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General Abstract

The phase transformation process from amorphous to crystalline phases in
calcium carbonate and calcium phosphate systems were explored on the basis of
cluster-base transformation and non-classical nucleation processes of biogenic
mineralization. There were two principle concepts of investigation: the fine
characterization of the physico-chemical properties of the intermediate phases during
phase transformation in weakly-acidic to weakly-basic solutions and the effect of
additives on the physico-chemical properties, including ionic charge and hydration, as
well as on the dynamics of the mineral phase transformations. These crystal-growth
studies resulted in the development of new concepts in non-classical nucleation and
biomineralization.

In calcium carbonate systems, the effect of the charge of phosphate ions or
phosphate functional group-containing molecules (single charge: H2PO4 or double
charge: HPO4?~ and -PO4?") on the physico-chemical properties and formation dynamics
of calcium carbonate minerals was investigated. During vaterite formation, a minute
amount of H2PO4 (molar ratio of Ca?" ions approximately 1/5000) acted as an
accelerator; however, at higher concentrations, H2PO4™ acted instead as a significant
inhibitor. Furthermore, the presence of H2PO4 induced the formation of a low-stability
phase of wvaterite, called pseudo-vaterite, prior to actual vaterite formation. When
vaterite formed in a solution containing a high amount of H2PO4 | its stability was
relatively low; the presence of HoPO4 ™ affected the surface energies of the vaterite and
the pseudo-vaterite. In H2PO4  free solution, the surface energies of vaterite and
pseudo-vaterite were 20.3 and 30.2 mJ/m?, respectively; however, in a 10 uM H2PO4~

solution, the surface energies were 210.5 mJ/m? for vaterite and 105.4 mJ/m? for



pseudo-vaterite.

The inhibition of dissolution by H2PO4~ was much higher for vaterite than for
pseudo-vaterite. Thus, when vaterite spherulites dissolved in an H2PO4 -containing
solution, the pseudo-vaterite in the inner parts of the spherules dissolved prior to the
outer vaterite. Thus, hollow vaterite spherulites were typically formed.

However, the opposite calcium carbonate mineralization behavior was observed
in HPO4*- or -PO4* -containing solutions. A -PO4* -containing molecule, flavin
mononucleotide (FMN), affected calcium carbonate formation. In contrast to H2PO4
FMN enhanced vaterite formation by absorbing onto the calcite, which is in a stable
phase, and relatively developing calcite formation. Thus, the charge on the phosphate
groups was the dominant factor in the formation of calcium carbonate polymorphs.

In calcium phosphate systems, the effects of the hydration properties of
carboxylic functional groups (-COOH) on calcium phosphate mineralization were
studied. To investigate how insoluble -COOH affects calcium phosphate mineralization,
a hybrid material of carboxylic thiol and gold nanoparticles (CGNs) was used as a
source of immobilized -COOH groups.

When hydroxyapatite (HAP) formed in a weak basic solution, a small amount of
CGNs (molar ratio of CaPO4 approximately 1/1000) acted as a significant accelerator
(maximum acceleration of 45%). The presence of the CGNs also altered the formation
path of HAP, from amorphous calcium phosphate (ACP) via Ca-deficient octacalcium
phosphate (OCP) to direct HAP formation from amorphous calcium phosphate. CGNs
selectively affected the HPO4-OH layer structure that only formed in OCP; thus, when
OCP was generated in a CGN-containing solution, an OCP-deficient HPO4-OH layer

structure without a typical OCP peak at 26 = 4.7° was formed.



Acetic acid was used as a source of hydrated -COOH functional groups. When
OCP formed in an acetic acid-containing solution, it was observed that the HAP-like
layer and HPO4-OH layer structure of the OCP was enhanced. This tendency was
clearly different from the effect of immobilized -COOH.

The effects of additives on the intermediate transition phase of biogenic minerals
formation are described. Small amounts of additive (molar ratio of Ca?" ions 1/5000 to
1/1000) acted as an accelerator of mineral formation; however, as the amount of
additive increased, the effect altered towards inhibition. The physico-chemical
properties, charge and hydration, of the additives greatly affected the biogenic

mineralization processes, dynamics, and polymorphism.
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Chapter 1

General Introduction

Minerals formed via biomineralization are known as biogenic minerals.!"!*
Biomineralization includes biogenic mineralization brought about by biological
organisms for sustenance, as well as mineralization occurring in or on biological
entities.> Biomineralization is regard as a mineralization process that occurs in aqueous
solutions at normal temperature and pressure in the presence of weakly acidic to weakly
basic solutions.!>!¢ Well-designed mineral crystals with a suitable form for biological
organisms formed through biomineralization process. Components of biological hard
tissues, such as shells, coral reefs, coccoliths, bones, and teeth are formed through
biomineralization.'*!>172> For example, the nacre shell exhibits a well-arranged
accumulation of hexagonal plate-like aragonite crystals.?*?® This structure demonstrates
not only high mechanical strength with flexibility, which originating from its structure,
but also beautiful interference colors.?%3¢

As described, the biomineralization process is mainly regarded as calcium
carbonate and calcium phosphate mineralization processes in aqueous solutions.'>!® The
formation processes of calcium carbonate and calcium phosphate is far more complex
and unique compared with that of other inorganic salt crystals. In the case of normal
inorganic salt crystals in an aqueous solution, the salt crystals directly form through
simple monomer molecules aggregation, and the radii of these salt crystals exceed the
critical radius of the seed.!”2!> The formation process is described as the classical
nucleation process.’!*> However, although calcium carbonate and calcium phosphate
crystals are described as inorganic crystals, their formation process is completely

different from that of normal inorganic salt crystals; this process is called as



non-classical crystallization process.*® The physico-chemical properties of calcium
carbonate and calcium phosphate that control the crystallization process are similar to
those of large molecular mass materials, such as protein and virus crystallization. For
example, step coefficient constant, f of hydroxyapatite (HAP) is calculated as 0.4x10*
cm/s,*” the edge free energy, y of HAP is calculated y = 3.3k3T 3 The values of  and y
are similar to large-molecule crystals and is completely different from that of simple salt
crystals (y of ammonium dihydrogen phosphate (ADP) was showed y = 0.8kpT).37-38-39-41

The overall description of the calcium carbonate and calcium phosphate minerals
formation process is provided below. When calcium carbonate and calcium phosphate

minerals formed in aqueous solutions, amorphous phases form as the initial phase.***

These amorphous phases comprising relatively loose structures and water molecules®?*

immediately transform into crystalline phases, particularly metastable phases.’*> In
general, metastable phases show higher solubility and lower stability than stable
phases.”*> The stable phases form through a phase transformation process that
comprises different molecular structural stages, such as dissolution and precipitation, or
a direct crystal-structure conversion process from metastable or amorphous phases.
However, the phase transformation from a amorphous phase to a metastable phase or
crystalline phase, is still unclear.

The phase transformation from amorphous to crystalline phases is considered to
be a cluster-based conversion.%*¢> The smallest units of amorphous and crystalline
phases are the same. Cluster models postulate that tens of ions form a short-range
symmetric structure.®™® In amorphous phases, clusters are randomly aggregated. The

cluster-based structure is expected to transform to a regular structure via phase

transformation. This hypothesis was proposed by Onuma and Ito” in 1998 from direct



cluster observation in calcium phosphate systems. Gebauer et al.”! presented a
prenucleation cluster hypothesis in calcium carbonate systems. They also showed that
polymorphs were determined during the cluster formation stages.”"”> Sommerdijk and
colleagues directly showed prenucleation cluster and phase transformation from
amorphous to crystalline phases using cryogenic-transmission electron microscopy
(cryo-TEM).”*7 Gale and colleagues presented the phase transformation process and
prenucleation cluster structure using an ab initio calculation method.”s"”®

Recently, several studies have reported on phase transformation from amorphous
to crystalline phases.®®”” However, some factors remain unclear in these reported
models. In the cluster-based phase transformation, it is postulated that there is no
dis-sequence during transformation between amorphous and crystalline phases. Thus, it
is suggested that intermediate transition phases, whose physicochemical properties are
essentially different from both amorphous and crystalline phases, are formed as local
energy minimum phases during the phase transformation process. Clear identification of
intermediate transition phases is expected to contribute toward the understanding of
biogenic mineralization and crystal growth processes.

Furthermore, in biomineralization and bio-inspiration, the roles of additives, ions,
and functional groups are also important for biogenic mineralization. Numerous studies
have shown the role of additives in the formation of biogenic minerals.”** The effect of
additives on biogenic mineral formation can be categorized as static or dynamic effects.

In dynamic effects, additives not only inhibit or accelerate the formation
dynamics of biogenic minerals but also alter their reaction pathway. For example, He et
al.”* showed that proteins rich in the carboxyl-functional group (~COOH) may

-97

accelerate HAP mineralization on glass templates. Tsuji et al.”>®” showed that some



types of —COOH-rich polypeptides not only accelerate HAP mineralization but also
alter the phase transformation process. Katsifaras and Spanos®® reported that PO4 ions
inhibit the vaterite and calcite conversion in high pH solutions. In addition, additives
altered biogenic mineralization process at some stages and the phenomena induce
metastable phases. For example, amorphous calcium carbonate (ACC) phases are often
found in lobster shells. Thermodynamically, ACC cannot exist for a prolonged time in
biological environments. However, some POas-containing molecules inhibit the
crystallization of calcium carbonates, thus enabling ACC to exist in lobster-shell
structures. 191

Static effects of additives are described as morphological, crystal structure, and
polymorph alteration of biogenic minerals formed via their mineralization process. For
example, Mg?" ions and some polypeptides altered calcium carbonate polymorphs from
calcite to aragonite phases.!®*!% Some polymers and cation induced a mesoporous
structure called mesocrystal structures of biogenic minerals, thus maintaining their
overall morphologies.**191% The same type of carboxylic acids intercalated and altered
the octacalcium phosphate (OCP) crystal structure. 108114

However, it has been reported that molecules containing the same functional
groups can have completely different effects on the biogenic mineralization process.

Markovic!'3:114

investigated how wvarious carboxylic acids affect OCP structural
formation. For example, although succinic acid and citric acid significantly affect the
OCP structure, azelaic acid and maleic acid, whose structures are very similar to
succinic acid and citric acid, have no effect on OCP structures.

The aim of this thesis is investigating for characterization and dynamics

measurement of intermediate transition phase during phase transformation from



amorphous phases into crystalline phases and how difference physico-chemical
properties, charges and hydration of the same ions or functional groups affect into
biogenic mineralization. In this work, two main systems of biogenic minerals were
investigated, i.e., the calcium carbonate and calcium phosphate systems. In calcium
carbonate systems (Division I), the effect of PO4 charge (-HPQ4? or —-PO4+*") on calcium
carbonate mineralization was investigated. In calcium phosphate systems (Division II),
the effect of -COOH hydration (soluble -COOH molecules or immobilized -COOH
molecules) on calcium phosphate mineralization was investigated.

In Chapter 2, it is described that the effects of inorganic H2PO4 ions on calcium
carbonate nucleation dynamics and its polymorph formation in weak basic solutions.
H2PO4 not only altered crystalline calcium carbonate phases from vaterite to calcite but
also inhibited the transformation from amorphous calcium carbonate (ACC) phase to
crystalline phases. These phenomena occurred when small amounts of H2PO4
(H2PO4+/Ca molar ratio 1/1000) was containing. When vaterite spherulites formed in
H2PO4 -rich solutions, dissolution produced hollow structures.

In Chapter 3, the dissolution behavior of vaterite is discussed in

H2PO4-containing solutions. In addition, it was also discussed how hollow structural
vaterite formed in H2PO4-containing solutions. Crystallographic data suggest that the
core of the waterite spherulites consists of pseudo-vaterite with different
physico-chemical properties than vaterite; this tendency 1is enhanced in
H2PO4-containing solutions. Thus, under HaPO4-rich conditions, the structure of the
core of vaterite appears to be hollow because the core dissolved prior to the outer part.

In Chapter 4, the surface energies of vaterite and pseudo-vaterite under various

H2PO4 concentrations are discussed. With increasing H2PO4™ concentration, the surface



energies of vaterite and pseudo-vaterite increased. The increase in the ratio of vaterite
was much higher than that of pseudo-vaterite. Thus, H2PO4 not only inhibits the
formation of vaterite but also lowers the stability of vaterite. Furthermore, H2PO4™ alters
the ACC structure, which is an essential growth unit of vaterite.

In Chapter 5, the effect of ionic charge on calcium carbonate formation was
discussed. The effect of POs functional groups (-POs), mainly -PO4* -containing
molecules because inorganic PO4 1is typically present as H2POs4 in weak basic
solutions, and flavin mononucleotide (FMN) as -PO4* molecules on calcium carbonate
nucleation was showed. In contrast to H2PO4", FMN inhibits calcite and favors vaterite
formation.

In Division 11 (Chapter 6, 7 and 8), the investigation of the calcium phosphate
system was described. For creating advanced biomaterials, it was mainly investigated
that the physicochemical properties and dynamics of HAP and its precursor,
octacalcium phosphate (OCP), with immobilized and soluble COOH.

In Chapter 6, the protocol for carboxyl-rich pseudo-simulated artificial proteins
(CGNs: Carboxylic-functional-groups on Gold Nanoparticles) and their effect on the
HAP formation dynamics from the amorphous calcium phosphate (ACP) phase were
described. A small amount of CGNs (about 1/1000) accelerates HAP formation to a
maximum of 45%. In addition, the OCP structure in HAP was inhibited as the
concentration of CGNs increased. Thus, CGNs favor the formation of HAP directly
from ACP without the intermediate OCP phase.

In Chapter 7, the effect of CGNs on OCP formation in weak acidic conditions was
investigated. When OCP forms in CGN-containing solutions, the HPOs—OH layer

structure, which is unique in the OCP to HAP process, HPO4-OH layer deficient OCP



formed prior to conventional OCP. In addition, the ACP to OCP phase transformation
lasted longer. Thus, CGNs inhibit the HPO4+OH layer structure and OCP structure
during HAP formation. This process may accelerate HAP formation.

In Chapter 8, the effect of the carboxyl hydration rate on the OCP
physicochemical properties was discussed. Acetic acid was used as the soluble COOH.
Crystallographic studies showed that the HPO4+—OH layer structure of OCP was favored
as the concentration of the soluble COOH increased. This tendency is clearly opposite
to the effect of the insoluble COOH on OCP mineralization.

In Chapter 9, it is summary of the study and discussion for future work on

biogenic minerals and its contribution to various academic fields.
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Chapter 2

Formation control of H,PO4 on phase transformation of amorphous calcium
carbonate into vaterite or calcite.
2.1. Introduction

In Chapter 1, the general significance and research scheme of biogenic mineral

formation with biocompatible molecules on the basis of crystal growth were described.
In Chapter 2, as basic knowledge, it was described how H2PO4 affects into calcium
carbonate formation kinetics and polymorph formation.

Calcium carbonates are the main component of the hard tissue in non-vertebrates
and are found, for example, in shells and coral reefs.! They have at least six polymorphs,
including calcite, vaterite, aragonite, ACC, and two hydrous phases.? They form as a
result of metabolism in biological organisms, a process known as “biomineralization”.
Biomineralization occurs under normal pressure and temperature in an aqueous solution
with neutral to weak basic pH, indicating that it is a gentle crystallization process.!”® The
final products have various morphologies and crystal structures, and control of these
variations can be used to generate new functional materials.

When calcium carbonates form under weak base solutions in the absence of
phosphate (H2PO4™ or HPO4*) ions (in weak basic solutions), ACC appears as an initial
phase.'*” The ACC nucleates by accumulation of calcium carbonate clusters and
contains many water molecules in aggregate form, so it has a loose inner structure.*3-10
Because the ACC is in a rather unstable phase and has the highest solubility among the
calcium carbonate polymorphs, it rapidly transforms into vaterite via direct structure
reconstruction in solution **1°

Vaterite is also in a metastable phase.>®%!! The higher solubility of vaterite than
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that of calcite in neutral to weak basic pH solutions results in vaterite dissolution when
the calcite nucleates and grows.'? Phase transformation of vaterite into calcite proceeds
via simple dissolution and growth, in contrast to that of ACC into vaterite.!> Although
calcite is the thermodynamically most stable calcium carbonate under biological
conditions, it does not always appear in the hard tissue in non-vertebrates suggesting
that biomineralization process is to control the appearance of intermediate unstable
phases.!3

The appearance and phase transformation of each calcium carbonate phase
described above occurs in the absence of H:POs4. However, the body fluids of
non-vertebrates contain H2PO4™ although the amount is far smaller than that in the body
fluids of vertebrates. This H2PO4 plays an essential role in the nucleation and growth of
calcium carbonates. Previous investigations have shown that the H2PO4 extends the
lifetime of ACC by stabilizing it, which slows down the formation of crystalline
calcium carbonates.’*!> However, this stabilization mechanism is still quantitatively
unclear. In high pH conditions, it was revealed that the presence of HPO4* in the
precipitating solution stabilized the initially formed vaterite, by decreasing markedly the
rate of is transformation to calcite.'® However, there has been still little investigation for
the effect of H2PO4™ on the appearance of vaterite in pseudo-physicality conditions.

In Chapter 2, the effect of H2PO4 on the phase transformation of ACC into
vaterite in pseudo-physicality conditions was investigated. As a result, it was derived an
advanced concept for cluster-based phase transformation, and revealed that small
amount of H2PO4 could easily control the nucleation and growth process of calcium

carbonate polymorphs.
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2.2. Experimental Methods
2.2.1. Preparation of H:2PO4-containing calcium carbonate solutions.

All reagents were dissolved into double-pure water with a specific resistance of
18.2 MQ and total organic contents (TOC) of them was below 5 ppb. First, four mother
solutions were prepared: 1 M of CaClz (Wako Pure Chem Co.), 2 M of Na2CO3 (Wako
Pure Chem Co.), 25 mM of NaCl (Wako Pure Chem Inc.) and KH2PO4 (Nakarai Tesque
Inc.), and 62.5 mM of tris(hydroxymethyl)aminomethane (Tris: Nakarai Tesque Inc.).
The pH of the Tris solution was adjusted to 8.0 using HCI.

Then, two stock solutions (A and B) were prepared. Solution A was made by
adding 0.5 mL of CaClz solution and 40 mL of Tris solution to 9 mL of H20. Solution B
was made by mixing 0.25 mL of Na2CO3 with various volumes of NaCl and KH2POs4.
The volume of KH2POu4 in solution B ranged from 0 to 0.25 mL and that of NaCl was
added so that the ionic strength of the solution was 0.055 [M/L]?.

Supersaturated calcium carbonate solutions were prepared by mixing A and B
solutions at a volume ratio of 99:1 using magnetic stirrer at 400-600 rpm. The ionic
concentrations in the final solutions were 10 mM of Ca?" and COs3* ions, 0-125 uM of
H2PO4, and 50 mM of Tris. The pH of the final solutions was at 8.2-8.3. All
measurements were performed at room temperature (around 25°C). All experimental
were done in glass beakers by using magnetic stirrer at ranging 400-600 rpm. To avoid
vaporize from solution surface, the top of beakers was wrapped. Any supplements like
Ca electrode and micropipette were put in slit between wrap and glass beaker. There

were small headspaces between solution surface and wrap which range was about 1 cm.

