with ImSi is literature.]
shown in Figure 1. The ImSi substrate has a square hole, the
surface of which gave the atomic resolution AFM image of the Characterization of the chitin substrate and the pAsp-coated

chitin substrate: The chitin coated on a strip of glass (chitin
substrate) was identified from reflectance spectra recorded by
using Fourier transform infrared spectroscopy (FTS-60A/896,
BIORADORA). The observed IR bands around 1500, 1650,
and 3250 cm~! were assigned to the N—H deforming, > C=0
gop stretching, and > N—H stretching vibrations, respectively, in
each amide bond; one of the other observed bands around
2950 cm~! was assigned to the methyl group C—H stretching
vibration. Thus, it was confirmed that the glass substrate
400 surface was coated by chitin. The AFM images of the chitin
substrate in aqueous 5 x 107° or 5 x 10~*% wt pAsp solution
showed that the formed islands have a height of about 1.6 nm
(Figure 2), and their diameters increased with increasing
200 pAsp concentration (ca. 300 and 400 nm in diameter at 5 x
10= and 5x107*% wt pAsp, respectively). The dynamic
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Figure 1. a) An AFM image of the self-organized ImSi monolayer over
mica surface (ImSi substrate). b) The AFM image of the self-organized
ImSi monolayer observed in air over ImSi sustrate surface after digging a
hole (100 x 100 nm?) by adding the scanning force 100 nN into AFM
cantilever. c) Cross-section profile along the direction of the arrow in b).

0

. . . . 0 1 2 3 4
muscovite mica a-b lattice (Figure 1b);l! the depth of about um

0.9 nm was in good agreement with each ImSi molecular
length (Figure 1c). Thus, the adsorbed ImSi molecules on a) 5x 10~ and b) 5 x 10~ % wt pAsp solutions.

Figure 2. The AFM images of the chitin substrates immersed into aqueous
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stationary state may be established between the pAsp
dissolved in aqueous solution and the adsorbed pAsp on
chitin substrate (pAsp-coated chitin substrate).

Two-dimensional zinc-ordered array and CA-like activity:
The zinc-array substrate was prepared by immersing the ImSi
substrate into aqueous SmMm Zn(NOs),-6H,O solution. The
force-displacement curves between the ImSi substrate and the
usual Si;N, cantilever were measured in pure water or
aqueous SmM Zn(NOs),-6H,O solution by using the AFM
technique, as shown in Figure 3a and b. The adhesion forces in
the presence and absence of zinc ions were determined to be

with pure water or aqueous 5SmM Zn(NOs),-6H,O solution,
as shown in Figure 3c and d. The adhesion forces for the zinc-
array and ImSi substrates were determined to be 7.1 and
2.3 nN, respectively. Therefore, the ImSi-modified Si;N,
cantilever could be discriminated from the formed zinc-
ordered array on the self-organized ImSi monolayer. The
CFM image (Figure 4b) shows the interface of the zinc-array
substrate covered with water. Since the observed XPS spectra
of ImSi substrate gave the ratio of N to Zn to be around 3, and
a parallelogram unit of the zinc-array image was twice as large
as that found in the zinc-free ImSi monolayer (Figure 4), each
zinc atom may be coordinated to three imidazoline ligands at

the ImSi monolayer surface

i |

(Scheme 1), and the two-di-
mensional ordered array of zinc
ions was formed at a surface of
ImSi substrate (zinc-array sub-
strate).

a) 10 nm )

Previously we have studied
model complexes in which the
1 lﬂ‘]L___lo one water and zinc ion is ligated

= by three imidazole molecules;

these stable zinc complexes

were prepared by strong molec-
ular recognition of the designed
ligands towards zinc ions in

1n
b) 10 nm d)

. W

solvent.®! Since the ImSi mole-
cules have a molecular struc-
ture similar to imidazole, some
ImSi molecules mounted on the
10 nm cantilever can ligate a zinc ion

1n

Figure 3. The observed typical force-displacement curves of self-organized ImSi monolayer covered with a) pure
water or b) aqueous 5mm Zn(NOs), - 6 H,O solution by using an Si;N, cantilever (i.e., AFM) and c) pure water or
d) aqueous 5mm Zn(NOs),-6H,O solution by using an ImSi-modified Si;N, cantilever (i.e., CFM).

