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Abstract

In this paper we used BSA Langmuir monolayer as templates to study the ef-
fect of solute concentration on regulated biomineralization of calcium carbo-
nate. During the crystallization process, it is found that the morphology of the
calcium carbonate can be strongly affected by the solute concentration in
presence of BSA Langmuir monolayer. X-ray Diffraction (XRD) results show
that the crystal of calcium carbonate formed is all the calcite phase with a
higher orientation. SEM images show that the morphology of calcite is
time-dependent at different solute concentrations. The effect of solute con-
centration on morphology was discussed and the interaction of particles with
bovine serum albumin Langmuir monolayers was proposed.
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1. Introduction

In nature, biomineralization applies natural proteins to control and direct the
crystallization of biominerals such as calcium carbonate with special orientation,
texture, and morphology at ambient conditions [1] [2]. Inspired by the forma-
tion of biominerals, a variety of mimetic methodologies have been designed and
carried out to investigate the possible mechanism of the formation of natural

biominerals [3]. Also, following the idea of protein directed biomineralization,
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many other soluble organic templates such as amino acids [4], polycarboxylic
acids [5], synthetic peptides [6], and dendrimers [7] are applied to control the
mineralization process in vivo. In recent years, based on the fact that the biomi-
neralized materials often contain proteins that are rich in glutamic or aspartic
acid residues, proteins have been successfully developed to control the minerali-
zation process of calcium carbonate in solution and have helped to produce a
variety of materials with novel microstructures [8] [9] [10] [11] [11].

Biominerals (e.g. shells and bones) are made up of inorganic single crystals
intergrown with organic material, and the crystals often show a remarkable de-
gree of preferential alignment. What can we learn about interface nucleation by
mimicking their methods? It is known that when biominerals are deposited, a
locally supersaturated solution is first generated by the organism near the or-
ganic surface. Thus, one can simulate the process by making supersaturated so-
lutions, putting them in contact with a suitable bioorganic surface, and seeing
what happens. Langmuir monolayers are excellent for this purpose: they are al-
ready in contact with water, they are ordered, and their structures are in many
cases well-known and can be varied by changing pressure, temperature, etc.
There have been a number of studies of nucleation under Langmuir monolayers.
Mann and coworkers have performed extensive studies of the nucleation of cal-
cium carbonate [12] [13], barium sulfate [14], etc., showing that crystals will
nucleate preferentially under the organic monolayer. They grow as specific po-
lymorphs (when there is a choice, such as calcite/aragonite/vaterite) and have
specific lattice orientations, depending on the monolayer material and on para-
meters such as temperature, monolayer pressure and subphase pH. Zhao et al
[15] have grown oriented crystals of lead sulfide by exposing lead nitrate solu-
tions to hydrogen sulfide gas; Tang et al [16] have grown copper sulfate.

The mechanistic understanding of additive controlled mineralization is still
lacking. Weiner and Traub have proposed an epitaxial model for aragonite for-
mation in nacre with distinct 001 orientation [17] [18]. Volkmer et al demon-
strated that it is not the epitaxial match but the charge density that plays a key
role in the oriented growth of CaCO; crystals under a monolayer of amphiphilic
octaacids [19] [20].

Many studies on the effect of proteins and solute concentration at mixed solu-
tion on calcium carbonate crystal growth have been reported recently [21] [22]
[23], but little research has been carried out on the cooperative influence of pro-
tein Langmuir monolayer and solute concentration on calcium carbonate preci-
pitation.

This paper mainly discusses the influence of solute concentration on calcium
carbonate morphology. The aim of these experiments is to exploit a simple me-
thod of forming unusual structure by changing the solute concentration. Simul-
taneously, the possible formation mechanism of CaCOs crystals on the basis of
the principle of biomineralization was discussed. It is significant to understand

the mechanism of biomineralization and synthesize new and special functional
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materials.

2. Experiments

2.1. Materials

Analytical grade CaCO; was obtained form Institute of Biological Products of
Tianjin (Tianjin, China). Analytical grade bovine serum albumin (Sigma, USA)
was used in all experiments. BSA contains 582 amino acid residues and has a
molecular weight of 67,000 g-mol™. It is also well known that it has an isoelectric
point at pI 4.7. Amyl alcohol was analytical purity obtained from the (Tianjin
Chemicals Co. Ltd). All solutions were prepared with triply deionized water, its
conductivity was a resistance of 18 MQ-cm™ and its pH was 7.0.