2.2.2. Ca** ion concentration and pH value as a guide for calcium carbonate
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crystallization.

The change in the Ca?" ion concentration of each solution over time was measured
using a Ca®" ion electrode (#6583-10C, Horiba Co., Kyoto, Japan) connected to a
multi-meter (D-51AC, Horiba Co., Kyoto, Japan) with stirring by using magnetic stirrer
at ranging 400-600 rpm. The electrode was soaked in solution A for at least 30 min prior
to measurement to stabilize the electrode intensity. Solution B was then added to
solution A to start the reaction by using micropipette. The Ca?" ion concentration of the
mixed solution was measured every 2 s, and the nucleation time of the material was
determined using a concentration-time curve (as described in the Results section).

The change in pH value of each solution over time was measured using a pH
electrode (#6636-10D, Horiba Co., Kyoto, Japan) connected to a multi-meter (D-51AC,
Horiba Co., Kyoto, Japan) with stirring as same as Ca’" ion monitoring experiment.

Other conditions were as same as Ca?" ion monitoring experiment.

2.2.3. Observation of calcium carbonate precipitates using electron microscopies.

The calcium carbonate solutions (about 60 uL) were sampled at specific intervals
to observe the change in precipitate morphology and to identify the types of polymorphs
present during phase transformation. The interval was 3 min or 20 min.

Two processes were used for the electron microscopy observations. In the first one,
2 mL of 99.5% ethanol or 99.5% acetone was added to the sample solution to
immediately stop further reaction. Mixed solution was then centrifuged for 1-2 min.
After centrifugation, the precipitates were gathered and washed using ethanol or acetone
2 or 3 times and then left to air dry.

In the second process, the sample solution was directly centrifuged for 1-2 min,
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and the precipitates were immediately soaked in ethanol sherbet for 1 min. They were
then placed in a vacuum vessel for more than 5 h to be freeze-dried.

The precipitates were observed using FE-SEM and TEM and characterized them
using XRD and SAED. No differences were observed in the precipitate morphology or
polymorph type regardless of the process used.

The treated precipitates were placed on a glass slide for FE-SEM (FE-SEM;
S-4300, Hitachi Co., Tokyo, Japan settled on Tohoku University and S-4500, Hitachi
Co., Tokyo, Japan settled on Waseda University) observation after Pt-Pd coating or on
an amorphous carbon film or amorphous carbon holey film for TEM (H-8100, Hitachi,
Co., Tokyo, Japan settled on Tohoku University and HF2200, Hitachi, Co., Tokyo,
Japan settled on Waseda University) observation. The films were prepared on
conventional Cu grids for TEM. The acceleration voltage and current for the FE-SEM
observations were 3-5 kV and 10 pA. The acceleration voltage for the TEM
observations was 200 kV. SAED patterns were obtained to characterize the materials. In
addition to precipitates observation, total POs concentration into calcium carbonate
particles was measured by using EDX (EDAX GENESIS 5000, AMETEK Inc., USA,
combined with a HF2200 type STEM-HAADF, settled on Waseda University).

XRD (X’Pert-MPD, PW3050, Philips Co., Nederland, wavelength = 0.15406 nm)
measurements at an acceleration voltage of 50 kV and current of 50 mA using a Cu
target were done to characterize the materials. The measuring 20 step was 0.02°. The
measured 26 was from 15° to 80°, time per steps were 37.5 s/6. Entrance slit size was 5
x 10 mm. The samples were prepared by sampling 5-10 mL solutions and then using
99.5% ethanol or 99.5% acetone more than ten times to stop further reaction. After the

samples were centrifuged, they were washed using 99.5% ethanol or 99.5% acetone 2 or
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3 times and then left to air dry.

2.3. Results
2.3.1. Change in Ca** ion concentration and pH value over time for different H,PO;
concentrations in relation to appearance of calcium carbonate polymorphs.

It was measured the change in the Ca®*" ion concentration in the solutions over
time for the different amounts of H2POs. Figure la shows the results of five
representative HoPO4  concentrations: 0, 3, 10, 20, and 62.5 uM. The Ca®" ion
concentration immediately decreased to 3-5 mM as soon as solution B was added to
solution A. It then quickly increased to 6-7 mM except for the 62.5 uM solution,. This
process was completed within 10 s. The concentration then gradually increased and
reached a local equilibrium (seen as a plateau in the figure). The increased rate
gradually decreased over time. The time required to reach the maximum Ca®" ion
concentration showed a characteristic relationship with the H2PO4 concentration. It
took a minimum when the concentration was 3 uM and then increased with the increase
of the H2PO4™ concentration.

The Ca®" ion concentration decreased after it reached the maximum point and
then stabilized at around at 0.3-0.6 mM. The rate of decrease was lower as higher the
H2PO4 concentration. This decrease was not observed for the solution containing 62.5
uM of POu4.

In addition to Ca?" ion monitoring, it was monitored pH value change with
CaCOs polymorphs forming in the different amount of H2POa4 -containing solutions.
Four systems were chosed, mainly vaterite formed system (H2PO4™ free), both of calcite

and vaterite formed system (H2POs 10 uM), mainly calcite formed system (H2PO4™ 20
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uM) and no crystalline system (H2PO4 62.5 uM) as Fig. 1d.

The precipitates that formed during the plateau interval (before z.rys:, the details of
teryst was described below.) were observed using SEM and TEM. The sample solutions
contained spherical particles ranging in the size from 10 to 100 nm (Fig. 1b). The SAED
pattern for a particle in Fig. 1c shows a halo without any remarkable Debye rings,
indicating that the particles were ACC. The formation of ACC particles was observed
for all solutions regardless of the H2PO4 concentration. Using STEM-HAADF/EDX,
PO4 from ACC particles were detected. Actually, ACC particles were including some
quantum POa4. For examples, in H2PO4™ 20 uM system, atomic ratio of Ca/POs was
around 15/1. However, it was impossible to acquire atomic spectrum mapping because
PO+ rate was too low. PO4 was ranging partially rather than uniformly in ACC particles.
As described in the following sections, crystalline phases (vaterite and calcite)
subsequently formed after ACC was observed in the solution. It was defined the point at
which the Ca?" ion concentration is maximum as the point at which crystalline calcium
carbonates start to grow via phase transformation of ACC. This crystallization threshold
point was defined as Zcrysr.

Fig. 1e shows the relationship between t.vs: and the H2PO4™ concentration. For the
solutions containing less than 5 uM PO, fcysr decreased with an increase in the H2PO4
concentration up to 2-3 uM (where tcrys was minimum about 70 s) and then it increased.
The appearance of a minimum point at around 2-3 uM is consistent with the results
shown in Fig. la. For the solutions containing 5 to 15 uM H2POxs", teys was very
sensitive to the H2PO4 concentration. An approximate doubling of concentration
increased zcs: about 20 times. When the H2PO4™ concentration exceeded 15 uM, the

feature observed at 0 to 15 uM was repeated. The fcysr was local minimum at 17 uM
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H2PO4 and then exponentially increased when the concentration increased more than 20
uM.

For the solutions containing more than 24 uM H2POy, the Ca?" ion concentration
was very stable over the course of the experiment (about 2.5 h), the same as for the
solution containing 62.5 uM H2PO4". The only decrease in the concentration was a rapid
one immediately after adding solution B to solution A. This made it impossible to

determine fcys: for these solutions.

2.3.2. Time evolution of calcium carbonate precipitates.
The growth and phase transformation of calcium carbonates over time depended on
the H2PO4™ concentration.
2.3.2.1. Solutions containing less than 5 uM H>PO;.

Figure 2 shows a time evolution of precipitates in H2PO4 free solution. ACC
particles 10-100 nm in size formed immediately after solution preparation (see Fig. 1b).
There was no other calcium carbonate phase except ACC until reaching terys:. After teryst,
spherulites with a bit awkward shape (1-5 pum in length) appeared (Fig. 2a). They were
composed of rigid needle-like crystals 0.5-2 um in length and 10-100 nm in thickness
(Fig. 2b, 2d). These crystals were tightly packed and arranged. The crystals were
radially elongated from the center of the spherulites. The spherulites grew over time,
and their morphology became spherical by 20 min after solution preparation (Fig. 2c).
The needle crystals were separated from each other during this period, and grain
boundaries formed (Fig. 2d). The amount of ACC particles rapidly decreased when the
spherulites were observed at around Zcryst.

The spherulites were observed using SAED to characterize the precipitates at the
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microscopic level. Three Debye rings, although incomplete, were identified in the outer
region of spherulites. They nearly corresponded to the (114), (300), and (118)
diffractions of vaterite (Fig. 2e). The rings were not observed in the inner region of
spherulite due to the thickness of the materials (too thick for an electron beam to
penetrate) (Fig. 2f).

Figure 3 shows XRD patterns for spherulites measured at 20 and 120 min after
solution preparation. Both patterns were essentially the same: they consisted of a broad
peak at around 26 = 20-35° (peak maximum at around 25°), which is characteristic of
ACC. The sharp peaks (black solid circles) corresponded to vaterite, which is almost
consistent with the SAED results (Fig. 2e).

The amount of ACC and intensity of broad peak at around 26 = 20-35° suggests that
the vaterite spherulites contained an ACC-resembling structure, probably in their central
region. Since the phase transformation of ACC into vaterite is typically direct structure
reconstruction, the outer growth region of ACC aggregates is more likely to have
transformed into vaterite, leaving an amorphous-like structure in the central region.

Thus, it was concluded that the spherulites were vaterite, and that no other
crystalline calcium carbonate polymorphs (calcite or aragonite) formed when the PO4
concentration was less than 5 pM.

The morphology of the vaterite spherulites (Fig. 2¢) did not show any notable

change over the course of the experiment (2.5 h).

2.3.2.2. Solutions containing 5 to 15 uM H,;POy.
Figure 4 shows the time evolution of precipitates in solution containing 12 uM

H2PO4. ACC spherical particles 10-100 nm in size formed immediately after solution
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preparation (Fig. 4a), the same as seen when the H2PO4™ concentration was less than 5
uM.

Two kinds of precipitates were observed after fcys: vaterite spherulites and
rhombohedral crystals (0.5-5 um in size, Fig. 4b), the characteristic morphology of
calcite crystals. The surface of the crystals was essentially smooth, and the crystals were
sometimes coalesced into the vaterite spherulites (Figs. 4b and c).

The amount and size of the calcite crystals increased over time, indicating that
transformation of ACC into calcite and subsequent growth proceeded when the solution
contained 12 uM H2POu4". The vaterite spherulites also grew over time but the growth
rate was less than that of calcite (Fig. 4d). The growth rates of these polymorphs were,
calcite was 150-300 nm/h in whole diameter and that of vaterite was about 200 nm/h in
whole diameter. Both of polymorphs were no longer growth after 100 min in FE-SEM
observation.

Figure 5 shows XRD patterns for precipitates measured at 20 and 120 min after
solution preparation. Peaks corresponding to calcite (black solid reverse triangles) and
to vaterite (black solid circles) were identified. The intensities of the peaks
corresponding to calcite increased over time, indicating that the volume of calcite
relative to that of vaterite gradually increased over time. This was also observed when it
was compared the volume of both polymorphs in relation to the concentration of H2PO4
at a particular time. Increasing the H2PO4™ concentration resulted in an increase in the
calcite ratio. However, the absolute volume of vaterite was far larger than that of calcite
during the experimental procedure (about 2.5 h) when the H.PO4 concentration was
less than 15 puM. The volume ratio between vaterite and calcite in solution containing 15

uM H2PO4 was estimated at around fcrys to be about 5:1.

31



2.3.2.3. Solutions containing more than 15 uM H;PO;.

Figure 6 shows the time evolution of precipitates in solution containing 20 pM
H2PO4. Immediately after solution preparation, ACC particles 10-100 nm in size
appeared, as they did when the H2PO4™ concentration was less than 15 uM (Fig. 6a). Fig.
6b shows the SAED pattern for vaterite spherulites. After 7y, vaterite spherulites and
rectangular calcite crystals were observed as they were in the solutions containing 5 to
15 uM H2PO+ . (Fig. 6e) Fig. 6d shows the SAED pattern for vaterite spherulites. Four
Debye rings corresponding to (112), (114), (300), and (118) diffractions were identified.
Each ring contained many Laue spots, indicating that the crystallinity of the outer
region was high.

Fig. 6e shows that vaterite and calcite coexisted. Their relative volume was the
reverse of that for 5 to 15 uM H2PO4 condition. There was a small amount of vaterite
spherulites (1-5 um in diameter) and a large amount of calcite crystals (0.5-5 um in size).
The ratio between these polymorphs was about 1:3, estimated using the solutions at
around feyse (40 min after preparation). Vaterite and calcite continued to coexist at a
constant volume ratio up to 80 min.

A characteristic change in the vaterite morphology was observed at around 80 min
after solution preparation. Fig. 6f and 6g shows the vaterite spherulite observed at 100
min. The spherulite had holes in the surface and a hollow structure. TEM observation
showed an electron beam was able to penetrate the center of spherulites (Fig. 6g), as
expected from Fig. 6¢. This morphology suggests that the spherulites dissolved first in
their center region. The vaterite eventually disappeared: many vaterite casts remained

on the surface of the calcite crystals (Fig. 6h).
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XRD measurement showed that the ratio of calcite to vaterite increased over time
(Fig. 7). XRD patterns measured 120 min after solution preparation showed that the
peaks corresponding to vaterite had disappeared and only those corresponding to calcite
were evident. SEM and TEM observations and XRD measurements indicated that the
dissolution of vaterite and growth of calcite occurred over time. Phase transformation of
vaterite into calcite proceeded via a simple dissolution and growth mechanism.
Evidence of direct structure-reconstruction-type transformation between these
polymorphs was not observed.

When the H2POs concentration exceeded 25 uM, precipitation of calcite was not
observed. ACC particles that appeared immediately after solution preparation survived
the experimental procedure (about 2.5 h). It was summarized as table 1 about evolution
of calcium carbonate precipitate polymorphs and morphology in each H2PO4

concentration solutions.

2.4. Discussion

The relationships between tcys, polymorph type and H2POs  concentration
showed that H2PO4 inhibited vaterite formation because fos: increased exponentially
with the increase of H2PO4  concentration for that ranging from 5 to 15 puM, where
vaterite was observed as the major precipitates. The change in fcys when the H2PO4
concentration was less than 5 uM is discussed later.

Previous investigations of the formation of calcium carbonate polymorphs in the
presence of H2PO4 demonstrated that the H2PO4 extends the lifetime of ACC by
stabilizing it. However, this investigation demonstrated that the H2PO4™ inhibits vaterite

formation and does not affect the nucleation and growth of ACC. ACC formed
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immediately after solution preparation. The change in the Ca*" ion concentration due to
the formation of ACC in this initial stage was independent of the H2PO4™ concentration,
as seen in Fig. la.

The change in the formation of calcium carbonate polymorphs with a change in
the H2PO4 concentration suggests that HoPO4™ affects the phase transformation (from
ACC) and growth of polymorphs kinetically and that it does not control the
thermo-dynamical stability of each phase. The solubility of each polymorph, at least the
solubility ordering, was not affected by the H2PO4 concentration because the
polymorph appearance order obeyed the Ostwald’s step law, the same as in the absence
of any impurities.

So how does H2PO4 control the formation of polymorphs, especially that of
vaterite, at the microscopic level? It was assumed that the inhibition mechanism of
H2POy 1s related to the growth unit of calcium carbonates, i.e., the species of molecular
clusters. Gebauer et al. proposed the prenucleation cluster model for crystalline calcium
carbonate growth. By using extended X-ray adsorption fine structure and ultracentrifuge
techniques, they showed that clusters 2-4 nm in diameter form even in undersaturated
solutions with respect to calcite and vaterite and that ACC contains these clusters as the
essential growth unit.!” The clusters have particular structures corresponding to those of
calcium carbonate polymorphs; therefore the ACCs are assumed to have several kinds
of local structure in this model such as ACC1 and ACC2. When ACC transforms into
calcite or vaterite, as in this study, particular ACCs have rearranged inner structure
corresponding to the final crystalline phases. In EDX-STEM-HAADF observation,
there were quite a lot of PO4 in ACC particles. For this reason, it might be thinking that

H2PO4 act any affect to ACC component, i.e. cluster selection.

34



According to this model, there are two possible mechanisms for H2PO4™ inhibiting
vaterite formation. One is that the H2PO4™ inhibits the structure-reconstruction of ACC
into vaterite. The other is that H2PO4™ simply hinders the formation (growth) of vaterite
clusters in the same manner as impurities do. Regardless of the mechanisms, the
behavior of H2PO4 should be monotonic; that is its effectiveness should increase with
its concentration. However, the change in #.-»s when concentration was less than 5 uM is
inconsistent with this assumption. The appearance of a minimum feys at a H2POs
concentration of around 2-3 uM requires a modification of the model to explain the
effect of H2PO4 on vaterite formation.

Then, it was assumed that there are several candidate clusters corresponding to
the vaterite structure: i.e., there are many isomers. Except for the particular-structure
clusters that form the vaterite crystals, many minor clusters would be produced and
contained in the initial ACC. The stability of these minor clusters would be controlled
by the H2PO4™ in solution.

The idea that molecular clusters can take many different structures, all
corresponding to the local energy minimum form, was established by Treboux et al.!®
and Kanzaki et al.'® using ab initio calculations for calcium phosphate clusters having a
Cao(PO4)s chemical composition, the essential unit of amorphous calcium phosphate
and hydroxyapatite. Yan and Scott®® also referred to the multi-structures in Cas(PO4)s
clusters.

In this work, this suggestion that vaterite clusters also have several isomers is
therefore realistic. The H2PO4™ would dissociate these minor clusters (or hinder their
formation), which increases the concentration of calcium and carbonate ions in solution.

A higher concentration of calcium and carbonates ions would inevitably change the
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chemical equilibrium between ions and clusters corresponding to those forming the
vaterite crystal-structure, and the concentration of these clusters would be increased.
This naturally leads to a decrease in fys of vaterite. It was assumed that competition
between acceleration caused by dissociating isomers and inhibition of the
transformation of ACC structure into vaterite ones occurred in the solution and that the
minimum Zeryse appeared.

The H2PO4 similarly affected the calcite formation when its concentration ranged
from 15 to 24 pM, the range in which calcite was the major precipitates. The minimum
teryse appeared at around 17 uM, and z.ysrincreased exponentially when the concentration
exceeded 20 uM. This feature is essentially the same as that seen in vaterite formation
thus there would be several isomers in calcite clusters. The difference seen in the calcite
formation from vaterite one is a decreasing rate at minimum Zcys. The minimum Zeryse
observed in vaterite formation was approximately 40% of the fcysr at O uM H2PO4'. In
contrast, that in calcite formation was approximately 20% of the #crys at 15 uM H2POq'.
This suggests that there is less variety of isomers in calcite clusters as compared to that
in vaterite clusters, or the H2PO4™ has less effective to dissociate the isomers in calcite

clusters.