1.80 and 1.75 nN, respectively. The adhesion force results from
the intermolecular force between the cantilever surface and
the ImSi-substrate surface. It was impossible to observe the
adhesion force difference between the presence and absence
of zinc ions on ImSi substrate, and to discriminate the zinc
ions when used on a usual Si;N, cantilever. The force-
displacement curves were measured using the ImSi-modified
Si;N, cantilever (Scheme 2), that is, chemical force micro-
scopy (CFM) was measured for each ImSi substrate covered

Scheme 2. Schematic diagram of ImSi-modified Si;N, cantilever used in
the CFM measurement.

Chem. Eur. J. 2003, 9, 3235-3241 www.chemeurj.org
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(Scheme 2) in a self-organized
surface.'”! The adhesion force
between the ImSi-modified
cantilever and zinc array on
ImSi substrate therefore be-
comes larger (Figure 3).
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Figure 4. The filtered molecular-resolution CFM image of a) zinc-free
ImSi substrate and b) the zinc-array substrate, observed in water. The
bright spots/protrusions in the images a) and b) may be attributed to each
imidazoline head of ImSi molecules and the zinc ions coordinated by a
couple of imidazoline nitrogen atoms, respectively. The parallelograms the
images a) and b) indicate the respective units of about 0.9 x 0.7 nm? and
about 1.4 x 0.9 nm?.
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The CA-like activity of the zinc-array substrate, which was
estimated by the CO,-Veronal indicator method'!], gener-
ated At=0.57 (7,=67s, 1=27s) at 0°C for the pH change
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from 8.3 to 7.7. The enzyme conversion rate from CO, to
HCO;™ has also been measured for CA and the zinc model
compound [Zn(L1S)(OH,/OH")], in which L1S is nitrilot-
ris(2-benzyimidazolylmethyl-6-sulfonate).®l The aqueous
~0.1pum CA (or 150 mgL~") solution gave Ar=0.93 (1,=
15s, T=1s5) for the pH change of 8.5 to 7.5 at 0°C.l"”l The
aqueous ~50pum [Zn(L1S)(OH,/OH™)] (or 30 mgL") gen-
erated At to be around 0.25 for the change of pH 8.7 to pH 8.0
at 0°C. The zinc model compound with L1S showed the
highest activity among all the other artificial zinc compounds
as CA-active sites.[*> ¥] The CA-like activity of the zinc array
was higher relative to a solution of [Zn(L1S)(OH,/OH)],
and lower than the CA. The zinc array can catalyze the
conversion from CO, to HCO;™ and accelerate the calcium
carbonate formation.

Biomimetic mineralization: The in vitro biomimetic mineral-
ization by using both zinc-array and chitin substrates prepared
by artificial nanotechnique has allowed the formation of
calcium carbonate polymorphs in aqueous 1075/107%% wt
pAsp and 10mm Ca*? solution at pH 9-8, <25°C, under a
500-1500 ppm CO, atmosphere. After two days, the amount
produced was determined; the AP values for the zinc-array
and zinc-free ImSi substrates were equal to 1.2 x 107! and
1.3 x 1072, respectively, at 25°C.["!l The video optical microscopy
(VOM) images on the pAsp-coated chitin substrate demon-
strated the effect of zinc-array substrate on calcium carbonate
morphology (Figure 5). The initially formed film was made up

Figure 5. The effect of zinc-array substrate on the crystal morphology
formed on pAsp-covered chitin substrate; the VOM images of the formed
calcium carbonate on pAsp-covered chitin substrate after calcification for
2 days at 5 x 107°% wt pAsp, pH 9.0-8.1, and a) 15°C or b) 25°C for the
zinc-array substrate (left) and the ImSi substrate free from zinc ions (right).

of many fine particles assembled together in addition to the
larger particles with diameters in the 50-120 um in diameter
and was never observed in the presence of zinc-free ImSi
substrate.