The preparation of the protein Langmuir monolayer was performed using a
commercial LB trough (KSV50003, Finland) at room temperature. The pres-
sure/area isotherms were recorded using a computer-controlled Langmuir film
balance. The experimental errors for both molecular area and surface pressure
values are smaller than 5%. The monolayer deposition process at the air/solution
interface was carried out using a microsyringe. The protein solutions were pre-
pared with the deionized water, but to improve the spreading process a 0.05%
(v/v) solution of amyl alcohol was added in all cases [24].

Supersaturated solutions of calcium bicarbonate were prepared according to
the procedures of Kitano [25]. Briefly, carbon dioxide gas was bubbled
through a stirred aqueous suspension of CaCO; for 24 hours. The suspension
was then filtered and filtrate purged with CO, gas for 0.5 hour to dissolve any
remaining crystals. The resulting supersaturated solution had a pH of 5.8 -
6.0. Total Ca’* concentrations (2.5, 5.0, 7.5 mM) were measured using EDTA
titration. The spreading monolayer at the air-water interface was formed by
spreading solutions of BSA (0.1 mM) on the pure water surface or supersatu-
rated solutions of calcium bicarbonate. A 30-min lapse time was estimated to be
sufficient to equilibrate the protein monolayer before compression. We used
very low compression rates, ca. 3 mm/min, which have been shown to be appro-

priate to obtain reproducible BSA isotherms [26].

2.2. Crystallization under Langmuir Monolayer

The prepared supersaturated calcium bicarbonate solutions were poured into a
Langmuir trough (KSV50003, maximum working area, 220 cm?), and the
air-water interface was swept and aspirated before deposition of the surfactant
solution. The surfactant solution (10 pL) was carefully deposited onto the solu-
tion surface, and the monolayer was left for 30 min prior to compression. Pres-
sure-Area isotherms were recorded while compressing the monolayer at rates of
3 mm/min until surface pressures corresponding to a target pressure were
reached (15 mN-m™). Each experiment was repeated three times with the same
condition. Crystals as-grown in association with the monolayer were all removed

after crystallization for 24 h, by carefully horizontally dipping hydrophilic glass
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slides through the air-water interface. The crystal face growing into the solution

is therefore directly deposited on the glass slide.

2.3. Characterization of Crystal Phase and Morphology of CaCO3

The sizes and morphologies of CaCO; were characterized by using SEM on
JSM-5600LV scanning electron microscopy (Jeol. Ltd. Japan) with operating at
30 kV. The slides supporting the crystals were mounted on copper sample stubs
with conducting carbon tape and were sputter-coated with gold prior to viewing.
The XRD measurements were made by X’Pero Pro X-ray diffractometer (Philips
Ltd. Holand) at a scan rate of 0.040° min~! with Cu Ka; radiation (1 = 1.5406 A).
XRD was carried out at 40 kV and 40 mA.

3. Results and Discussions
3.1. XRD Patterns

XRD patterns of CaCOs in different solute concentration were shown in Figure
1. The results that the calcium carbonate formed is calcite phase which is orien-
tated growth along the direction of (104) plane. We could find that the intensity
of the diffraction peaks of the calcite was weak while the solute concentration is
equal to 2.5 mM as shown in Figure 1(a). From Figure 1(b), the diffraction
peaks intensity of calcite became stronger gradually while the corresponding so-
lute concentration is equal to 5.0 mM. When the solute concentration is equal to
7.5 mM, the reflection peak of (104) plane became stronger and its secondary
reflection peak of (208) appears.

3.2. SEM Images

It was observed that various morphologies of CaCO; could be formed when it is
grown in BSA Langmuir monolayer at different solute concentration, as shown
by the SEM images reproduced in Figure 2. Figure 2(a), Figure 2(b) showed
SEM images of calcite particles obtained under the BSA Langmuir monolayer at
the solute concentration 2.5 mM. It could be seen that the calcite took on a
disk-like structure with an average of 0.75 um were produced. Figure 2(c) and
Figure 2(d) are the SEM micrographs of calcite as-prepared when the solute
concentration is equal to 5.0 mM. It could be seen that the CaCOs; particles took

on bowknot-like morphology. The amplified image shows that the tip of the
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Figure 1. The XRD patterns f calcium carbonate at different solute concentration. (a) 2.5 mM, (b) 5.0 mM, (c) 7.5 mM.
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Figure 2. The SEM images of calcium carbonate at different solute concentration. ((a),
(b)) 2.5 mM, ((c), (d)) 5.0 mM, ((e), (f)) 7.5 mM.

bowknot-like calcite is composed of needle-like crystals (as shown in Figure
2(d)).