2.5. Conclusion

These experiments showed that a small amount of H2PO4 in the weak basic
solution system did not extend the lifetime of amorphous calcium carbonate but did
inhibit vaterite formation. Inhibition mechanism was not analyzed as long as it was
assumed that the cluster forming vaterite crystal structure was unique form when it was

produced in solution and was composed in ACC. The idea that vaterite clusters have
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several isomers could explain the experimental results. This investigation showed that
the appearance and stability of calcium carbonate polymorphs is easily controlled by

adjusting the H2PO4™ concentration.
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Table 2.1. Observed calcium carbonate polymorphs and morphological features

in each H2POs-containing solutions during calcium carbonate crystalline
mineralization.
pH pH = 8.0-8.4, room temperature and pressure

Ionic strength

Tonic strength = 0.137 [M/L]?, Ca?" = 10 mM/L, total CO; = 10 mM/L, H,PO, =

0-125 uM/L
Mixing method Stirring at 400-600 rpm using magnetic stirrer
Drying method Washing precipitate in ethanol or acetone to remove water, and eventually dried
H:POy4 free H>POs 10 yM H>PO4 20 uM H>POs 62.5 uM
0 min ACC spherical | ACC spherical | ACC spherical | ACC spherical
particles particles particles particles
10 min Vaterite spherulite, | ACC spherical | ACC spherical | ACC spherical
ACC spherical | particles particles particles
particles
20 min Vaterite spherulite, | Vaterite spherulite, | ACC spherical | ACC spherical
ACC spherical | Calcite rectangular | particles particles
particles crystal
40 min Vaterite spherulite, | Vaterite spherulite, | Vaterite spherulite, | ACC spherical
ACC spherical | Calcite rectangular | Calcite rectangular | particles
particles crystal crystal
60 min Vaterite spherulite | Vaterite spherulite, | Vaterite spherulite, | ACC spherical
Calcite rectangular | Calcite rectangular | particles
crystal crystal
100 min Vaterite Vaterite spherulite, | Vaterite halo like | ACC spherical
spherulite Calcite rectangular | structure, Calcite | particles
crystal rectangular crystal
120 min Vaterite spherulite | Vaterite spherulite, | Calcite rectangular | ACC spherical
Calcite rectangular | crystal particles

crystal
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Figure 2.1. Change in Ca?" ion concentration over time as index of calcium carbonate
formation. (a) Ca®' ion concentration rapidly dropped immediately after mixing but
quickly recovered at initial stage (left graph). It then decreased over time (right graph)
and stabilized at around 0.3-0.6 mM, except for 62.5 uM of H2PO4". Solubility lines of
calcium carbonate polymorphs were Refs.!'?!' (b) TEM photograph of spherical
particles that formed immediately after preparation in H2PO4-free solution. (c) Change
in pH value over time as index of calcium carbonate formation. pH value rapidly upped
immediately after mixing and stabilized. After that, as crystalline nucleation and growth,
pH values were decreasing. (d) SAED pattern corresponding to (b). Particles were ACC
as identified by halo region around core and faint broad ring around halo region. (e)
Relationship between crystallization threshold point 7c/ysr and H2PO4™ concentration: feryse
was minimum at 2-3 pM of H2PO4 (left graph); it then increased exponentially with
H2PO4 concentration in the 5 to 15 uM range. Local minimum in feys Was again

observed at 17 uM, and then #/ysr increased exponentially above 20 uM (right graph).
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Figure 2.2. Time evolution of precipitates in H2PO4™ free solution. (a) SEM photograph
of awkward-shape vaterite spherulite observed 10 min after sample preparation. (b)
Needle-like crystal in vaterite spherulite observed 20 min after preparation. (¢) SEM
photograph of vaterite spherulites (sphere shape) observed 20 min after preparation with
high magnification image of roundly vaterite spherulite. (d) SEM photograph of edge
and inside structure of spherulites. Arrows and white dotted lines showed grain
boundaries. (¢) SAED pattern corresponding to (b) showing (114), (300), and (118)
diffractions of vaterite crystal. (f) TEM photograph of vaterite spherulite observed 120

min after preparation. Center structure was not observed due to thickness.
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Figure 2.3. XRD pattern of precipitates in H2PO4™ free solution measured at 20 and 120
min after preparation. Peaks corresponding to ACC and vaterite (black solid circle) are
evident. Table shows crystalline peaks which were corresponding to vaterite (grey
V(hkl)) d-spacing, intensity and 2 6.
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Figure 2.4. Time evolution of precipitates in solution containing 12 uM H2PO4". (a)
TEM photograph of ACC spherical particles that formed immediately after preparation.
SAED pattern (inset at upper right) showed halo region around core and faint broad ring
around halo region. (b) SEM photograph of rectangular calcite crystal and vaterite
spherulite 20 min after preparation. Calcite crystal had coalesced into vaterite spherulite.
(c) SEM photograph of calcite crystal 20 min after preparation. Surface was essentially
smooth indicating that H2PO4™ did not have adsorbed on the surface as an inhibitor. (d)
SEM photograph showing coexistence of vaterite spherulites with calcite crystals 120

min after preparation. Both vaterite and calcite had continued to grow.
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Figure 2.5. XRD patterns for precipitates in solution containing 12 uM H2PO4 at 20
and 120 min after preparation. Peaks corresponding to ACC, vaterite (black solid circle)
and calcite (black solid reverse triangle) are evident. The calcite/vaterite ratio increased

over time. Table shows crystalline peaks which were corresponding to vaterite (grey
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24.603 3.618 76.6|V(110) 22.869 3.889 24.0|C(012)
26.771 3.330 100{¥(112) 24.771 3.594 79.2|V(110)
29.105 3.068 44.9|C(104) 26.903 3.314]  100.0/C(104)
32.487 2.756 74.5|V(114) 29.233 3.055 59.4/C(104)
39.140 2.301 5.9|C(113) 32.644 2.743 T7.1|\V(114)
42.877 2.109 5.9|C(202) 35.912 2.501 6.3|C(110)
43.617 2.075 29.7|V(300) 39.251 2.295 16.7|/C(113)
48.809 1.866 9.58|C(116) 42.507 2.127 8.3|C(018)
49.728 1.834 25.2|1V(304) 43.717 2.071 38.5|V(300)
55.572 1.654 6.31V(224) 49.899 1.828 22.9[V(304)
69.225 1.357 4.7/V(228) 55.600 1.651 7.9(V(224)

V(hkl)) and calcite (black C(hkl)) d-spacing, intensity and 26.
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Figure 2.6. Time evolution of precipitates in solution containing 20 uM H2PO4". (a)
TEM photograph of ACC spherical particles immediately after preparation. (b) SAED
pattern corresponding to (a) with scale bar. (c) TEM photograph of vaterite spherulites

observed 40 min after preparation. (d) SAED pattern corresponding to (c). Diffraction
indexes coincided with those of vaterite. Vaterite center was too thick for electron beam
to penetrate. (¢) SEM photograph of calcite rectangular crystals coexisting with vaterite
spherulites 40 min after preparation. (f) SEM photograph of calcite rectangular crystals
coexisting with hollow vaterite spherulites 100 min after preparation. Core of vaterite
spherulites had vanished so that only outer shell remained. (g) TEM photograph of
vaterite spherulites. Note that electron beam was able to penetrate center region of
spherulites. (h) SEM photograph of calcite crystal 120 min after preparation. Cast where
vaterite dissolved and disappeared is evident.
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Figure 2.7. XRD patterns for precipitates in solution containing 20 uM H2PO4 at 40
and 120 min after preparation. Peaks corresponding to ACC, vaterite (black solid circle)
and calcite (black solid reverse triangle) are evident for 40 min while only the peaks
corresponding to calcite are evident for 140 min. Table shows crystalline peaks which
were corresponding to vaterite (grey V(hkl)) and calcite (black C(hkl)) d-spacing,

intensity and 2 0.
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Chapter 3

Dissolution behavior and phase characterization of vaterite spherulite with
H,PO;.
3.1. Introduction

As described in Chapter 2, vaterite formation was greatly inhibited in

H2PO4-containing solutions In addition, when vaterite formed in small amount of
H2PO4 -containing solutions, vaterite spherulites formed specific hollow structure
through partial dissolution process. It was strongly suggested that an unknown
intermediate transition phase whose stability was lower than realistic vaterite located at
the core part of vaterite spherulites. In Chapter 3, fine phase characterization of
unknown intermediate transition phase which located at the core part of vaterite
spherulites and in situ observation for hollow vaterite structure formation process from
H2PO4 -containing vaterite spherulites were demonstrated.

Among the various polymorphs of calcium carbonate, vaterite is a metastable
phase with greater solubility and lower stability compared to calcite and aragonite.'
When vaterite crystals into aqueous solutions, vaterite rapidly converted calcite via
dissolution and precipitation process.’ During the dissolution of vaterite in a biological
environment, some of the essential elements, such as phosphate, might affect the
physicality and kinetics of vaterite. For instance, Katsifaras and Spanos* reported that,
under high pH conditions (above 12.0), phosphate inhibits the dissolution of vaterite
during a phase transformation process; they compared the XRD intensity of the calcite
(104) reflection with that of the vaterite (112) reflection. Under weak basic solutions,
Chapter 2 demonstrated that even a small amount of phosphate (H2PO4/Ca is about

1/1000) could inhibit the formation of vaterite. As previously mentioned, H2POxs™ is
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considered to strongly affect the dissolution of vaterite. In addition, the results of some
studies have suggested that vaterite spherulites contain more unstable phases, such as
amorphous-like phases, at the inner parts than at the outer parts.>¢

Herein, it was estimated the dissolution rate of each part of vaterite spherulites
under various pseudo-physiological conditions. In a typical analysis, the dissolution rate
was determined under various phosphate conditions using in situ optical measurements.
Phase identification of each part of vaterite spherulites, such as the C/Ca ratio, was
analyzed using FE-SEM/EDX and cryo-HR-TEM. Furthermore, the crystallinity of the
vaterite was quantitatively analyzed using XRD and SAXS. These studies on the
dissolution behavior, C/Ca ratio, and crystal features indicate that the wvaterite
spherulites are composed of three different regions that are clearly distinguishable at

high phosphate concentrations.

3.2. Experimental Method
3.2.1. Solution Preparation.

Experimental solutions were prepared as describing Chapter 2. The stock solution
was prepared by completely dissolving CaCl. (Wako Pure Chem Co.), NaCl (Wako
Pure Chem Co.), NaHCO3; (Wako Pure Chem Co.), KoHPO4 (Nakarai Tesque Inc.),
KH2PO4 (Nakarai Tesque Inc.), FMN (Iwaki Seiyaku Co.), and Tris in double distilled
water to final concentrations of 1 M, 1 M, 0.5 M, 0.5 M, 25 mM, 25 mM, and 125 mM,
respectively. The pH of the resulting solution was adjusted to 8.0 by the addition of

HCL

3.2.2. Measurement of the dissolution rate of vaterite spherulite under various
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H>POy concentrations.
3.2.2.1. Protocol for measuring the dissolution rate of vaterite spherulite under
various H>PO, concentrations.

The protocol adopted for this experiment consisted of two steps: (1) the
preparation of an in situ optical observation system and (2) the preparation of the
solution for dissolution.

The in situ observation system consisted of an optical observation cell and a
solution flow system. Figure 1 schematically illustrates the in situ observation system
used in this study. The observation cell was composed of a glass slide and
polypropylene tubes, which were positioned on the Pyrex glass slide coated with
vaterite spherulites. The vaterite spherulites on glass slide were prepared by dipping the
glass slide into a solution with a composition of 40 mM CaClz, 40 mM NaHCO3, and
100 mM Tris for 60 min. The glass slides were subsequently washed repeatedly in
99.5% ethanol and dried. The number of vaterite spherulites on the glass slide was
adjusted to approximately 5—10 vaterite spherulites particles in the observation eyesight.
The diameter of the vaterite spherulites was approximately 5 pm.

The observation cell was placed on an optical microscope (BX-60, Olympus,
Tokyo, Japan) using silicon-gum tubes. The optical microscope was connected to a
rotary pumping system, which facilitated the flow of dissolution solution into the
observation cell at 2 mL/min. Sequence photographs were taken at 1-min intervals.

The dissolution solution used in this study consisted of 500 mM NaHCO3, 500
mM K>HPO4, and 1 M NaCl. The concentration of the solution was adjusted using 5
mM NaHCOs solution and 0, 20, 50, 100, 200, 500, and 1000 uM K2HPO4 solutions.

The ionic strength of the solution was adjusted by the addition of 1 M NaCl. The pH of
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the solution was maintained about 8.6. All experiments were performed in a cleanroom
under controlled temperature and pressure conditions of 22 + 0.5 °C and 1 atm.

In addition to simple dissolution experiments, it was investigated the dissolution
behavior of H2PO4'-doped vaterite spherulites. Vaterite seeds precipitated onto a glass
substrate were sealed into the cell, and supersaturated calcium-carbonate solution
containing H2PO4™ (2 mM CaClz, 2 mM NaHCOs3, and 0.25 mM KH2POs, pH about 8.6,
25°C) was flowed at 2 mL/min for 2 h to dope H2POs into the spherulites. An
undersaturated solution (2 mM NaHCO3 and 5 mM NaCl, pH about 8.6, 25°C) was then
flowed to dissolve the spherulites. NaHCO3 was added to maintain the solution pH. The
undersaturation of the solution with respect to calcium carbonates was 100%.

The length of the spherulites was measured in the three directions that were
separated at an angle of 60°. The average of the three lengths was defined as the average
diameter of the spherulites. At least S0 spherulites were analyzed under each solution

condition. The acquired data were subsequently statistically analyzed.

3.2.2.2. Fluorescence microscopy analysis in phosphate-containing environments,
including fluorescence materials (FMN).
The protocol adopted for this experiment is similar to that described in Section
2.2. The solution flow system was connected to a fluorescence optical microscope
(Olympus BX-53, Olympus, Tokyo, Japan) equipped with a fluorescence optical filter
set (Omega Optical Filter Set XF71, Omega Optical, USA), and the Pyrex glass slide in
the observation cell was changed to a Si template.
FMN exhibits an excitation wavelength Ae of 510 nm and a fluorescence

wavelength Ar of 540 nm. FMN, also known as riboflavin-5'-phosphate, is categorized
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as a phosphate derivative of vitamin Ba.

The reaction solution used in the flow system consisted of 5 mM NaHCOs, 50
uM CaClz, and 20 uM FMN. This solution was pumped by a rotary pump into the
vaterite observation cell at 2 mL/min for 1 h. Subsequently, the observation cell was

pumped with 5 mM NaHCOs for dissolution.

3.2.3. Phase characterization of each part of the vaterite spherulites.

For XRD and SAXS measurements, the precipitates of vaterite spherulites were
prepared by mixing 100 mM of Tris, with 40 mM of CaClz, NaHCO3, and 0.0 or 0.3
mM of KH2POs4, under constant stirring at 400-600 rpm for a reaction period of 10 and
120 min. Prior to the analysis, the resulting precipitates were repeatedly washed in
99.5% ethanol and dried.

The details of XRD and FE-SEM/EDX measurement were described in
Chapter 2. The dried precipitates were wrapped in polypropylene film, and the
crystallite size distribution was measured using SAXS (R-AXIS combined SAXS holder,
Rigaku, Tokyo, Japan, A = 0.15406 nm); the instrument was operated at an acceleration
voltage of 50 kV and a current of 100 mA using a Cu target. The 20 step size was 0.01°
per 0.5 s for each angle; the entrance-slit size was 5 x 10 mm?2.

For electron microscopy analysis, the vaterite spherulites which synthesized in
100 mM of Tris, with 40 mM of CaClz, NaHCO3, and 0.3 mM of KH2PO4 were mixed
with normal temperature (about 20°C) epoxy resin (Logitech 310, Logitech, Scotland,
UK; EpoFix-20, Struers, Sweden) and left undisturbed until completely solidified.
Subsequently, ultrathin (about 200-nm) cross-sections were prepared using a microtome

and positioned like bridges between the Si template for FE-SEM/EDX. The C/Ca ratios
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were measured at three different locations: core, middle region, and outer region. For
comparison, standard calcium carbonate samples were prepared by mixing CaF2,
CaCQOs, and Na2COs3 at various ratios and were analyzed using EDX. In this study, 10
standard samples with different C/Ca ratios were prepared to obtain a reference curve
for C/Ca ratios between 0.85 and 1.50. The measured C/Ca ratios were normalized
using this reference curve.

The prepared ultra-thin (about 200 nm) cross-sections were placed on a Cu
micro-grid for TEM analysis. The analysis was performed using both a normal
observation holder and a liquid-N2 cryogenic holder (FE-TEM: Hitachi HF3300s,
Hitachi, Tokyo, Japan, cryo-FE-TEM, Tecnai 20, FEI, The Netherlands) at acceleration
voltages of 300 kV (FE-TEM) and 200 kV (cryo-FE-TEM). The operating temperature
was approximately —170 °C.

The reacted solution was mixed with 100 mM of Tris, 40 mM of CaClz and
NaHCOs3, and 0.3 mM of KH2POa. The solution volume was 300 mL.

Sampled calcium carbonate precipitates (about 20 mL) were at specific intervals
to measure the changes in the phosphate concentration in the reaction solution. The
sampling times were 10 min, 120 min, and 24 h. The sampled precipitates were
centrifuged, washed several times using 99.5% ethanol, and eventually dried. It was
adding 1 M HCI to approximately 0.05 g of each sample and completely dissolved the
sample. It was subsequently added ultra-pure water to bring the total volume of the
sample to 5 mL. It was measured the total PO4 and Ca?" ions concentrations in the react
solution using ICP-AES with Ar gas as the carrier gas (SII 7000, Seiko, Tokyo, Japan).
It was also measured the XRD patterns and calculated the ratios of vaterite and calcite

according to the formulas of Katsifaras and Spanos* for estimating vaterite and calcite
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ratios on the basis of XRD peak intensities.

3.3. Results
3.3.1. Dynamics of the vaterite spherulite dissolution process and the dissolution rate
as a function of H2POs concentration.

Figures 2a and b show the change in the diameter of the vaterite spherulites
upon dissolution under various H2PO4™ concentrations. The typical dissolution behavior
of the vaterite spherulite is as follows. During the dissolution of vaterite spherulites, the
diameter of the particles decreased linearly. Irrespective of the H2PO4™ concentration,
the dissolution process exhibited two inflection points of the dissolution rate. The first
point appeared when approximately 0.1-0.5 um from the surface of the vaterite
spherulite dissolved. Until this point, the dissolution rate was much lower in the outer
part than in the inner parts. In fact, the dissolution behavior was non-uniform, with
some fragments of the outer part remaining, even after the start of the dissolution of the
inner parts. The inner parts exhibited a faster dissolution rate than the outer part. As the
diameter of the wvaterite spherulites reached approximately 1.5-3 um, the second
inflection point appeared. In addition, the dissolution rate accelerated and the vaterite
spherulites could be readily categorized into three parts on this basis: the outermost,
intermediate, and core parts. In this study, the three parts of vaterite spherulites were
designated as the shell (outermost), mantle (intermediate), and core, as shown in Figure
2d. It was further measured and calculated the dissolution rate of each part (Figure 2c).