The observed in-situ X-ray diffraction patterns measured
just for the formed calcium carbonate on the substrate
demonstrated, for the first time to our knowledge, that the
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interaction between the zinc-array substrate and the pAsp-
coated chitin substrate lead to the efficient formation of
vaterite at 25°C or both calcite and vaterite at 15°C (Fig-
ure 6). On the zinc-free ImSi substrate system, the non-calcite
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Figure 6. The typical XRD patterns of the formed calcium carbonate on
the pAsp-covered chitin substrate after calcification for 2 days in aqueous
5x107°% wt pAsp solution at a) 15°C, b) 25°C, and c) in aqueous 5 x
10~4% wt pAsp solution at 25°C, using the zinc-array substrate (left) and
the ImSi substrate free from zinc ions (right). The XRD patterns of
aragonite and vaterite are shown in d) and e), respectively.

material present only in small quantities deposited on the
pAsp-coated chitin substrate (Figure 6). The assignment of
the polymorphs to vaterite or calcite was carried out by
comparison of the literature data with their XRD patterns
(Figure 6d and €).' The zinc-array-directing CA activity of
the conversion of CO, to HCO;™ leads to the accelerated
formation of calcium carbonate polymorphs at a low temper-
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ature, 15 °C; the non-calcite never forms in inorganic solution
at <25°C between pH 7 and pH 9.1 The calcite component
disappears on going from 5 x 1073 to 5 x 10~*% wt pAsp at 15
and 25 °C. With increasing pAsp concentration, the amount of
calcium carbonate produced decreased for the zinc-free ImSi
substrate; the pAsp adsorbed onto the chitin substrate may
act as inhibitor against mineralization. The role of the zinc-
array substrate is to accelerate CO, hydration and calcium
carbonate formation within a limited time. The zinc array and
pAsp substrates can control the polymorphism and morpho-
logy of calcium carbonate (Figures 5-7).

Figure 7. a) SEM image (left) of the formed CaCO; film on the pAsp-
coated chitin substrate in aqueous 5 x 10~*% wt pAsp solution, associated
with SEM image at higher magnification (right). b) VOM images of the
formed CaCO; film on the pAsp-coated chitin substrate in aqueous 5 x
10~*% wt (left) or 5 x 1075 % wt (right) pAsp solution. All the images were
observed after calcification for 2 days at 25°C in the presence of the zinc-
array substrate.

The observed VOM/SEM images show the CaCO; film
formed on the pAsp-coated chitin substrate in aqueous 5 x
10~* and 5 x 1073 % wt pAsp solution at 25°C after mineral-
ization for 2 days in the presence of the zinc-array substrate
(Figure 7). Figure 5b (left) and Figure 7b (right) showed the
initial and mature films of calcium carbonate, respectively;
these were located at the different portions of a pAsp-coated
chitin substrate in aqueous 5 x 107> % wt pAsp solution. The
Raman bands observed in situ at around 714 and 1084 cm™!
were assigned to the symmetric deformation and symmetric
stretching vibrations of CO3*, respectively.'l The broad and
sharp bands at around 1500 and 3000 cm~! were assigned to
the antisymmetric and symmetric stretching vibrations of -
COO~ and -CH,, respectively, arising from pAsp. Thus, the
above-mentioned film is an inorganic —organic complex that
consists of CaCOj; and pAsp.

Since the chitin substrate was connected to the pAsp
coating through hydrogen bonds between the -COO~ groups
of pAsp and the amide groups of chitin, the HCO;~ species
can approach each carboxylate-bound Ca?". The crystal

Chem. Eur. J. 2003, 9, 3235-3241 www.chemeurj.org
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growth of CaCO; perpendicular to the pAsp-coated chitin
substrate was inhibited with increasing pAsp concentration in
the absence of the zinc-array substrate, as shown in the right
side of Figure 6. Since the nacre of the mollusk shell has a
laminated structure that consists of the calcium carbonate and
Asp-rich macromolecules, the biomineralization of the mol-
lusk shell was partially reproduced by the in vitro mineraliza-
tion by using the nanotechniques described in this work.