Figure 2(e) and Figure 2(f) showed the morphologies of calcite particles
produced underneath BSA Langmuir monolayer when the solute concentration
is equal to 7.5 mM. It could be seen that the CaCO; particles took on hexagonal
plate morphology with an average length of 15 pm and width of 20 um, the am-
plified image showed that the boundary of bowknot-like calcite is composed of
plate-like crystals. SEM images showed that a variety of morphology can be
produced by changing the concentration of calcium carbonate.

Let us firstly look at the general nucleation process: the constituent molecules
or ions in the solution may, on collision, join into groups of two or more par-
ticles to form dimers, trimers, tetramers, and so forth. Before the embryos can
reach a critical radius, r, they are unstable even when a positive thermodynamic
driving force Ap is applied. To reach r;, an energy barrier, the so-called nuclea-
tion barrier, needs to be overcome. In which way and at which number the em-
bryos reach the critical radius is the main concern. When the nucleation barrier
is overcome, the second stage of the phase transition begins: growth. In the fol-

lowing section, the nucleation and growth will be discussed.
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A lot of documents believe that protein may recognize and bind to specific
crystal faces, affecting nucleation, growth and morphology [27] [28]. According
to the nucleation and growth theory [29] [30] [31], to form a new nucleus, the

activation energy (A Gy) must be overcome. A Gy can be expressed as:
AG, =167(AG, )’ /3(KT InS)*
AG; =KkTInS

where AG, is the surface energy that was needed to form the new interface and
maintain the crystal growth, AG is the binding energy of crystal, & is the
Boltzmann constant, 7'is the temperature, and S is the supersaturation of area.
The decrease of the surface energy AG; or the increase of the S can reduce the
activation energy for crystal nucleation. The isoelectric points (pI = 4.7) of BSA
were both lower than the pH (7.0) of aqueous solution, the negative charges on
the surface of BSA were surplus, they could attract Ca®* strongly because of elec-
trostatic interactions, it aroused the concentration of Ca** was rich in this region.
At the same time, because the escape of CO, from the interface of air-solution,
which reduce the pH value of interface and consequently increase the degree of
supersaturation at interface of air-solution [32], such conditions are advanta-
geous to nucleate in general [33]; meanwhile BSA that offered nucleation sites
for the growth of CaCO; particles could reduce the surface energy, so AGy de-
clined, which was helpful for the formation of the most stable high-energy
phase. From these results we could see that the presence of BSA Langmuir mo-
nolayer plays a very important role for the nucleation of CaCO:;.

They may be important factors in controlling of CaCO; growth and affect
morphologies, such as pH, templature, supersaturation etc. As the thermody-
namic driving force, the supersaturation is the most decisive parameter for crys-
tallization processes. It has a tremendous influence on mechanisms occurring
during a crystallization process like: 1) Crystal growth; 2) Agglomeration and
aggregation, and 3) Primary and secondary nucleation, all which will affect the
morphology of crystals [34].

By compared with the morphology of calcium carbonate formed at different
solute concentrations, the morphological difference at different concentrations
may be due to the change of solute concentration and the presence of BSA Lang-
muir monolayer. However, the precise role of BSA Langmuir monolayer and
solute concentration in the nucleation and growth process of the calcium carbo-

nate remains enigmatic.

4. Conclusion

In summary, pure calcite particles with different morphologies were successfully
prepared through biomimetic routes employing the supersaturated calcium car-
bonate solution under BSA Langmuir monolayer. The BSA Langmuir monolayer
showed an obvious influence on the stages of nucleation and aggregation and

crystal growth during the crystallization process of calcium carbonate. The con-
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centration of calcium carbonate solution obviously influenced the final mor-
phology or aggregation mode of calcite crystals. The formation mechanisms of
as well the hexagonal plates as flowerlike aggregates were proposed. This re-
search could provide important information about the interaction between pro-
teins matrix and crystallization of calcium carbonate which is useful to under-

stand the mechanism of biomineralization.
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