With an increase in H2POs4 concentration, the dissolution rates decreased
(Figures 2a, b, and c). This trend was observed to be stronger in the shell part than in the

inner parts. In a phosphate-free system, the average dissolution rate of the shell was
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1.58 nm/s, whereas that in a system with 1 mM PQO4 was observed to be 6.87:1 in
dissolution rate compare to H2PO4™ free system. In contrast, the dissolution rate of the
core part was 4.17:1, whereas that of the mantle was 5.10:1, respectively. Furthermore,
in systems with a high concentration of H2PO4 (greater than 200 uM), some of the
vaterite spherulites exhibited separation among the shell, mantle, and inner parts prior to
the dissolution of the shell. Finally, only the shell part remained in the spherulites,
which suggests that the shell parts of the vaterite spherulites exhibited greater H2PO4
response than the inner two parts (mantle and core). During separation of the shell and

mantle, it was measured the dissolution rates of both the shell and mantle.

3.3.2. Morphological evolution of H:POs-doped vaterite spherulites during the
dissolution process and the relationship to H>POy .

It was gained further insight by visualizing the H2PO4™ response to dissolution
dynamics of each part of the wvaterite spherulites. Figures 3a, b, and ¢ show the
dissolution behavior of the H2POs-doped wvaterite spherulites. The morphology of
H2PO4-doped vaterite spherulites before dissolution (Figure 3a) exhibited a radial
structure from the core to the outermost part, without non-sequential points.
Alternatively, the morphology of H2PO4-doped vaterite spherulites during dissolution
(Figures 3b and c) showed boundary separation and the formation of a hollow structure.
This result suggests that the HaPO4™ affects the shell part of vaterite spherulites more
strongly than the inner parts; that is, H2PO4 essentially affects the surface of the vaterite
surface without intruding inside. In contrast, no H2PO4 containing vaterite spherulites
maintained a radial structure during dissolution process (Figure 3d, e and f). Figure 4

showed the change of H2PO4-doped vaterite spherulite (Figure 3a-c) and no H2PO4
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containing vaterite spherulite (Figure 3d-f) during dissolution process. The
phosphate-doped vaterite spherulite was inhibited its dissolution process.

In this study, FMN was used as a marker of phosphate (-PO4+*). The FMN
adsorption of each part of vaterite spherulites was detected by in situ analysis. Figures
3g and h show photographs of FMN-doped vaterite spherulites in solution under normal
light and florescent light, respectively. As evident in Figure 3h, the core region of the
vaterite spherulites is much brighter than the outer parts. In particular, the shell region
exhibited relatively less fluorescence.

These results suggest that the shell part of the vaterite spherulites exhibits a
strong total PO4 response to dissolution dynamics and low total phosphate adsorption
(Figures 2¢, 3h), whereas the inner parts exhibit low total phosphate response to

dissolution dynamics and high total phosphate adsorption (Figures 2c, 3h).

3.3.3. Characterization of each part of vaterite spherulites.

To individually characterize each part of the vaterite spherulites, adopting
optimum experimental conditions that resulted in the precipitation of vaterite spherulites
with a hollow structure (Figure 5a), which were specifically selected and subsequently
analyzed by electron microscopy. For analysis, it was prepared an ultrathin section for
TEM observation. Figure 5b shows the inner structure of a vaterite spherulite, indicating
the formation of a hollow structure. The core part consisted of spherical particles with
diameters ranging from 50 to 100 nm. These particles were highly aggregated, forming
a region of 1-1.5 um. Surrounding the core region, it was observed closely packed
needle-like structures with lengths ranging from 2 to 5 um and thicknesses of 100-200

nm. The roots of the needle-like structures were directly connected to the core region,
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without clear delineation of the boundary. The needle-like structures almost reached the
outermost part, forming the surface of the vaterite spherulite. The boundary between the
mantle and shell parts could not be distinguished clearly.

Figures 5S¢, d, and e show HR-TEM images of each part of the vaterite
spherulites (100 mM of Tris, 40 mM of CaClz and NaHCOs3, and 0.3 mM of KH2PO4).
During normal observations, the electron beam significantly affected and collapsed the
core part. Therefore, the core part was specifically observed under cryogenic conditions
to minimize specimen damage during observation. All parts exhibited lattice fringes,
which were identified as the crystalline phases, although the degree of crystallinity
varied substantially, especially in the region between the core and shell. In the core part,
the lattice fringes showed vaterite (111) and (120) faces. The core contained numerous
dislocations, including point defects and blade dislocations, whereas the mantle and
shell contained few dislocations compared to the core part (Figures 5d and e). The
HR-TEM images revealed minor differences between the mantle and shell parts.
However, the FE-SEM/EDX analysis showed substantial differences in the chemical
compositions. The C/Ca ratio of the shell part was 1.09 + 0.08, whereas those of the
mantle and core parts were 1.28 = 0.03 and 1.38 + 0.02, respectively (N =>15). It was
also observed vaterite spherulites which formed no PO4 containing solutions. The
behaviors of lattice fringes in each part were similar to vaterite spherulites which
formed in PO4 containing solutions. However, there were small amount of dislocations
in core and mantle.

It could not detect P ions in the calcium carbonate precipitates using domain
measurement methods such as FE-SEM/EDX and X-ray photoelectron spectroscopy.

The total PO4 concentration in the crystalline calcium carbonate during each time
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sequence was also measured using ICP-AES. It was attempted to calculate the value of
PO+ in the core and outer parts. The PO4/Ca ratio was 0.18% in the sample reacted for
10 min, 0.14% in the sample reacted for 120 min, and 0.11% in the sample reacted for
24 h, which was completely phase-transformed into calcite. It was calculated the
vaterite-to-calcite ratio to estimate the H2PO4™ concentration in the core region and outer
part of the vaterite spherulites. The H2PO4 concentrations were 0.23% in the core
region and 0.15% in the outer region. It could not be estimated the difference between
the H2PO4™ concentrations in the core and mantle parts. However, the results of FMN
experiments suggested that the core part contained more total PO4 than the mantle part.

The observations of the samples using HR-TEM resulted in the lattice fringes
being fused by the focused electron beam. However, this behavior differed from that of
the dislocations, such as point defects and edge dislocations, which appeared in the core
and mantle regions. Therefore, these defects (Figures 4c and d) are considered to have
originated from the samples and not from the damage induced by the HR-TEM
observations.

The electron microscopy, FE-SEM/EDX, and HR-TEM results suggested that
the vaterite spherulite consisted of several materials with slightly different physical
properties. Although these materials were identified as crystalline vaterite, certain
parameters of these materials, such as chemical composition, were observed to differ.
When vaterite dissolved under H2POs-containing conditions, the vaterite spherulites
retained their hollow structure.* It was hypothesized that the vaterite spherulites were
formed radially from the core part and grew toward the shell. As a consequence, the
reaction time was relatively short. Also, for the same reason, the sample was confirmed

to exhibit physicality close to those of the core part. In addition, it was considered that
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the shell part can be readily obtained because of its self-induced phase transformation to
calcite. It was further substantiated this hypothesis by analyzing four different vaterite
samples that were obtained after various reaction durations.

Figure 6a shows the XRD patterns of samples collected at different stages of
the reaction. The sample collected after a reaction time of 10 min consisted mostly of
the core part, whereas that obtained after a reaction time of 120 min exhibited a hollow
structure (Figure Sa). The diffraction peaks of the samples indicated the mixed
formation of vaterite and calcite phases. It could not be identified some of the minor
peaks, such as the broad peaks at 40.0° and 60.5°, on the basis of the crystal structures
of LeBail et al.” However, these unidentified peaks were observed among all samples
and with approximately the same relative intensities. It was concluded that these peaks
were vaterite crystal peaks that originated from crystal dislocations such as
microtwinning or from unknown structures. It did not detect a peak shift among any
sample.

SAXS analysis revealed that the crystallite size distribution in the sample (100
mM of Tris, 40 mM of CaClz and NaHCOs3, and 0.3 mM of KH2POs4) reacted for 10 min
was only a few nanometers. In contrast, the SAXS analysis of the sample reacted for
120 min indicated the presence of particles with a bimodal distribution and a diameter
of 10 nm, in addition to particle sizes with a distribution of a few nanometers (Figure
6b). Figure 6¢ showed the SAXS analysis of vaterite spherulites which formed no
H2PO4 containing solution (100 mM of Tris, 40 mM of CaClz and NaHCO3) at 10 min
and 120 min. The particle distributions of both were bimodal distribution and a diameter
was larger than vaterite spherulites which formed in H2PO4™ containing solutions.

According to the theory of Ostwald ripening, this theory indicated to the
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relation between size distribution and stability of crystallite particles. Therefore, it was
concluded that the shell part is more stable than the inner parts because the particle size
distributions tended toward broad distributions because of the absence of disorder. It
was defined the shell part as real vaterite, meaning that its physicality and chemical
composition are most similar to crystals among all vaterite spherulites composing the
materials. However, the inner parts differed from vaterite with respect to certain
parameters such as chemical composition and crystallite distribution and were poorly
crystalline because of the variation in the dissolution behavior and rate; thus, hence refer

to these parts as a vaterite-like phase.

3.4. Discussion

The present study reveals that HoPO4™ ions could stabilize vaterite. The FMN
experiments revealed that total PO4 intruded into the vaterite spherulites and stabilized.
These results indicate that after vaterite forms in a biological system, it would not easily
dissolve because of the relatively high concentration of H2PO4 ions, which inhibit
dissolution. Some fish contain otoliths, which mainly consist of vaterite.® Thus, the
vaterite crystals that composed otoliths were growing as a consequence of the
metabolism of biological beings. The present study suggests that PO4 ions and -POas
containing molecules stabilizes these tissues, which consist of metastable or unstable
mineral phases. In addition, once vaterite has unexpectedly formed in a biological
system, it remains and may lead to diseases such as calculus stones. In fact, calculus
stones sometimes consist of vaterite.’

As previously mentioned, the physical differences of vaterite spherulites poses

several problems, especially in an environment where H2PO4™ is present, and hence
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needs to be resolved for these materials to be used in biomedical engineering
applications. When vaterite is formed from solution, it does not precipitate directly but

proceeds through some precursor stages. Gebauer et al.!”

proposed prenucleation cluster
theory to explain this phenomenon. The calcium and carbonate ions in solution form
liquid-like ion pairs, which correspond to the final crystalline phase. Subsequently, the
ions randomly aggregate as the ACC through the cluster-based reconstruction process
finally resulting in the formation of crystalline phase.!'"!*> Here the ACC tends to have
an essentially loose structure and is strongly affected by the solution conditions.!"!? In
the present study, vaterite spherulites were precipitated from solution, analogous to the
precipitation induced by changing the Ca?" ions concentration. Furthermore, the results
suggested that the changes in solution conditions affected the ACC physicality, which
induced further changes in the physicality of vaterite.!!"12

It was further evaluated the dissolution behavior and physicality of vaterite
spherulites under conditions where H2PO4™ ions were present. Recently, other authors
have proposed that the vaterite crystal structure is not a single structure but rather has
many polytypes and microtwining.”!>"'” Using ab initio calculations, Demichelis et al.'®
demonstrated the difference in phase stability among the different vaterite crystal
structures. A clear understanding of the crystal structure of vaterite is highly essential,
especially when they are used as biomaterials. The systematic analyses performed in the
present study suggest that the physicality of vaterite are not only decided by its crystal
structure but also influenced by factors such as chemical composition and crystallite
size distribution, e.g., difference between the core and shell parts of vaterite spherulites.

In particular, these effects are highly influential when H2PO4™ ions are present, such as

in biogenic environments.
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3.5. Conclusion

In Chapter 3, it was investigated that the dissolution behavior of vaterite in
biogenic environments and observed that the behavior of vaterite corresponds to its
crystallographic features. Systematic studies indicated that the vaterite spherulites
consist of different chemical compositions and crystalline features. Thus, it was
determined that the phase stability of the spherulites by measuring their H2PO4 ion
response. The results indicate that the more unstable phase exhibits relatively low
H2PO4 1on response with respect to dissolution rate and high H2PO4™ ion adsorption. In
contrast, the most stable phase exhibits a strong H2PO4™ ion response and low H2PO4
ion adsorption. These results suggest that vaterite spherulites consist of vaterite and
vaterite-like phases, pseudo-vaterite which it could categorize according to their H2PO4
ion response.

To enable the use of vaterite as a biomaterial, its physicality should be
measured and understood. It was first examined the physicality on the basis of the
particle size probability trends, as determined by the SAXS analysis. The shell part,
which corresponds to the solid part with a low H2PO4™ ion response, was observed to
contain particles with diameters of 10 nm. It was refer to this portion as real vaterite.
The second parameter was determined by EDX measurements, which revealed a
chemical composition of shell part approximately equal to that of the theoretical vaterite

structure and a C/Ca ratio of 1.00.
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Table 3.1. Observed vaterite phases and their dissolution behavior under various H2PO4

concentrations.

core

mantle

shell

Locating region

Center of wvaterite

spherulite (0.8 — 1.5
pm)

Between core and

shell parts.

Outermost,

02 -

1.0 pm thickness.

Dissolution rate

1.38 = 5.71 nm/sec

0.63 —3.19 nm/sec

0.23 — 1.58 nm/sec

H2PO4 response on | Low Relatively high High
dissolution process
C/Ca rate from | 1.38+0.03 1.28 £ 0.03 1.09 +0.09

EDX measurement

Crystalline structure
from TEM
SAXS analysis

and

Many dislocations.
Mono-modal
crystallite

distributions

Small dislocations.
Mono-modal
crystallite

distributions

Small dislocations.

Bi-modal crystallite

distributions.
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Figure 3.1. Schematic of the in situ observation system: (a) overall observation setup
and (b) top view of the vaterite-sealed growth cell.
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Figure 3.2. The dissolution behavior and rate of vaterite dissolution in solutions with
various H2PO4™ concentrations. (a) Typical change in the diameter of particles during
dissolution of vaterite spherulite under low- H2POas-concentration conditions;
H2PO4-free (red solid squares), 20 uM H2PO4  (dark-blue solid circles), and 50 uM
H2PO4 (black open squares). The guided line signifies the two inflection points, which
indicate the boundary of shell to the mantle and vice versa. (b) Typical change in
particle diameter during dissolution of vaterite spherulites in 1 mM H2PO4™ (green open
circles). For guidance, the results for H2PO4-free conditions (red solid squares) are also
represented. Even under high- H2PO4™ concentrations, the dissolution behavior exhibited
no significant changes compared with that of the low- H2PO4 system. (c) Dissolution
rate vs. H2PO4™ concentration of the shell part (red squares), mantle part (blue squares),
and core part (green squares). The dissolution rate exponentially decreases with
increasing H2PO4 concentration. (d) Schematic illustrating the structures of vaterite
spherulites. Vaterite spherulites consist of three parts: shell part, or outermost part, with
a thickness of approximately 0.2—1 um; mantle part, which consists of tightly packed
needle-like structures; and core part, which represents the center of spherulites and
ranges from 1.5 to 3 um.
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Figure 3.3. Doping H2PO4 altered the wvaterite spherulite behavior during the
dissolution dynamics. (a, b, and c¢) Temporal images of the dissolution process of
H2PO4 -doped vaterite spherulites at (a) O min (before dissolution), (b) 30 min, and (¢)
60 min. The vaterite spherulites exhibited a hollow structure; the mantle part was
dissolved first. (d and e) Photograph of FMN-doped H2PO4 -vaterite. Temporal images
of the dissolution process of no H2PO4+ containing vaterite spherulites (reference) at (d)
0 min (before dissolution), (e¢) 30 min, and (f) 65 min. (g) Photograph of a normal
reflected light image of vaterite spherulites. (h) Photograph of the fluorescence light
image of vaterite spherulites. Red broken circles are provided as a guide for the entire
scale of vaterite spherulites. The core part was brighter than the other parts. The

concentration of FMN was greater in the core part than in the other parts.
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Figure 3.4. Change in the diameter of vaterite spherulites; H2PO4-doped vaterite
spherulite (core; green circle, shell; blue square) and no H2PO4 containing vaterite
spherulite (red; whole diameter) during dissolution under 5 mM of NaHCOs.
H2PO4-doped vaterite spherulite was corresponded to Figure 3(a-c). No H2POs

containing vaterite spherulite was corresponded to Figure 3(d-f).
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Figure 3.5. Electron microscopy images of vaterite spherulites (100 mM of Tris, 40
mM of CaCl; and NaHCOs3, and 0.3 mM of KH2PO4) at 60 min. (a) FE-SEM image
showing the hollow structure of a vaterite spherulite. (b) TEM image showing the
cross-sectional view of a vaterite spherulite. Red broken circles correspond to each
HR-TEM image. (c) Cryo-HR-TEM image of the core part. Lattice fringes
corresponding to the d-spacings of the (111) and (120) vaterite faces were observed.
Several dislocations were observed, as indicated by green circles. (d) Cryo-HR-TEM
image of the mantle part. Lattice fringes corresponding to the d-spacing of the (120) and
(210) of vaterite faces were observed. Several edge dislocations were observed. (e)
HR-TEM image of the shell part. Lattice fringes corresponding to the d-spacings of the
(201) and (220) vaterite faces were observed.
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Figure 3.6. X-ray diffraction and scattering analysis of various time periods. (a) XRD
pattern of the samples (100 mM of Tris, 40 mM of CaClz and NaHCOs3, and 0.3 mM of
KH2POs4). Calcite peaks (red reverse triangles) were observed in the later stages of
formation. (b) SAXS analysis of the samples (100 mM of Tris, 40 mM of CaClz and
NaHCOs3, and 0.3 mM of KH2POs4). The crystallite distribution of the sample reacted for
10 min exhibited a monomodal trend at approximately 5 nm; however, the crystallite
distribution of the sample reacted for 120 min revealed a bimodal trend at
approximately 10 nm and a size probability of 5 nm. (¢) SAXS analysis of the samples
(100 mM of Tris, 40 mM of CaClz, and NaHCOs3) at 10 min and 120 min. Both
crystallite distribution of the samples exhibited bimodal trend at 10 nm and 100-300

nm.
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Chapter 4

Growth dynamics of vaterite spherulites in the system of Ca-COs3-H>POy.
4.1. Introduction

As described in Chapters 2 and 3, vaterite spherulites were consisted of at least
two phases whose stability was different than each other. An unstable phase called
“pseudo-vaterite” formed prior to real vaterite. As a result, the core part of vaterite
spherulites was composed of pseudo-vaterite, shell part of that was composed of real
vaterite. The difference in their stability was reinforced under H2PO4 containing
condition. When they formed or dissolved in H2PO4 containing condition, specific
hollow structure was appeared. The dynamics and stability of materials was mainly
determined by its surface energy. Thus, in Chapter 4, it was showed that the
relationships between surface energy of vaterite and pseudo-vaterite and H2PO4
concentration with related ACC, precursor of calcium carbonate crystalline, dynamics
and H2PO4™ concentration.

The growth dynamics of calcium carbonate minerals, particularly in simulated
biological environments, has been a matter of great research interest in the field of
geochemistry and biomineralization.'* Studies in this area may contribute in clarifying
complex biological crystallization processes, the origin of life, and biological evolution,
and the knowledge gained may be used to generate new functional biomaterials.