The biomineralization and biomimetic mineralization reac-

tions may take place as follows: [see Egs. (1) and (2) below]
[17]

CO, + zinc-bound H,0 — HCO;~ + H* (1)

HCO, + Ca®* — CaCO;+ H' ©)

The accumulated protons by biomineralization may be
transferred in vivo out of the cell membrane, and the proton
concentration within a cell may be kept in physiological
condition. The non-calcite formation needs both CA for the
conversion from CO, to HCO;~, and chitin substrate-ad-
sorbed pAsp for the recognition sites of the calcium ions. The
CA-accerelated calcium carbonate formation and the pro-
moted polymorphs may be indispensable for the well-being of
marine invertebrate animals. The non-calcite is never depos-
ited from inorganic solution, which consists of both Ca** and
HCO; at about pH 7-8.5 at <25°Cl"¥l by a chemical reaction
associated with the evolution of carbon dioxide as follows

[Eq. 3)]:

2HCO;" + Ca?* — CaCQO; calcite + CO, T+ H,O 3)

Experimental Section

Materials: 3-(2-Imidazolin-1-yl)propyltriethoxysilane (ImSi) was obtained
from Fluka, poly(L-asparate) (pAsp) from Sigma, chitin from Seikagaku
Kogyo, and Zn(NO;),-6H,0, Ca(NO;),-4H,0 and (NH,),CO; from
Wako. These commercial reagents were used as obtained without further
purification.

Preparation of the ImSi-coated mica substrate (ImSi substrate): Freshly
stripped mica (Nisshin EM) was immersed in a solution of 10 v/v % sodium
methoxide in methanol at 50°C for 1 min. Then ImSi molecules were
adsorbed on the mica surface by immersing the mica solution of ImSi
(~1mwm)in n-hexane for 2 h under a nitrogen atmosphere.!’!

Preparation of zinc ordered array onto ImSi substrate (zinc-array
substrate): The zinc array substrate was prepared by immersing the ImSi
substrate into aqueous solution of SmMm Zn(NO;) at about pH 8.5.

Preparation of chitin-coated glass substrate (chitin substrate): The chitin
substrate was prepared by immersing a strip of cover glass into a solution of
N,N-dimethyl-acetamide and N-methyl-2-pyrrolidone (50/50 : w/w) con-
taining 0.4 % wt chitin.'” The chitin substrate was covered with pAsp,
which has many carboxylate groups as calcium-binding sites.

Determination of the CA-like activity AT of zinc-array substrate: The CA-
like activity At for zinc-array substrate was determined by using the CO, -
Veronal indicator method.'>'?l At was defined as (7,—7)/7, to give a
numerical value for the enzymatic activity of CO, hydration of the zinc-
array substrate; 7 or 7, was the time interval required for the pH change in
the presence or absence of zinc, respectively.

Calcium carbonate formation reaction: The calcification reaction, the
container of which is shown Figure 8, was carried out for 2 days in a
solution of Ca(NO;),-4H,0 (10mm) associated with the zinc-array and
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Figure 8. The apparatus for calcium carbonate formation reaction. An
pAsp-coated chitin substrate (open rectangle), zinc-free ImSi substrate
(gray rectangle), and zinc array substrate (dark rectangle) are immersed
into aqueous 10mm Ca(NO;),:4H,0 and 5x107%/5 x 10~4% wt pAsp
solution.

chitin substrates, covered with 10-5/10~*% wt pAsp, under a CO, atmos-
phere of 0.05-0.15% v/v at 15 or 25°C and pH 9-8. The pH was adjusted
to 9.0 by using AMPSO buffer, and just before starting the calcification
decreased to about pH 8 and remained at this pH over 2 days. The CO,
concentration in the atmosphere of a closed reaction-container was
monitored by a CO, detector-CGDIC-7 (TOA); CO, was supplied by the
decomposition of (NH,),COs3, and the other decomposed component NH;
was eliminated by concentrated H,SO,. If NH; was not eliminated, the pH
of the reaction solution increased from pH 9.0 to about 9.5, and the calcium
carbonate polymorphism was further accelerated. The marine invertebrate
animals may be kept at a pH of no more than 8.5. The reaction container
was put into an incubator-LNC-111 (TABAI) at 15 or 25°C.