Vaterite is an anhydrous crystalline polymorph of calcium carbonate and an
intermediate and metastable phase in simulated biological conditions.!*® It has a higher
solubility and a comparatively lower crystallinity than calcite and aragonite.!>”
Although vaterite is an initial crystalline phase in weak basic solution, the growth

mechanism of vaterite is unclear compared with those of calcite and aragonite. Oldergy
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et al.” estimated the growth rate of vaterite spherulites in supersaturated solutions. They

measured the seeded-vaterite radius ex situ and the Ca?" ions concentration as a function

119 R

of vaterite growth rate. Gomez-Morales et al.” and Kawano et al."' estimated the
surface free energy of vaterite, which is a key parameter in growth, using the incubation
time for nucleation in various supersaturated solutions. However, these studies have
provided little conclusive information on the growth mechanism of vaterite because
there has been a consensus that vaterite crystals do not grow simply by attachment of
ionic species in aqueous solutions.®> Pouget et al.!* and Gebauer et al.!® indicated that
vaterite is formed via ACC, which is a random aggregate of nanometer-scale essential
clusters (called pre-nucleation clusters) that form the vaterite structure through
cluster-based structural transformation. Chapter 3 showed that a vaterite-like
intermediate phase (called pseudo-vaterite) appeared prior to vaterite nucleation in the
presence of H2PO4. This intermediate phase had a more poor structure and a higher
C/Ca ratio than those of vaterite, and formed prior to the formation of vaterite. Thus, it
is necessary to investigate the relationship between the physico-chemical properties of
ACC and the growth dynamics of pseudo-vaterite and vaterite in relation to their
structures. In addition, when it was apply the growth model of vaterite estimated in vitro
to actual living organisms, it should be consider the effect of H2PO4™ because it is
universally present in vivo. Chapter 2 showed that one of the roles of H2PO4™ is a strong
inhibition of vaterite formation from ACC in simulated biological conditions. They also
reported that H2PO4 is easily incorporated into ACC.

Taking into account these considerations, it was provide here a new growth

model of vaterite from in situ optical microscopic observations in the Ca—CO3—H2PO4

system under simulated biological temperature, pressure, and pH. In addition to vaterite
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growth rate, it was characterized ACC structures in relation to vaterite growth using
optical spectroscopy and light scattering measurements. It was showed that vaterite only
formed via transformation from an ACC phase, and H2PO4 affected the chemical bond
structure between Ca®* and COs ions, thus forming a non-vaterite structure in ACC,

resulting in inhibition of vaterite nucleation and growth.

4.2. Experimental Methods

4.2.1. Solution preparation.
Seven mother solutions were prepared: 1 M CaClz2 and NaCl, 0.5 M NaHCOs3,
K2HPO4 and KH2PO4, 25 mM NaCl and KH2PO4 solutions as described Chapter 2

methods.

4.2.2. Measurement of vaterite spherulite growth rate and estimation of surface free
energy.

It was prepared a growth cell for in situ observation of vaterite spherulite
growth at various levels of supersaturation. Owing to the higher solubility of vaterite
than that of calcite, it is difficult to maintain supersaturation with respect to vaterite
during experiments with a constant flow of supersaturated solution through the whole
system. Thus, it was performed a rapid mixing system of a cation solution with an anion
solution in the observation cell to avoid undesirable precipitation before introduction of
the solution into the cell.

Fig. 1a shows the schematic solution-flow system. The system consisted of
two solution pumps and silicone and Teflon® tubes. Two pumps delivered the cation

and anion solutions separately into the observation cell, where the solutions were
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rapidly mixed. Fig. 1b shows the schematic image of both mixing and observation cell.
The cell was composed of pieces of glass slide and polypropylene spacers. It enabled
that fresh mixed supersaturated solutions were carried into crystals precipitation and
growth part. The observation area was approximately 100 um thick, 1 mm wide and 7
mm long. The solution was disposed after passing the observation area, and fresh mixed
solution was continuously supplied to the area to maintain supersaturation with respect
to precipitated vaterite. The flow rates of cation and anion solutions were 2 mL/min, and
the Reynolds number just after the mixing was estimated to be about 4500 indicating
that the two solutions were completely mixed. The solution pH was maintained at about
8.6 by the buffering effect of HCO3".

The cell was placed on the stage of a transmitted light optical microscope
(BX-60, Olympus Co., Tokyo, Japan), using a white-light lamp as a light source.
Photographs of vaterite spherulites were taken during a period of 20-60 s, depending on
the supersaturation and H2PO4™ concentration. It was measured the sizes of spherulites
in three directions: the longest dimension and at tilts of + 60°. The average of the three
lengths was defined as the size of the vaterite spherulite. It was measured the size of at
least 50 spherulites for each solution condition. The time evolution of spherulite size
was fitted using linear approximation and the growth rate was estimated.

The supersaturation of the solution, o, is defined as

0= (C—Ce)/Ce = (Ip/Ksp)"— 1 (1)
where C is the actual concentration, C. is the equilibrium concentration, I, is the product
of the ionic activity of CaCOs, Ksp is solubility product of the corresponding vaterite
polytypes, and 7 is the number of ions in the chemical formula (n = 2 in this study).

Each solubility of vaterite and pseudo-vaterite were estimated from the Ca*" ions
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concentrations of the corresponding equilibrium solutions, which were measured by
using ICP-AES, (SI7000, Seiko Instruments Co., Japan) after filtration of solutions
using double filtered method; a 0.22-um pore membrane filter and a 0.1-um centrifuge
filter for complete removal of solid particles.
The ionic activities of vaterite and pseudo-vaterite were given using Ca?" and CO3%"
ions concentrations in the prepared solutions as

Ipvaterite, pseudo-vaterite) = [Ca** [CO3%"] (2)

The supersaturation ranges in this study are 0.25-2.13 for vaterite and 0.16—1.89
for pseudo-vaterite. (see below)

For vaterite and pseudo-vaterite, the relationship between the growth rate R and ¢
was fitted using the multiple two-dimensional nucleation model.!*!” R is expressed
using o as

R = Ko®3(1 + 0)"3{In(1 + 0)}exp[-ny*/{3ks* T?In(1 + 0)}] (3)
where K is a experimental constant, ks is the Boltzmann constant, and 7 is the absolute
temperature.

Eq. 3 is transformed using 1/In(1 + o) as

In[R/[623(1 + 0)3{In(1 + 0)}V¢]] = InK — {my*(3ks*T?)} x 1/In(1 + o) 4)
where y is the edge free energy of a two-dimensional island, and is calculated using the
slope of the plot for In[R/[6*3(1 + 0)"*{In(1 + ¢)}'*]] against 1/In(1 + o).

The surface free energy of vaterite or pseudo-vaterite, 4G (mJ/m?), is expressed
as follows

AG = pl/(hV)'? (5)
where / is the step height, and V is the unit cell volume. Vaterite has a spherulitic

morphology; thus, it is difficult to observe its surface directly and estimate the step
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height. In this study, it was applied the structural model proposed by LeBail et al.'%, in

which 7 is assumed to be a half of the c unit cell parameter, 0.21 nm.

4.2.3. Characterization of vaterite polytypes.

Vaterite spherulites were precipitated in the same manner as described in the
previous section. The spherulites precipitated on the glass slide were removed from the
surface of the glass and collected. The spherulite residues were washed several times
using 99.5 % ethanol to stop further reaction and were dried at room temperature.

The C/Ca ratios in each part of the vaterite spherulites that precipitated under
various solution conditions were measured using FE-SEM/EDX using
CaF2-CaCO3-Na2CO3 mixture as C/Ca ratio standards. The crystallite sizes of the
precipitates were measured using SAXS. The experimental details were described in
Chapters 2 and 3.

The *C and 3'P chemical shifts in vaterite polytypes were measured using a
solid state NMR (JNM-ECX400 JEOL Co., Japan) with a resonance frequency of 400.0
MHz. For all solid state NMR measurements, MAS with a single pulse mode for *'P and
3C was applied at frequencies of 10000 rpm in 5-mm zirconia rotors. The sample
weight was approximately 1 g, the contact time for 3'P MAS measurement was 36 ms
with relaxation delays of 60 s in each interval. The number of repetitions per
measurement was 1400. For '*C MAS measurements, the contact time was 4 ms with
relaxation delays of 15 s in each interval. The number of repetitions per measurement
was 500. The chemical shifts of *C and 3'P were calibrated as 0.0 ppm using

hexamethyl benzene (CH3)6Cs and 0.5 M KaHPO4—KH2PO4 solution with a pH of 8.6.
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4.2.4. Multi-angle Dynamic Light Scattering Measurements (DLS).

First, cation and anion stock solutions were prepared. The cation solution
contained only 1M CaClz. The anion solutions contained 12.66 mM NaHCOs3 with
various concentrations of KH2PQOs. The ionic strength of the anion solutions was
adjusted to 0.1 [M/L]* by adding 1M NaCl. Supersaturated calcium carbonate solutions
were prepared by mixing the cation solution with the anion solutions at a volume ratio
of 79:1 just before DLS measurement. 0.22-um pore membrane filters before
measurement to remove dust, and were not filtered after mixing. The ionic
concentrations in the final solutions were 12.5 mM of Ca?" and CO3*", and 0-50 uM of
H2PO4". Approximately 15 mL of the final solution was placed into a spherical Pyrex®
glass observation cell 29.5 mm in diameter.

A custom-made multi-angle DLS system was used in Kanzaki et al.'® The light
source of the equipment was a semiconductor laser with a wavelength (4w) of 532 nm.
The second autocorrelation functions, G*(g,f), were measured at scattering angles, 0,
from 30° to 100° at intervals of 10°, to check the angular dependence. The accumulation
time to obtain each G*(g,f) was 120 s.

G*(q,1) is expressed as
G(q.t) =<U(q.) * 1(¢,0)>/<I(g,0)>* ®)
where 1(g,0) and I(q,?) denote the scattered intensities at time zero and time difference ¢
between the photon-counting measurement and the brackets denote the time average.
The scattering vector, g, is related to the refractive index of the solution, n, Aw, and
scattering angle, 0
q = 4nnsin(0/2)/Aw 9

The CONTIN? method was applied to analyze the auto-correlation function
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parameters using the software (ALV-Laser Vetriebsgesellschaft, ALV Co., Germany)
and to calculate the decay time, 7, of the scattered particles.
The 7 is expressed using ¢ and D, the diffusion coefticient of scattered particles,
as
1/1=q*D (10)
D is affected by the intermolecular interaction between particles, and thus, it is apparent
under finite particle concentration. The actual translational diffusion coefficient is
estimated by extrapolating D to the zero limit of concentration, however, this was not
possible in this study because the aggregation state changed with concentration.
Therefore, it was discussed the aggregation of particles using the apparent diffusion
coefficient.
The D is converted to apparent particle radius, rx, using the Einstein—Stokes
relation:
ru = kgT/6znD (11)

where 7 1s the viscosity of the solution, 0.9452 cP, at a temperature of 22°C.

4.2.5. Count of calcium-carbonate polymorph ratio.
Observed how H2PO4 affects the precipitated amount of each calcium
carbonate polymorph (vaterite or calcite) in the solutions containing ACC aggregates.
PO4-containing calcium carbonate solutions (CaCOs: 12.5, 15.0, 17.5, and
20.0 mM and H2PO4": 10 uM) in which ACC formed were prepared. Each solution was
cloudy during the initial preparation stage. Some solutions were used without further
processing, and others were rapidly filtered using 0.22-um pore membrane filters within

20 s of mixing Ca with COs. Pyrex® glass slide fragments approximately 4 mm x 7
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mm? in size were soaked in either filtered or non-filtered solution and kept for 60 min.
Then, they were removed from the solution, washed several times using 99.5 % ethanol
to stop further reaction and dried in air condition.

Photographs of the precipitates on glass slides were taken, and the numbers of
each polymorph were counted. It was measured the vaterite/calcite ratio for a minimum
of 20 different photographs for each condition. The number of polymorphs counted for

each measurement was more than 5000.

4.2.6. Characterization of ACC structure.
4.2.6.1. Raman spectroscopy.

They were prepared H2POas-containing ACC by mixing 20 mL of 12.5 mM
CaClz with NaHCO3 or Na2COs3 containing 0-50 uM K2HPO4 immediately in Pyrex®
glass bottles, which were stirred using a vortex mixer for several seconds. The pH of the
CaCl2 NaHCO3 K2HPO: solution was about 8.6, whereas that of the CaClz Na>COs3
solution was about 12.0. The ionic strength was adjusted using 1 M NaCl, 0.1 [M/L]?,
for both types of solutions.

After stirring, ACC-containing solutions were diluted with 20 times volume of
chilled (approximately —60°C) 99.5% ethanol and stirred at 1000 rpm for several
seconds to stop further reaction. The mixed solutions were rapidly centrifuged, washed
using chilled (approximately —60°C) 99.5% ethanol several times, and freeze-dried
under vacuum at —80°C.

The samples were mounted on glass slides. Raman spectra were obtained using
microscopic reflection-type Raman spectroscopy (Renishaw InVia, Micro Raman

spectrometer, Renishaw Japan Co., Tokyo, Japan) with a semiconductor laser source
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with 4w = 532 nm. All spectra were accumulated in static mode, which gives a wave

number resolution of 0.5 cm™!

. The spectrometer was calibrated using Si spectral lines
(520.5 cm™) as a standard. Measurements were conducted in the range of wavenumber

70-3200 cm !, The time required to measure each spectrum was about 120 s.

4.2.6.2. Ultraviolet/Visible light (UV/Vis) spectroscopy.

The time evolution of the ACC structure for different H2PO4 concentrations
was observed using UV/Vis spectroscopy. Gently mixed 12.5 mM CaClz with NaHCO3
containing 0-50 puM KH2POs4 for the measurements of UV/Vis absorption. The ionic
strength of the sample solutions was adjusted in the same manner as described in the
previous sections. Immediately after solution preparation, they were placed into a 4 mL
square-quartz (UV/Vis cell) and mounted on the spectrometer (UV/Vis, V-630, Jasco
Co., Hachioji, Japan). A reference solution containing the same concentrations of total
CO3; and POs concentrations without CaCl. was used for baseline calibration. A
deuterium lamp was used as a light source. The measured 4 range was 200-300 nm
with a scan rate of 200 nm/min. The interval for each measurement was about 1 min.

It was also measured UV/Vis spectra for solid ACC using reflection-type
spectroscopy (UV/Vis, V-550, Jasco Co., Hachioji, Japan located in Waseda University).
The samples were prepared in the same way as for Raman spectroscopy measurements
using quartz glass slides. The measured 4w range was 200—300 nm with a scan rate of 80

nm/min using a deuterium lamp as a light source.

4.3. Results

4.3.1. Growth behaviors and phase characterization of vaterite spherulites.
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Chapter 3 revealed that vaterite spherulites were not a unique phase, but
consisted of vaterite and pseudo-vaterite. The latter formed before vaterite and had
lower stability, higher solubility, poor crystallinity, and a higher C/Ca ratio compared to
those of vaterite. EDX and SAXS analyses can be used to distinguish vaterite from
pseudo-vaterite.

Figs. 2a and 2b show vaterite spherulite observed at different growth periods.
The spherulite had a well-rounded morphology in the early stage (Fig. 2a); however,
became irregular over time (Fig. 2b). It was observed a decrease in the growth rate over
time despite constant supersaturation (Fig. 2c¢).

The rounded spherulite morphology observed during the period of faster
growth rate, but changed into an irregular shape after the growth rate became slower.

Irregularly shaped spherulites (Fig. 3a) changed to a hollow-shell structure
irrespective of the presence of H2PO4 (Fig. 3b) after washed several times with 10 mM
NaHCOs3 solution. FE-SEM/EDX measurements showed that the average C/Ca ratio of
the outer regions of the shell was 1.03 and that of the inner regions of the shell was 1.28
(Table 1).

The SAXS measurements for irregularly shaped spherulites showed a bi-modal
crystallite size distribution with peaks at approximately 5 nm and at 50-200 nm.
However, the peak at 5 nm became weak for washed hollow-structure vaterite, and the
size distribution changed to almost unimodal with a peak at 50-200 nm (Fig. 3¢).

Fig. 4a shows solid state NMR *'P MAS spectra for rounded vaterite and hollow
vaterite. It was assumed that the origin of the *!P spectra was the H2PO4™ species in the
samples. The NMR spectrum of hollow vaterite shows a bi modal distribution with

shifts at 3.6 ppm and —0.1 ppm. In contrast, the spectrum for rounded vaterite showed a
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broad unimodal distribution with a shift from 3.1 ppm to 3.7 ppm.

Fig. 4b shows >C MAS spectra for rounded vaterite and hollow vaterite. Both
samples show a broad unimodal shift centered at 169.5 ppm. This shift corresponds to
the vaterite CO3*" chemical shift (169.07 ppm and 170.12 ppm).? The two chemical
shifts reported by Nebel et al.2! were overlapping and detected as a single broad shift in
these samples. No difference in shift in the spectra was observed between rounded
vaterite and hollow vaterite.

The chemical shifts observed in the *'P spectrum for hollow vaterite nearly
corresponded to P/ site (PO4+*") of octacalcium phosphate (3.6 ppm) and monetite
(CaHPO4) POy site (-0.1 ppm).?>%® These calcium phosphates have been reported as
layered structures containing Ca atoms that are essentially similar to the vaterite
structure. Vaterite has a layer structure in which six Ca atoms are bonded as rings. CO3
ions are located in the interspaces between Ca layers and easily migrate from the
structure.?® These data suggested that H2PO4™ ions partly replaces of COs in the vaterite
crystal structure (Figs. 4c and d).

The behavior of chemical shifts observed in the *'P spectrum for rounded vaterite,
on the other hand, was similar to that of incorporation behavior in calcite.?%2*27-2% This
suggests that H2PO4™ was absorbed onto the vaterite surface in rounded vaterite (Fig.
4e).

The growth behavior, SAXS analysis and solid state NMR data suggested that
the rounded spherulites appeared in the initial stage of growth were pseudo-vaterite with
a higher growth rate, and the irregularly shaped that appeared in the late stage of growth
were vaterite with a lower growth rate. Furthermore, the H2PO4™ response behavior was

clearly different. The discussion below is based on this model.
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4.3.2. Variation in surface free energy with H>POs concentration.

It was assumed and hypothesized that the chemical formula of vaterite or
pseudo-vaterite was stoichiometric, CaCOs3. The measured solubilities from the Ca?"
ions concentrations were

Ksppaterite = [Ca2"][CO3%] = 1.04 x 10 [M/LJ? (12)
for vaterite and

Ksppseudo-vaterite) = [Ca*J[CO3%*] = 1.44 x 10 [M/L]? (13)
for pseudo-vaterite, in the experimental conditions for ionic strength of 0.1 [M/L]>.

Figs. Sa and 5b show R values for vaterite and pseudo-vaterite depending on ¢ in
H2PO4 solutions. It was measured R for each condition in more than 50 samples; the
data were averaged and standard deviations were calculated. The maximum error of R
was less than 25%.

R exponentially increased with increasing o. With increasing H2PO4
concentration, on the other hand, R decreased even when o was kept constant. At low
values of ¢ (in a HaPO4-free solution, ¢ was 0.16 for pseudo-vaterite and 0.25 for
vaterite, respectively) and higher H2PO4", nucleation of spherulites or growth of
spherulite seeds was not detected, despite observation for more than 3 h.

It was applied growth models other than two-dimensional nucleation, spiral growth and
adhesive growth models,'®!” to analyze the growth rate data because it could not
observe the surfaces of the crystals directly.

First, it was estimated the growth parameters when the spiral growth model was
applied to the growth rate data. In this work, it could not estimate the step kinetic

coefficient S, because it is impossible to observed surface condition of wvaterite
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spherulites.’3® Thus, this calculate surface energy values of vaterite and pseudo-vaterite
is hypothesis parameter.

It was calculated £.322% R is given as R = vp where v is the step velocity and p
is the slope of the growth hillock. R is expressed as

R = hCepZksToln(1 + 0)/19ya (14)

The a is the radius of growth unit that is considered to be 1 nm.* f/y value was
estimated using the slope in the plot for 19aR against hCeksToln(1 + o). When it was
applied the y value estimated from reasonable value of cluster growth crystals (protein
and HAP crystals: y = 1.8-3.5k57) to the calculated f/y, f was 1.2-2.5 cm/s for vaterite
and 3.8-7.1 cm/s for pseudo-vaterite, respectively. The equilibrium concentration C. was
6.14x10%> m 3 for vaterite and 7.22 x 10*? m for pseudo-vaterite.

These values of f are approximately three orders of magnitude larger than
those of proteins or HAP (Buxr = 0.4x10™* cm/s)** and are comparable to those of
soluble inorganic crystals.>!*%37 When it was used the cluster-based growth for vaterite
(see the discussion part for details), as was confirmed in previous studies,*'*!3 the
application of the spiral growth model to the growth rate data was inadequate.

The adhesive growth model is given as follows:
R = Co = (BcoDsnsoV/ixsH)o (15)

where ns0 is the number of growth units in the adsorption layer (per m?),
assumed as C.x10°/m? and Dy is diffusion constant of growth units in the absorption
layer of a crystal face given as 4.93x10° m%/s considered by radius of pre-nucleation
cluster (1 nm)*, co is a constant, assumed as 1, because it is assumed that the value of
the mean displacement of the growth units on the surface, xs is much higher than the

distance between the neighboring kinks in a step given as xo. Thus, to avoid the impurity
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effect, the values of xs have been estimated for R'? against (10°8C:*V6)"? in high o
values. The value of f was 0.4x10™* cm/s which value of HAP.>*

The values of xs were 7.75x10% nm in vaterite and 4.87x102 nm in
pseudo-vaterite, respectively. These values were too small for the mean displacement of
growth units. Unless, when the values of f were applied 1.65 cm/s for vaterite and 4.13
cm/s for pseudo-vaterite which inadequate parameter acquired by using spiral growth.
The values of xs were 2.45x10 nm in vaterite and 1.54x10 nm in pseudo-vaterite,
respectively. However, the values of f from spiral growth model were unmeanigful.
Thus, the application of the adhesive growth model to growth rate data was inadequate.

Using the relationship between R and o, it was calculated y for two-dimensional
islands nucleated on vaterite or pseudo-vaterite in the H2PO4™ solutions. Fig. 6a shows
the relationship between 1/In(1 + ) and In{R/6**(1 + ¢)"3{In(1 + 6)}V}. A change in
slope was observed for 1/In(1 + o) greater than 1.8 for pseudo-vaterite and greater than
1.5 for vaterite. As has been previously reported for several crystals that grow via a

two-dimensional mode,?*-3°

it was assumed that growth proceeded via homogeneous
nucleation for 1/In(1 + o) less than 1.8 and via heterogeneous nucleation for 1//n(1 + o)
greater than 1.8. The apparent y values were calculated using the plot in heterogeneous
nucleation region.3! The apparent y values calculated for the homogeneous nucleation
region were 2.43kpT for vaterite and 1.89ksT for pseudo-vaterite in H2POs-free
solutions using two dimensional growth model. The y values of vaterite and
pseudo-vaterite were closed to those of protein and HAP crystals. Thus, the application
of the two-dimensional islands growth model to growth rate data was adequate.

The apparent y values increased with increasing H2POs concentration.

However, apparent y for pseudo-vaterite was lower than that for vaterite at all
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concentration of H2PO4". It was calculated the surface free energy, 4G, of vaterite and
pseudo-vaterite using apparent y. Fig. 6b shows the relationship between 4G and H2PO4
concentration. The 4G values in H2PO4 -free solutions were 30.7 mJ/m? for vaterite and
23.9 mJ/m? for pseudo-vaterite, respectively. Gomez-Morales et al.!” reported 4G = 40
mJ/m? for vaterite using the relationship between incubation time for three-dimensional
nucleation versus o. These results are close to this value.

The value of 4G increased with increasing H2PO4™ concentration; the rate of
increase for vaterite was higher than that for pseudo-vaterite. The 4G values were 223.9

mJ/m? for vaterite and 105.2 mJ/m? for pseudo-vaterite in solutions with 10 uM POs.

4.3.3. Effect of filtering for ACC-containing solution on vaterite formation.
Figure 7 shows the ratio of vaterite to total precipitates on glass slides soaked in
filtered or non-filtered solutions.
All solutions were slightly cloudy before filtration because of the presence of
ACC particles, and became transparent after filtration. The ratio of vaterite to total
precipitates formed in filtered solutions were markedly lower than that in non-filtered
solutions For example, in 12.5 mM CaCOs solutions, the ratio was 0.58 in the
non-filtered solution and 0.08 in the filtered solution, respectively. With increase in the
CaCOs concentration, the ratio of vaterite in the non-filtered solution increased,
however, the ratio in the filtered solution was almost constant about 0.08.
The morphology of the vaterite spherulites formed in the filtered solution was

similar to that in the non-filtered solution.

4.3.4. Spectroscopic analysis for ACC particles in Ca—CO3—H:POy system.

88



4.3.4.1. Raman spectroscopic analysis of structure of ACC structure with H,POs
concentration.

Figs. 8a—d show the Raman spectra of ACC aggregates in H2PO4-containing

solutions and the reference spectrum of amorphous calcium phosphate (ACP). The

1

strongest bands of ACC samples were all observed at about 1085 cm ', which could be

attributed to Ca—COs3 bands corresponding to the symmetric stretching of calcite (1085
cm!) or vaterite (1089 cm™!) (Figs. 8a and b) according to previous studies. 3%’
Unfortunately, the strongest bands corresponding to the symmetric stretching of
non-hydrated calcium carbonate phases are at about 1085 cm™! (1085 cm™! for calcite,
1089 cm! for vaterite, and 1087 cm ™! for aragonite); thus, this band cannot be used for
the analysis of ACC structure.

With the increase in H2PO4™ concentration, a band at approximately 1075 cm!
corresponding to an extra symmetric stretching vibration mode of vaterite was observed.
A slight shift was observed with an increase in H2PO4™ concentration, and the band of
transmitte increased with increasing H2PO4. For example, the band had a relative
intensity of about 10 without any bands in the H2POu4 -free solution; however, it changed
to bi modal bands in the 50 uM H2POs4 solutions with a relative intensity of about 60.
This indicates that Ca—COs chemical bonds similar to those observed in the ration of
vaterite structure increased with increasing H2POs4 concentration. In addition to
symmetry-stretching vibration, Raman vibrations corresponding to lattice mode and
plane bending were observed in the vaterite structure with an increase in H2PO4
concentration. The intensities corresponding to the Raman bands for vaterite (around

118 cm ™! and 301 cm™! in the lattice mode, 740.4 cm ™! and 751.1 cm! in the plane

bending mode, respectively) increased with the PO4 concentration (Figs. 8c and d).
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The band corresponding to the Raman shift, 301 cm ™, shifted toward higher
wavenumber with the H2PO4™ concentration such that the 301.2 cm ™! band in the
H2POy4 -free solution shifted to 306.5 cm™! in the 50 uM H2PO4 -containing solution.
The band at 118 cm’', on the other hand, shifted toward a lower wavenumber with
increasing H2PO4 concentration such that the 118.4 ¢cm™' band in the H2PO4-free
solution shifted to 111.8 cm ! in a 50 uM H2PO4 -containing solution (Fig. 8c).

In contrast to the Raman shift observed in the lattice mode, a slight shift was
observed in the plane bending mode of Raman bands (740.4 cm ' and 751.1 cm ') with
changes in the H2PO4 concentration (Fig. 8d).

An extra broad band appeared at approximately 210 cm™! with an increase in the
H2PO4 concentration, which corresponds to the lattice mode of aragonite, although
aragonite was not observed in the precipitates.

Large shifts in the Raman bands corresponding to symmetric stretching and
lattice modes of the vaterite structure were observed and a slight shift of the plane
bending mode was observed. A summary of the shift in Raman bands is shown in Table
2. The asymmetric stretching bands corresponding to the vaterite structure were too
weak to be detected.

Evidence of attributed bands for Ca-—PQs (Ca-H2POs or Ca-HPO4*) in ACC

samples was not detected under these solution conditions.

4.3.4.2. UV/Vis spectroscopy measurement for ACC in different H>POs
concentrations.
Fig. 9a shows the UV/Vis absorption spectra for supersaturated calcium

carbonate solutions for different H2PO4™ concentrations at immediately after mixing. A
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broad absorption band was only observed at approximately 235 nm for all HoPO4
concentrations. Absorption intensities were enhanced with H2PO4™ concentration. When
the concentration of H2PO4 exceeded 5 puM, the absorption intensity gradually
increased until 10 min after preparation of the solutions, and then became constant
during experimental period (about 120 min). It was observed that the spectra shifted
toward short wavelengths when the band intensities increased.

It was frequently observed that the absorption Raman shifted to short wavelengths
with an increase in the H2PO4™ concentration. For example, the absorption band was at
240 nm in the H2PO4 -free solution, at 229 nm in the 10 uM PO4 and at 224 nm in the
50 uM H2POyq', respectively.

Fig. 9b shows reflection UV/Vis spectra for solid calcium-carbonate
polymorphs: calcite, vaterite, and ACCs (H2PO4-free ACC and ACC containing 50 uM
H2POy). The maximum band of the spectrum for calcite was at 213 nm. The spectrum
intensity of calcite gradually decreased from 213 nm to 230 nm and showed a sharp
drop between 230 nm and 260 nm. It showed a plateau between 260 nm and 280 nm.

The maximum band of the spectrum for vaterite was at approximately 236 nm.
The behavior of the vaterite spectrum was markedly different from that of calcite. The
spectrum intensity rapidly increased at 200-210 nm and gradually increased at 210-225
nm. The intensity gradually decreased at 225-260 nm and showed a small sharp drop at
approximately 265 nm. Finally, the plateau appeared at 265-280 nm following a sharp
drop.

The band of the spectrum for H2PO4-free ACC was at 209 nm. The band showed
a sharp drop at the edge of short wavelength. The spectrum showed two plateaus at

approximately 220-240 nm and at 260-280 nm.

91



ACC containing 50 uM H2PO4 showed a broad reflection spectrum with a band
at 224 nm. The spectrum had two plateaus as well as that of H2PO4-free ACC at 240—
255 nm and 265-280 nm. The position of one of the plateaus was consistent with that

observed for vaterite.

4.3.4.3. ICP-AES measurement for total POy/Ca ratio of ACC particles.

Fig. 10 shows the total PO4/Ca ratio of ACC formed immediately after solution
preparation in the presence of total PO4 ions. The ratio increased linearly with
increasing H2PO4™ concentration. The ratio was 3.8x10% in 20 uM H2PO4 and 9.7x10°?
in 50 uM H2PO4 both of which contained 12.5 mM CaCOs. The band positions and
intensities observed in the Raman and UV/Vis spectra of ACC, and the total PO4/Ca

ratios in H2PO4™-containing solutions are summarized in Table 2.

4.3.5. Time evolution of ACC particles revealed by DLS measurements.

The solutions containing low concentrations of H2PO4 (for example, 5 uM
H2PO4") showed abnormal autocorrelation functions that exceeded 2 as a result of abrupt
increases in intensity during measurement (Fig. 11a) compared with a solution with a
high H2PO4™ concentration. It was excluded these data from the results. Solutions with
H2PO4 concentrations greater than 10 pM showed normal autocorrelation functions
(Fig. 11b).

The relationship between 1/t and ¢* using autocorrelation function data was
obtained for all samples to estimate D with high accuracy (less than 5% error) (Fig. 11c¢).
It was checked that the relationships was linear to assess the reliability of the measured

autocorrelation functions.
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Fig. 11d shows the time evolution of particle radius in H2PO4 solutions. The
time evolution can be classified into three stages for all solutions: particle radius simply
increased over time (stage 1), reached equilibrium (stage 2), and then it decreased over
time (stage 3). The particle radius in each solution was larger than 80 nm immediately
after solution preparation, suggesting that nucleation of ACC rapidly occurred after
mixing of the cation and anion solutions.

The particle radius compared at a fixed time increased with the increase in H2PO4
concentration for stage 1. The duration of this stage and the growth rate of particles
during this stage both slightly increased with increasing H2PO4™ concentration.

Conversely, the duration of stage 2, in which the particle radius was almost
constant, increased with an increase in H2PO4 concentration. Approximately 40 min of
duration in the 10 uM H2POs -containing solution decreased to approximately 5 min in
the 20 uM H2PO4 -containing solution.

The change in particle radius over time in stage 3 was strongly dependent on the
H2PO4 concentration. At low concentrations of H2PO4, such as 10 uM, a simple
decrease in the radius and number of particles, estimated from the scattering intensity
decrease, were observed over time. When the particle radius decreased to 100 nm, an
autocorrelation function could not be obtained because the scattering intensity was too
low.

At high concentrations of H2POx4", such as 50 uM, the radius did not show a simple
decrease over time. The calculated particle radius distribution showed a bimodal nature:
one band (corresponding to smaller particles) showed a decrease in radius over time,
and the other band (corresponding to larger particles) showed an increase in radius over

time, although the average scattering intensity of the solutions decreased over time. The
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bimodal distribution was observed at the start of stage 3. Although the larger radius
particles increased and reached about 500 nm after 120 min in the stage 3, measurement
had to cease because the scattering intensity corresponding to smaller particles became
too lower for detection.

Sampled solutions and quenched ACC particles had done at each stage. Figs. 11e
and f show FE-SEM photographs of samples prepared at different stages for two
different H2PO4 solutions. The ratios of supersaturated calcium carbonate solutions
were 1.21 in vaterite and 1.04 in pseudo-vaterite.

ACC was present as an aggregated form composed of small spherical particles
around 20 nm in radius when the concentration of H2PO4™ was low (5 M) in stage 1.
The autocorrelation function was not detected here because the size of the ACC
aggregates was too large (Fig. 11e). When the H2PO4™ concentration was high (20 M),
ACC aggregates were not present and ACC particles about 50 nm in radius were

observed (Fig. 11f).

4.4. Discussions
Calcium carbonate crystalline particles precipitated on the walls and at the
bottom of cells. In low-concentration H2PO4" solutions, they mainly consisted of vaterite
spherulites, and the amount of «calcite increased with increasing in H2POs
concentration.
This study revealed the characteristics of vaterite growth dynamics in the Ca—
CO3—H2PO+ system under simulated biological conditions. In H2POs -free solutions, the
values for apparent edge free energy was y = 2.43ksT for vaterite and y = 1.89k57 for

1.29

pseudo-vaterite. Malkin et al.” investigated the growth dynamics of the (101) face of
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ammonium dihydrogen phosphate crystal, which is a representative soluble inorganic
crystal. The (101) face grew by two-dimensional nucleation and y was estimated to be
0.7ksT. Sazaki et al.>® investigated the (101) face of the lysozyme crystal of a protein
crystal, and found that y was 2.8ksT. These studies indicate that the value of y greatly
depends on the size of the essential growth unit of crystals, i.e., whether a crystal is an
ionic species or a macroscopic molecule. Onuma et al.*! investigated the (0001) face of
a hydroxyapatite crystal with a homogeneous two-dimensional nucleation growth mode,
and showed y to be 3.3ksT. This large value of y suggested that the growth unit of
hydroxyapatite is not an ionic species but large molecular clusters, which was
confirmed by light scattering measurements and ab initio calculations.3**"

The value of apparent y for vaterite and pseudo-vaterite was two or three times
larger than that of soluble inorganic crystals; this value is comparable to those of protein
crystals and hydroxyapatite, the representative biomaterial, as well as calcium
carbonates. The large y of vaterite and pseudo-vaterite is consistent to the conclusion of
previous studies concerning the growth unit of calcium carbonates, i.e., that they are
clusters.

Next, it was discuss the inhibiting effect of H2PO4™ on vaterite growth. On the
basis of the growth rate measurements, there are two possibilities for the mechanism
causing the H2PO4™ effect. First, H2PO4 is simply adsorbed onto the surface of vaterite
and stops vaterite growth. Second, H2PO4 changes the ACC structure and inhibits its
transformation into vaterite.

One of the important pieces of evidence for distinguishing between these two
possibilities is the filtration experiment, which suggests that ACC is one of precursors in

the formation of vaterite and pseudo-vaterite. The Raman spectra indicated that the

95



structure of ACC changed from calcite-like amorphous into vaterite-like amorphous
with an increase in PO4 concentration. This result was revealed from the behavior of
Ca—COs3 bands such as those at approximately 1085 cm™, where the bands changed
from a unimodal calcite-like pattern to a bi modal vaterite-like pattern. The shifts of the
absorption band in the UV/Vis spectra were consistent with the conclusion from Raman
measurements that ACC particles had vaterite-like structures in the H2PO4"-containing
solutions.

However, this conclusion is seemingly inconsistent with the results of the
growth rate measurements because both vaterite and pseudo-vaterite growth were
strongly inhibited in H2PO4-containing solutions, despite the increase in vaterite-like
structure in ACC in the presence of H2PO4. It was assumed that the increase in
vaterite-like structures in ACC with H2PO4 did not correspond to actual vaterite
structure, therefore, they could not be transformed into crystalline vaterite. These
vaterite-like structures are “junk parts,” and their increase resulted in a marked
reduction in the actual vaterite growth rate.

Demichelis et al.*' investigated the structure of pre-nucleation clusters of
calcium carbonate under various pH conditions using molecular dynamics calculations.
They showed that the size, distribution, and coordination number of the cluster
increased with an increase in solution pH. The essential chemical bond between Ca and
COs in ACC is Ca—C, corresponding to a calcite-like structure at relatively lower pH
condition about 8.5, which is comparable to this experimental condition, and O-C,
corresponding to a vaterite-like structure, at relatively higher pH condition about 11.5.
This conclusion was also supported by experiments.?! At lower pH, HCOs™ ion pairs are

formed in which H" bonds O of COs. This inhibits the formation of O—Ca bonds,
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resulting in ACC particles with small particle distributions. They also indicated that the
average size of ACC particles increases at higher pH because of the absence of H' ions,
which acts to block ACC aggregation.

The conclusion concerning the effect of H2PO4 on ACC structure is comparable to
that caused by increasing the pH of the solutions. When the results obtained by
Demichelis et al.*! are applied to this case, it appears that H2PO4 binds H" in ACC and
changes the ACC structure. This drastically reduces the number of growth units that
originally construct the vaterite structure via cluster-based phase transformation from
ACC. Some previous studies had investigated the effect of H" on amorphous phases,
and they support these conclusion.***

The effect of H2PO4™ on vaterite growth can be summarized as follows. H2PO4" is
not only absorbed on the surface of vaterite as a conventional impurity but also changes
the structure of the growth unit in ACC before the vaterite forms via phase
transformation from ACC. This modified structure is vaterite-like, but is never the
actual vaterite structure. It is highly likely that PO4 binds H" in ACC particles, thus
reducing the free space in ACC and resulting in the ACC structure being more closely
packed. These closely packed ACC particles cannot form the growth unit of vaterite.
The supersaturation of the solution is defined using the CaCOs concentration. However,
PO4 reduces the growth units of vaterite, which decreases the supersaturation with
respect to vaterite despite the average CaCOs concentration being kept constant.
Because of this decrease in actual supersaturation, a higher supersaturation of the bulk
solution than would be expected required for nucleation and growth of vaterite, which
causes an increase in the apparent surface energy of vaterite in H2PO4'-containing

solutions.
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Because of the difference in apparent surface free energy, pseudo-vaterite phase
is likely to precipitate under high H2PO4 concentrations. When the H2PO4
concentration further increases, crystalline vaterite dose not precipitate, and ACC with a
vaterite-like chemical structure is stable.