Determination of the amount of calcium carbonate produced (AP): The
AP value was estimated from (P, — P)/P,; P and P, is the concentration of
the calcium ion (mgL~') in aqueous solution after the calcium carbonate
formation reaction in two days and its initial concentration, respectively.!'”
The calcium concentration in aqueous solution was determined by using
atomic absorption spectrometry.

Atomic force microscopy (AFM): All the AFM images were measured in
the constant-force mode.?”! The sample surface was imaged by mechan-
ically tracing its topography by means of a microfabricated cantilever with
an integrated pyramidal Si;N, tip. Here, the cantilever’s force constant was
k=0.58Nm'. In our experiments the scanning force over the substrate
surface was F=10-20nN in air and F=1-2nN in water; the image
acquisition time was less than 10's.

Chemical force microscopy (CFM): The chemical force microscopel?!!
images identifying the zinc array were measured by using a Nano Scope II1
(DI) and ImSi-modified Si;N, cantilever (Scheme 2), which was prepared
as follows. The tips of Si;N, cantilever were covered with a solution of
concentrated H,SO, and 30% H,0, (70:30 v/v), and heated at 70°C for
30 min. 22l They were immediately rinsed by completely covering them
with distilled water and decanting the liquid; the process was repeated at
least three times. They were stored in water until used. The ImSi molecules
were adsorbed on the modified and cleaned cantilevers, and immersed into
a solution of ImSi (~1mMm) in n-hexane for 1h under a nitrogen
atmosphere.®» 22l The angle-dependent XPS survey spectra of ImSi
adsorbed onto Si;N, substrate showed that the intensity of the carbon
signal was increased relative to that of silicon and oxygen signals as with the
angle between a plane of an electron detector and the normal line to a
surface (takeoff angle) decreased. These results demonstrate a monolayer
model as a hydrocarbon layer adsorbed onto Si;N, cantilever.??]

In AFM or CFM measurements a stainless-steel cup, on which the zinc-
array and ImSi substrate were mounted, was sealed by a O-ring against a
glass cell filled with the aqueous solution.*l In order to make clear that the

3240 — © 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

ImSi-modified Si;N, cantilever selectively recognized the zinc ions, the
force-displacement curves were measured a minimum of one hundred
times for ten portions of each surface of the ImSi and zinc-array substrates.
The adhesion force, which was defined as the difference between a minimal
force and a nontouching line as the pull-out force in these curves,* was
determined from the observed force-displacement curves.

X-ray photoelectron spectroscopy (XPS): The zinc array substrate was
confirmed by XPS measurements; the XPS spectra were acquired on a
XPS-700 (RIGAKU) instrument.

Video optical microscopy (VOM) and scanning electron microscopy
(SEM): The calcium carbonate polymorphs/films formed on the pAsp
substrate were observed in situ by using OVM-7310 (CHROMA) in
combination with 200 x and 650 x magnification lenses; they were also
analyzed at higher magnification by using an SEM-2100A (HITACHI)
instrument.

X-ray diffractiometry (XRD): The calcium carbonate polymorphs formed
on the pAsp substrate were analyzed by using XRD. The X-ray diffraction
patterns were acquired on a XRD-MiniFlex (RIGAKU) diffractometer.

Raman spectroscopy: The CaCOj; films grown on pAsp-coated chitin
substrate were analyzed by using Raman spectroscopy. The Raman spectra
were acquired on a RAMANOR-T64000 (JOBINYVON) instrument.
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