It was obtained conclusive information in this study to explain why vaterite is
rarely observed in biological hard tissues. Small amounts of H2PO4” (H2PO4/CaCO3 =
below 1/1000), which is essential for all living organisms, are sufficient to inhibit
vaterite nucleation and growth. It was also observed that fluctuations in H2PO4
concentration caused the formation of non-uniform vaterite-like structures, which are

inadequate for stable hard tissues in vivo.

4.5. Conclusions

In Chapter 4, it was investigated the growth dynamics of wvaterite and
pseudo-vaterite in the Ca—CO3—-H2PO4" system under simulated biological conditions in
relation to the physico-chemical properties of ACC, the precursor of vaterite. A possible
inhibition mechanism of H2PO4™ on vaterite growth is that the apparent surface free
energy was increased by decreasing supersaturation with respect to vaterite, which is
caused by the reduction of cluster numbers corresponding to vaterite structure in ACC.
This effect is more evident in vaterite than in pseudo-vaterite because the structure of
pseudo-vaterite is looser than that of vaterite. Therefore, in higher H2PO4™ solutions, the
unstable phase of vaterite is likely to appear because of its lower surface free energy.
With an increase in the H2PO4 concentration, the dominant phase in the solutions
changes from vaterite to pseudo-vaterite.

There have been several reported about the phase diagrams of precipitated
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mineral polymorphs in the Ca—CO3-H2PO4 system.***® However, there have been few
studies concerning the dynamics of minerals in the Ca—CO3—H2PO4 system, particularly
in relation to the physico-chemical properties of amorphous material despite the fact
that it forms an initial phase for all minerals. These results will contribute to the

understanding of biomineralization in the Ca—CO3—-H2PO4 system.
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Table 4.1. Summary of the physico-chemical properties of vaterite and pseudo-vaterite
in the Ca—CO3-H2PO4 system.

Vaterite

Pseudo-vaterite

Crystal structure

Highly crystalline phase.
Crystallite size was around

200 nm

Low crystalline phase.
Crystallite size distribution
was bi-modal, around 10

nm and 150 nm.

Chemical composition, | 1.08 +£0.08 1.28+0.15

C/Ca ratio

Solubility, Ksp [M/L? 1.04x10°8 1.44x10°8

H2PO4 responce High response and low | Relatively low response
absorption and high absorption

Table 4.2. Summary of Raman spectra, UV/Vis spectra, and total PO4/Ca ratio of ACC

particles for solutions with different H2PO4 concentrations.

Sample conditions

H2POy4 free

H2PO4 20 uyM

H2PO4 50 uM

Lattice mode

118.4,301.2 cm!

113.4, 304.5 cm’!

111.8, 306.1 cm’!

In plane bending 740.4,751.1 cm™ 740.4,751.1 cm™ 740.4,751.1 cm™
Symmetry 10798 cm, and | 10769 cm!, and | 10754 cm?, and
stretching one which cannot | one which cannot | one which cannot

divide calcite

divide calcite

divide calcite

UV/Vis-Abs band at | 239 nm 231 nm 226 nm
immediately  after

mixing

UV/Vis-Abs band at | 240 nm 229 nm 224 nm

10 min
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Figure 4.1. Experimental setup for vaterite growth rate measurement. (a) Overall
diagram of the observation system. The arrows indicate the flow direction of the
solutions. (b) Schematic of the growth cell. The cell consists of three parts: the solution
mixing part, the observation part, and the waste part. The circles indicate vaterite

spherulites, the rectangular area containing circles denotes the observation part, and the
arrows indicate the flow direction of the solutions.
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Figure 4.2. Growth behavior of precipitated spherulites in supersaturated solutions. (a)
Optical microscopic photograph of spherulites 20 s after the start of growth.
Supersaturation o was 1.80 for vaterite and 1.58 for pseudo-vaterite (H2PO4 -free
condition). The spherulites exhibit a well-rounded morphology. (b) Optical
photomicrograph of spherulites 140 s after the start of growth. The well-rounded shape
observed in (a) has changed into an irregular one. (c) Change in average spherulite
radius over time measured around at center of spherulites. Growth rate (slope of line) of
spherulites decreased after 60 s. The black dotted line corresponds to the growth rate of

pseudo-vaterite and the green dotted line to that of vaterite.
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Figure 4.3. Phase characterization of spherulites. (a) FE-SEM photograph of irregularly
shaped spherulites precipitated in the same solution as Fig. 2. The photograph was taken
300 s after the start of growth. (b) FE-SEM photograph of hollow spherulites obtained
by washing the spherulites in (a) using 10 mM NaHCOs solution. (¢) SAXS
measurements for (a) and (b). The crystallite probability of (a) and (b) is indicated

respectively.
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Figure 4.4. 3'P MAS and *C MAS NMR spectra of rounded vaterite and hollow
vaterite, and schematic images of vaterite and pseudo-vaterite in relation to incorporated
POs. (a) *'P solid state MAS NMR spectra. 1: rounded whole spherulite. 2: hollow
spherulite. (b) *C solid state MAS NMR spectra. 1: rounded whole spherulite. 2:
hollow spherulite. (c) Schematic image of incorporation POs ions into the vaterite
crystal structure viewed from the b-axis. POs (triangular pyramids) has replaced COs3
(triangles) in the spaces between the Ca layers (Ca atoms are indicated as light grey
(near side) and blue (back side) spheres). (d) Schematic image of incorporation of PO4
ions into the vaterite structure viewed from the g-axis. Blue rods correspond to COs.
The open black square of (¢) and (d) denote a unit cell in the vaterite crystal structure.
(e) Schematic image for adsorption of H2PO4 onto pseudo-vaterite. Spheres indicate
pseudo-vaterite crystallites, and triangular pyramids indicate H2PO4 adsorbed onto the

surface of the pseudo-vaterite crystallite.
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Figure 4.5. Relationship between R and ¢ in H2POs-containing solutions. (a)
Pseudo-vaterite. (b) Vaterite. The symbols and fitting lines by 2D nucleation models
correspond to data measured at various H2POu4™ concentrations: red solid diamonds with
fine broken line (H2PO4 -free solution), light blue solid squares with fine broken line
(1.25 uM H2POs-containing solution), green solid circles with fine broken line (2.50
uM H2PO4-containing solution), pink open diamonds with fine broken line (5.00 uM
H2PO4-containing solution), purple open squares with fine broken line (6.25 uM
H2PO4-containing solution), grey open circles with fine broken line (7.50 uM
H2PO4-containing solution), grey solid diamonds with roughly broken line (8.75 uM
H2PO4 -containing solution) and grey solid squares with roughly broken line (10.00 uM
H2PO4 -containing solution).
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Figure 4.6. (a) Logarithmic plots of growth rate of the vaterite (solid circles) and

pseudo-vaterite (solid circles) for calculation of edge free energy under H2PO4™ free

conditions using two dimensional nucleation theory. (b) Change in surface free energies

of vaterite (solid circles with dotted line) and pseudo-vaterite (solid diamonds with

dotted line) with H2PO4™ concentration.
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Figure 4.7. Ratio of vaterite in total calcium carbonate precipitates in filtered (purple
bars) and non-filtered (green bars) solutions.
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Figure 4.8. (a) Raman spectra of ACC at 70-3200 cm™! precipitated in solutions
containing no H2PO4™ (1), 5 uM H2PO4 (2), 10 uM H2PO4 (3), 15 pM H2PO4™ (4), 20
uM H2PO4 (5) and 50 uM H2PO4 (6). The spectrum of ACC precipitated in
Na2CO3-CaClz solution is (7) and that of ACP precipitated in KzHPO+—CaClz solution is
(8). Spectrum of vaterite is (9) and that of calcite is (10). (b) Expanded Raman spectra at
1000-1200 cm ! for the same samples as in (A). H2PO4-free (1), 5 uM H2PO4 (2), 10
uM H2POs (3), 15 uM H2PO4 (4), 20 uM H2PO4 (5), 50 uM H2PO4 (6), Na2COs3—
CaCl2 ACC (high pH ACC) (7), calcite (8), vaterite (9). A bi modal trend was observed
with increasing H2PO4 concentration. (c) Expanded Raman spectra at 70-400 cm ™! for
the same samples as (1) to (6) in (a). (d) Expanded Raman spectra at 650-800 cm ! for
the same samples as (1) to (6) in (a).
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Figure 4.9. UV/Vis spectra of ACC in H2PO4 -containing solutions and those of solid
calcium carbonate polymorphs. (a) In situ UV/Vis spectra of ACC in solutions measured
immediately after mixing. The absorption intensities were enhanced with increasing
H2PO4 concentration. The H2PO4™ concentrations in solutions were HoPO4™-free (1), 5
uM (2), 10 uM (3), 15 uM (4), 20 uM (5) and 50 pM (6). (b) Solid UV/Vis spectra of
ACC precipitated in H2PO4™ solutions and those of calcium carbonate polymorphs. The
H2PO4 concentrations in solutions were H2PO4'-free (1) and 50 uM (2). The spectrum
of calcite is (3), and that of vaterite is (4).
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Figure 4.11. Multi-angle DLS measurements for the time evolution of ACC particles in
H2PO4 -containing solutions. (a) Auto correlation functions measured in
H2PO4 -containing solutions. The solid and roughly broken black curves indicate data
for 5 uM H2POs taken immediately after solution preparation (solid: scattering angle
40°, roughly broken: scattering angle 90°). The fine broken grey curve shows data for
20 uM Ha2PO4 taken immediately after solution preparation (scattering angle: 30°). The
auto correlation functions showed abnormal values (>2) for low concentrations of

H2PO4 just after solution preparation. (b) Autocorrelation functions for high H2PO4
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concentrations measured immediately after solution preparation. Solid black (scattering
angle 40°) and broken roughly grey (scattering angle 80°) curves were measured for 20
uM H2POs-containing solution. Solid grey (scattering angle 40°) and finely broken
grey (scattering angle 80°) curves were taken in 50 uM H2PQO4 -containing solution. (c)
Relationships between 1/z and ¢* in 30 uM H2PO4 -containing solution measured 2 min
after solution preparation. (d) Change in hydrodynamic radius of ACC particles over
time in H2PO4™-containing solutions. Dark grey diamonds correspond to data taken at 10
uM H2POq', light grey diamonds correspond to 15 uM H2POx«", grey square to 20 uM
H2PO4, black circles to 30 uM H2PO4, and grey circles to 50 pM H2PO4". (¢) An SEM
image of aggregated ACC particles precipitated in 5 uM H2PO4'-containing solution
taken 20 min after solution preparation. (f) An SEM image of separated ACC particles

precipitated in 20 uM H2PO4'-containing solution taken 1 h after solution preparation.
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Chapter 5

Calcium carbonate polymorph selection effect of HPO/ and -PO/.
5.1. Introduction

As described in Chapter 2 to 4, inorganic phosphate ion is great inhibitor of
calcium carbonate formation. As described in Chapter 2 to 4, under weak basic solution,
the inhibit effect of phosphate to vaterite was stronger than that to calcite. Around weak
basic pH value, it is described that phosphate ions reveal mono charge described as
H2PO4. However, it is indicated that the charge of phosphate ions is flexible, easily
transformed double charges (HPO4*) and non-charge (H3PO4) depending on solution
pH.! It is natural that the affection of different charged phosphate into calcium
carbonate formation was different. In addition, phosphate molecules were contained in
numerous organic molecules as phosphate (forming as -HPO4 or -PO4*) functional
groups. It was quite natural that the phosphate functional groups in organic molecules
effect on calcium carbonate formation. However, it was also considered that their effect
into calcium carbonate formation was different to that of HPO4>" or H2PO4™, because of
different charge of phosphate functional group under weak basic solutions. Thus, in this
chapter, focusing on how dose HPO4* affect to calcium carbonate crystalline phases,
calcite and vaterite formation using phosphate-functional groups containing organic
molecules which reveal -PO4* under weak based solutions or in high pH solution.

Calcite is a stable phase in weak basic solutions and formed as rhombohedral
crystals.?® The calcite crystal has well-developed crystal structure and completely
cleavage surface. Vaterite is a metastable calcium carbonate phase present in weak basic
solutions.?> Vaterite shows higher solubility and comparatively lower crystallinity than

calcite and aragonite.>*’ Previous works showed that there are vaterite crystals with
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various morphologies, such as well-rounded spherulite, plate-like crystals, and dendritic
forms ® 1!

When calcium carbonate precipitated in a weakly basic solution, the intermediate
transition phase, pseudo-vaterite and ACC, with lower stability and higher solubility
than vaterite, formed prior to vaterite. These tendencies were reinforced in the
increasing of phosphate ions.!*!* When vaterite preferentially formed, mostly inorganic
phosphate ions have H2PO4 structures.! Thus, it is considered that the effect of
phosphate ions into vaterite (and calcite) is mono-charged ion effect. However,
phosphate structure emerged not only inorganic ions but also phosphate-functional
group of organic molecules. It is still unclear how HPO4* and -PO4* act into calcium
carbonate mineralization. In this work, using FMN as -PO4%* in weal base solution, it
was investigated how HPO4* and -PO4* act in calcium carbonate mineralization.
Furthermore, it is also investigated how HPO4* ions affect into calcite formation

especially morphology and surface roughness using high pH solutions.

5.2. Experimental Method
5.2.1. Solution preparation.
Experimental solutions were prepared as describing Chapter 2. In Chapter 3, five
mother solutions were prepared: 1 M of CaClz, 2 M of Na2COs3, 25 mM of NaCl and

KH2PO4 and FMN.

5.2.2. The neutralization titration of FMN from HCl-acidic condition using NaOH.
The 50 mL of 20 mM FMN and 100 mM HClI-containing solution was used for

neutralization titration. It was stirred using magnetic stirrer bar at 400-600 rpm. The
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solution pH was monitored using pH electrode (#9615-10D, Horiba Co., Kyoto, Japan).

100 mM NaOH was added per 2 uL and recorded pH values.

5.2.3. Preparation of FMN-containing supersaturated calcium carbonate solutions
and their dynamics.

Two stock solutions (cationic and anionic) were prepared. The cationic solution
contained 1 M CaClz. The anionic solution was obtained by mixing H20 (96.5 mL) and
NaHCOs3 (2 mL) with various volumes of NaCl and FMN for a total volume of 0.5 mL.
The FMN concentration in the anionic solution was 10 uM, and the ionic strength of the
solution was maintained at 0.055 [M/L]? using NaCl.

FMN-containing supersaturated calcium carbonate solutions were prepared by
mixing cationic and anionic solutions at a volume ratio of 1:99. This mixture was stirred
at 400—600 rpm. Final ionic concentrations equaled 10 uM for FMN and 10 mM for
Ca?" and COs3?". The pH of the final solutions amounted to about 8.6. Solutions were

stirred at 400—600 rpm during the reaction.

5.2.4. Observation and characterization of calcium carbonate precipitates.

The FMN-containing calcium carbonate solutions were sampled at specific
intervals to examine precipitate morphology and identify the polymorphs present during
phase transformation.

Aliquots were centrifuged to separate precipitates from solution. The isolated
precipitates were washed several times using a 1:1 mixture (v/v) of 99.5% ethanol and
isopropanol. They put at room environment and eventually dried for FE-SEM and TEM

observation.
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Precipitate morphologies were observed by FE-SEM. Crystal phases were
measured by XRD. The details were described in former chapters. Each step took 0.5 s.
Chemical shifts were measured by an attenuated total reflection (ATR) type of FT-IR
spectrometer (FT-IR: Nicolet 6300, ThermoScientific Co., USA) equipped with a
triglycine sulfate (TGS) detector (32 scans, resolution 2 c¢cm™). The background of
measurements was atmosphere. The determination of the FMN-containing hollow
structural vaterite relative surface area [m?/g] was realized by low temperature nitrogen
adsorption based on the method Brunauer et al.'* and is termed Brunauer-Emmett-Teller
(BET) surface area. The measurements were performed by BELSORP-minlIl, Nippon
BEL Co., Osaka, Japan. The sample were evacuated at 40 °C over night and nitrogen

was introduced in eleven pressure steps (P/Po = 0.05-0.30) at a temperature of -196 °C.

5.2.5. In situ monitoring of the dissolution behavior of FMN-containing vaterite
spherulites and FMN-calcite interactions by fluorescence optical microscopy.

The morphological evolution of FMN-containing vaterite spherulites during
dissolution and the interactions between FMN and the calcite surface were monitored
by fluorescence microscopy (Olympus BX-53, Olympus, Tokyo, Japan). These
experiments involved (1) setting up the in sifu observation system as well as (2)
preparing and reacting the solution for dissolution.

The in situ observation system consisted of a disposal self-built observation cell
and a solution flow system, as previously described by Chapter 3. Briefly, the
observation cell comprised a glass slide and polypropylene tubes, which were
positioned on a Si plate coated with FMN-containing vaterite spherulites. To examine

the morphological evolution of FMN-containing vaterite spherulites during dissolution,
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Si plates were dipped into a solution composed of 10 mM CaClz, 10 mM NaHCO3, and
10 uM FMN for 2 h. The vaterite spherulite-coated plates were subsequently washed in
double-distilled water and dried.

The Si plates were also dipped into a solution composed of 10 mM CaClz and
Na2COs for 2 h to form calcite crystals on the surface. The calcite crystals-coated plates
were subsequently washed in double-distilled water and dried.

The observation cell was placed on a fluorescence optical microscope (Olympus
BX-53, Olympus, Tokyo, Japan) equipped with a fluorescence optical filter set (Omega
Optical Filter Set XF71, Omega Optical USA). FMN exhibits an excitation wavelength
Ae of 474 nm and a fluorescence wavelength As of 540 nm.

The dissolution solution of vaterite spherulites used in the flow system contained
10 mM NaHCO:s3, that of calcite crystals contained 10 mM NaHCO3 and 10 uM FMN,

were pumped using a rotary pump into the observation cell at 2 mL/min for 1 h.

5.2.6. Synthesis of FMN-containing hollow vaterite by partial dissolution method.
Vaterite spherulites were prepared in 2 h from 10 mM CaCOs3 and 10 uM FMN.

Vaterite spherulites (about 0.1 g) were dispersed into 10 mM NaHCOs3 (500 mL) by

stirring at 200-300 rpm for 2 h. Samples were treated and characterized, as previously

described at section 2.3.

5.3. Result
5.3.1. The neutralization titration of 20 mM FMN-containing aqueous solution.
Figure 1 shows the acid-base titration curve of FMN. FMN aqueous solution

showed two-plateau positions around pH 6-7 and 9-11. Ionic charge conversion induced
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plateau condition during titration. Then, these plateau conditions were corresponding to
-PO4H: to -POsH" around pH 6-7 and -PO4H" to -PO4* around pH 9-10, respectively. It
is indicated that in weak basic solutions (pH around 9.0), phosphate-functional group of
FMN showed mainly -PO4* form. Thus, when FMN molecules affect in calcium
carbonate formation process, they act as PO4> form into calcium carbonate formation in

weak basic conditions.

5.3.2. Phase characterization of calcium carbonate formed in FMN-containing
solutions.

Figure 2 shows X-ray diffraction (XRD) patterns of calcium carbonate precipitates
formed after 2, 6 and 12 h of stirring (400—-600 rpm) at room temperature and 1 atm.
These precipitates resulted from a mixture of 10 mM CaClz and 10 mM NaHCOs (pH
8.6) in the presence or absence of FMN (10 uM FMN). The FMN-free samples (Fig. 2a)
show peaks of calcite (closed reverse triangles) and vaterite (closed circles). The ratio of
calcite increased with increasing reaction time. Conversely, FMN-containing samples
showed only peaks for vaterite (Fig. 2b). FMN-free samples displayed peaks only for
calcite after 12 h of reaction whereas calcite phase was not observed in 10 uM
FMN-containing precipitates after 12 h.

FE-SEM micrographs (Figure 3) revealed that these precipitates mainly consisted
of spherical vaterite crystals with diameters ranging from 2 to 5 um formed in both
FMN free or 10 uM FMN-containing solutions after 2 h of reaction. FMN-free
precipitates mostly displayed irregular spherical shapes and aggregates (Fig. 3a). In
addition, rectangular calcite crystals were often observed. In contrast, FMN-containing

samples mainly comprised well-defined spherical crystals showing 1-5 um diameters
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and a few irregularly shaped spherulites with 0.5-2 pm diameters (Fig. 3b). The results
suggested that FMN acts as a homogenizer for the vaterite morphology, leading to the
conversion of irregularly shaped particles to well-defined spherical particles. The
well-defined spherical crystals consisted of 0.5-2 pm long and 10-100 nm thick rigid
crystals. These fibrous crystals were tightly packed and radially elongated from the
sphere centers. The average diameter of well-defined spherulite equaled 4.3 + 0.8 um by
the counting method. The average radius of irregularly shaped spherulites was not
calculated because they formed complex aggregates.

Figure 4a shows an FE-SEM image of an entire hollow FMN-free vaterite
structure after partial dissolution. During the dissolution, the hollow structure
maintained a well-defined spherical morphology resulting from the fibrous crystal
aggregates. However, the FE-SEM image revealed a gap in the particle center. The
structure comprised 50-100 nm thick shells of fibrous crystal aggregates (insert image
of Fig. 4a), which were separated from each other. Their grain boundaries were clearly
defined. Fig. 4b shows the XRD pattern of 10 uyM FMN-containing vaterite obtained by
partial dissolution. This XRD pattern was essentially the same as that before partial
dissolution. The XRD sharp peaks corresponded to vaterite and no peaks of calcite were
detected. The average diameter of the hollow centers in the particles was 1.5 + 0.6 um
as determined using the counting method. The specific surface area of the resulting
particle was 13.6 + 5.3 m?%/g.

Note that the analysis of the FT-IR spectrum revealed the presence of small
amount of an amorphous calcium phosphate phase (broad absorbance peak at
approximately 986 cm™) in the FMN containing hollow vaterite spherical particles (Fig.

5a)."> Fig. 5b showed FT-IR spectra in the calcium carbonate v3 vibration frequencies
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regions of the samples. Both samples revealed broad absorption peaks at 1398, 1440
and 1480 with 1490 cm™ as a shoulder, which corresponded to poorly crystallinity
vaterite or amorphous calcium carbonate (ACC).!%!7 However, they also showed shape
peaks in the internal modes region (black solid circles in Fig. 5a). Thus, it was
concluded that both samples were identified as low crystallinity vaterite rather than

ACC.'617

5.3.3. Dissolution dynamics of FMN-containing vaterite spherulites.

The dissolution behavior of FMN-containing vaterite formed in an undersaturated
solution (10 mM NaHCO3) was monitored in situ to clarify its formation mechanisms.
Figure 6 shows the fluorescence image of vaterite spherical crystals that were settled on
a silicon plate in a solution flow cell prior to dissolution. It can be seen that the
spherical vaterite crystals exhibited no internal discontinuities. In addition, FMN was
detected throughout the spherical crystals. The fluorescence image of the spherical
crystals after 1 h of dissolution indicated boundary separations (Figure 5b). This result
suggested that FMN affected the outer portions of the spherical crystals strong than their
cores, thus inducing the formation of hollow structural vaterite spherulites, as
previously observed for phosphate.!%!3 In general, vaterite is rapidly converted to calcite
in aqueous solutions via a dissolution-reprecipitation process.” However, under FMN
containing condition, this process was strongly inhibited. The key of this phenomenon

was calcite surface interact between FMN in aqueous solutions.

5.3.4. HPO4- or -PO/* interaction on calcite surface.

Figure 7a showed fluorescence micrograph of calcite crystals in
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FMN-containing solutions. It is clearly evidenced that the surface of calcite crystals
were brightness. It was indicated that FMN absorbed onto calcite surface. Thus, it is
concluded that the calcite formation inhibition effect of FMN is regarded as FMN
absorbed onto the surface of calcite. Figure 7b showed FE-SEM micrograph of calcite
crystals formed in 3 mM CaClz and Na2COs and, 10 pM FMN-containing solutions at
2hours. Calcite crystals revealed porous structures.

It is suggested that HPO4* absorbed onto calcite surface. When calcite formed
under HPO4*-containing high pH (above 12.0) condition, the surface and morphology
of calcite was greatly altered. Figure 8 showed FE-SEM micrographs of calcite crystals
formed in high pH condition (Fig. 8a: HPO4* free, Fig. 8b: 10 uM HPO4* and, Fig. 8c:
100 uM HPO4*). In HPO4*-containing solution, calcite crystals revealed porous
structures. It suggested that HPO4* ion absorbed onto calcite crystals and altered their
morphologies. Furthermore, high HPO4* induced vaterite (Fig. 8c). TEM observation
with microtome method indicated porous calcite crystals were essentially consisted of
randomly aggregation of pillar like calcite crystals ranging 5 nm in width and 20 nm in
length, respectively (Fig. 8d-f). This structure was essentially regarded as mesocrystal.

Figure 9 showed XRD pattern of precipitates formed in various
HPO4*-containing solutions at high pH (above 12.0). In HPO4* free or low
concentration solutions, the precipitates were essentially calcite. However, in 100 uM
HPO+*-containing solution, precipitates showed a few amounts of vaterite peaks with
large amount of calcite peaks. It indicated that HPO4* induced vaterite formation in pH

conditions.

5.4. Discussion
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This tendency was clearly contrast to H2PO4™ as described Chapter 2, 3 and 4.
Briefly, the inhibit affection of vaterite is much stronger than that of calcite. However, it
is clearly contrast that the affection of HPO4* into calcium carbonate formation
compare to H2PO4™. It is strongly suggested that surface attraction of calcite and, HPO4*
or -PO4* play an essential role in inhibiting affection. The HPO4? and -PO4* selective
absorbed onto calcite surface and inhibit its growth. This tendency was similar to
calcite-aragonite problems.!®2® Some kind of polypeptide and protein selectively
adhered onto calcite as if epitaxy. Phosphate ions were selective absorption should
cause polymorph alternation even stabilized metastable phases.

Phosphate ions are easily converted HsPOs (-H2PO4), H2PO4 (-HPO4") and
HPO4+* (-PO4*) owing to the physico-chemical properties (for example, pH and ionic
strength) of solution and chemical reactions.’*!">* It may be a factor of controlling to
create process of their hard tissues using biological metabolisms. On the basis of
molecular biology, biological beings may have altered phosphate ion charge (or
functional groups) using their biological metabolisms to a suitable form to create
calcium carbonate crystals. Furthermore, the selective effect onto calcium carbonate
formation enables the development of advanced material synthesis methods using only
simple molecules with switching process to translate their forms. For examples, it is
hope to synthesis calcite-vaterite lamella crystal structures using phosphate conversion

process.

5.5. Conclusion
FMN inhibited calcite formation even at low concentration (FMN/CaCO3; =

1/1000). The HPO4* and -PO4* adhered the surface of calcite by their selective
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adsorption onto calcite surface. The HPO4* and -PO4* inhibited calcite formation and
induced vaterite formation.

Metastable calcium carbonate phases are highly relevant to numerous industrial
fields because of their highly flexible morphologies and sizes. However, their
purification has proven challenging. Metastable calcium carbonate phases are highly
relevant to numerous industrial fields but their purity is crucial. This basic knowledge
contributes a fundamental technology that may provide control over metastable calcium
carbonate polymorphs for advanced industrial science and technology using

biocompatible materials.
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Figure 5.1. The neutralization titration curve of 100 mL of 20 mM FMN in HCI-NaOH
systems.
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Figure 5.2. XRD patterns of precipitates generated from supersaturated calcium
carbonate solutions after 2, 6 and 12 h. (a) FMN-free sample. (b) FMN-containing
sample ([FMN] = 10 uM). Solid circles and solid reverse triangles indicate vaterite and

calcite peaks, respectively.
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Figure 5.3. FE-SEM micrograph of precipitates generated from supersaturated calcium
carbonate solutions. (a) FMN-free sample. (b) FMN-containing sample ([FMN] = 10
uM).
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Figure 5.4. (a) FE-SEM micrograph and (b) XRD pattern of hollow vaterite spherulites
after partial dissolution. Insert micrograph of (a) is surface structure of hollow vaterite.

Solid circles in (b) indicate vaterite peaks.
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Figure 5.5. FT-IR spectra of hollow structural FMN-containing vaterite and FMN-free
vaterite particles. (a) 900-1100 cm-1, which corresponding to internal modes region. (b)
1100-1600 cm’,

solid star and black solid circles indicate PO4 vibration of ACP and COs vibrations of

which corresponding to v3 vibration frequencies region. The black
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Figure 5.6. In situ fluorescence micrographs of FMN-containing vaterite spherulites
during partial dissolution. (a) Before dissolution. (b) After 1 h.
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Figure 5.7. (a) In situ fluorescence micrographs of calcite crystals in 10 uM
FMN-containing solution. (b) FE-SEM micrograph of calcite crystals formed in 3 mM
CaClz and NazCOs3 and, 10 uM FMN at 2 hours. Insert micrograph of (b) is surface

structure of porous calcite.

Figure 5.8. FE-SEM micrograph of porous calcite formed in high pH (above 12.0)
solutions containing various HPO4* ions at 2 hours. (a) HPO4* free. (b) 10 uM HPO4?>".
(c) 100 uM HPO4*. TEM micrographs of ultrathin section of (b). (d) Low magnified
micrograph of ultrathin section of porous calcite. (¢) Mesoscale structure of (d). (f)
HR-TEM micrograph of (e).
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containing various HPO4* ions at 2 hours. Solid black triangle and solid black circle

corresponded to calcite and vaterite, respectively.

132



Reference

(1) Arsic, J., Kaminski, D., Poodt, P, Vlieg, E. Liquid ordering at the

Brushite-[010]-water interface. Phys. Rev. B., 2004, 69, 245406, DOI:

2 2

10.1103/PhysRevB.69.245406.

(2) Ogino, T., Suzuki, T., Sawada, K. The formation and transformation mechanism of
calcium carbonate in water. Geochim. Cosmochim. Acta, 1987, 57, 2757-2767.

(3) Mann, S. Biomineralization Principles and Concepts in Bioinorganic Materials
Chemistry, Oxford University Press, UK. 2001.

(4) Weiner, S., Dove, PM. An Overview of Biomineralization Process and the Problem
of the Vital Effect. In Biomineralization, Reviews in Mineralogy and Geochemistry,
Dove, PM., DeYoreo, J.J., Weiner, S., Eds.; The Mineralogical Society of America:
Washington, DC, Vol. 54, p. 1-29. 2003.

(5) Deer, W.A., Howie, R.A., Zussman, J. An introduction to the Rock-Forming
Minerals 2nd ed. Pearson Prentice Hall Co., UK, 1992.

(6) Plummer, L.N., Busenberg, E. The solubilities of calcite, aragonite and vaterite in
CO2-H20 solutions between 0 and 90°C, and an evaluation of the aqueous model for the
system CaCO3-CO2-H20, Geochim. Cosmochim. Acta, 1982, 46, 1011-1040.

(7) Rodriguez-Blanco, J.D., Shaw, S., Benning, L.G. The kinetics and mechanisms of
amorphous calcium carbonate (ACC) crystallization to calcite, via vaterite, Nanoscale,
2010, 3, 265-271.

(8) Colfen, H., Antonietti, M. Mesocrystals and Nonclassical Crystallization. John
Wiley and Sons, Ltd., UK, 2008.

(9) Xu, AW, Antonietti, M., Colfen, H., Fang, Y P. Uniform Hexagonal Plates of

Vaterite CaCO3 Mesocrystals Formed by Biomimetic Mineralization. Adv. Funct.

133



Mater., 2006, 16, 903-908.

(10) Kuther, J., Seshadri, R., Knoll, W., Tremel, W. Templated growth of calcite,
vaterite and aragonite crystals on self-assembled monolayers of substituted alkylthiols
on gold. J. Mater. Chem., 1998, 8, 641-650.

(11) Beck, R., Andreassen, J.P. The influence of crystallization conditions on the onset
to dendritic growth of calcium carbonate. Cryst. Res. Tech., 2012, 47, 404-408.

(12) Sugiura, Y., Onuma, K., Kimura, Y., Tsukamoto, K., Yamazaki, A. Acceleration and
inhibition effects of phosphate on phase transformation of amorphous calcium carbonate
into vaterite, Am. Min., 2013, 98, 262-270.

(13) Sugiura, Y., Onuma, K., Nagao, M., Momma, K., Kimura, Y., Yamazaki, A.
Dissolution behavior of vaterite spherulites in solution containing phosphate ions, J.
Cera. Soc. Jpn., 2014, 122, 679-684.

(14) Brunauer, S., Emmett, P.H., Teller, E. Adsorption of Gases in Multimolecular
Layers. J. Am. Chem. Soc., 1938, 60, 309-319.

(15) Nakamura, J., Kasuga, T. Enhancement of crystalline plane orientation in
silsesquioxane-containing vaterite particles towards tuning of calcium ion release. J.
Mater. Chem. B, 2014, 2, 1250-1254.

(16) Gago-Duport, L., Briones, M.J., Rodriguez, J.B., Covelo, B. Amorphous calcium
carbonate biomineralization in the earthworm's calciferous gland: pathways to the
formation of crystalline phases. J. Struct. Biol., 2008, 162, 422-435.

(17) Andersen, F.A., Brecevic, L. Infrared Spectra of Amorphous and Crystalline
Calcium Carbonate. Acta Chimica Scandinav., 1991, 45, 1018-1024.

(18) Elhadj, S., Salter, E.A., Wierzbicki, A., DeYoreo, J.J., Han, N., Dove, P.M.,

Peptide Controls on Calcite Mineralization: Polyaspartate Chain Length Affects Growth

134



Kinetics and Acts as a Stereochemical Switch on Morphology. Cryst. Growth. Des.,
2006, 6, 197-201.

(19) Elhadj, S., DeYoreo, J.J., Hoyer, JR., Dove, P.M. Role of molecular charge and
hydrophilicity in regulating the kinetics of crystal growth. Proc. Nati. Acad. Sci. USA,
2006, /03, 19237 - 19242.

(20) Falini, G., Albeck, S., Weiner, S., Addadi, L. Control of Aragonite or Calcite
polymorphism by Mollusk shell Macromolecules, Science, 1996, 271, 67-69.

(21) Abbas, C.A., Sibirny, A.A. Genetic Control of Biosynthesis and Transport of
Riboflavin and Flavin Nucleotides and Construction of Robust Biotechnological
Producers. Microbiol. Mol. Biol. Rev., 2011, 75, 321-360.

(22) Linari, M., Caremani, M., Lombardi, V. A kinetic model that explains the effect of
inorganic phosphate on the mechanics and energetics of isometric contraction of fast
skeletal muscle. Proc. Royal Soc. B Biol. Sci., 2010, 277, 19-27.

(23) Swanson, M.A. Studies of the non-oxidative exchange between inorganic
phosphate and ATP, as catalyzed by intact mitochondria. Biochim. Biophys. Acta, 1956,

20, 85-91.

135



Division 11

Calcium Phosphate Systems
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Chapter 6

Formation behavior of HAP in CGNs-containing solutions.
6.1. Introduction

In Division I, calcium carbonate systems were investigated. In Division II,
calcium phosphate systems are investigated. In calcium phosphate systems,
carboxylic-functional group (-COOH) was used as one of additives. In Chapter 6, it was
investigated how immobilized -COOH (CGNs) affect into formation dynamics of HAP
from ACP in weak basic solution.

HAP (Cai0(PO4)s(OH)2) 1s a stable phase of calcium phosphates in weak acidic
to basic solutions and main inorganic component of vertebrate biological hard tissues
such as teeth and bones.!* It is thus very important to control and accelerate HAP
mineralization in tissue engineering and regeneration medicine, such as for application
to rapid fracture treatment and advanced teeth implant. The key to achieve this is to find
the factors and materials that accelerate HAP formation under pseudo physiological
conditions.

Various proteins and polypeptides are assumed to interact with HAP, therefore,
their roles on HAP crystallization has been investigated energetically.”® Tsuji et al.’
synthesized artificial proteins with various molecular weights and isoelectric points, all
of which contained peptide motifs present in dentin matrix protein 1 (DMP1). These
motifs accelerate HAP formation when they are immobilized on a substrate. *1° Tsuji et
al. > investigated several combinations of DMP1 motifs and containing their motifs in
the synthesized proteins, and succeeded to accelerate HAP formation from
transformation of ACP by approximately 20 % as compared to the case without

proteins.'! It should be noted that the acceleration of HAP formation was achieved even
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though the protein molecules were dispersed in the solutions, not immobilized on
substrates. However, the detail mechanism of acceleration was not clarified although the
specific functional group of proteins, such as immobilized -COOH one, may have
important role on acceleration.

Here it is assumed that the immobilized -COOH itself and their quantity have
definitive effect on acceleration of HAP formation irrespective of the three-dimensional
conformation of protein molecules. Indeed, artificial proteins by Tsuji et al. ! did not
have any particular conformation in the solutions. It is still unclear what factors, for
example isoelectric point of protein, which reflects the number of immobilized -COOH,
morphology of sub-chain of protein molecules determine the transformation rate from
ACP to HAP.

In Chapter 6, it is hypothesized that immobilized -COOH amounts in solutions
were main factor for the transformation rate form ACP to HAP. It was prepared the
hybrid materials of carboxylic mercaptan (MUA: mercapt-undecanolic acid,
HS(CH2)10COOH) and gold nanoparticles colloids called CGNs, which could be used as
simulated -COOH rich proteins. It was investigated how the CGNs contributed the
transformation dynamics from ACP to HAP and discussed the possible mechanism of
acceleration of HAP formation based on the data obtained using pH monitoring,

time-resolved static light scattering (TR-SLYS), in situ FT-IR, and HR-TEM.

6.2. Experimental Method
6.2.1. Preparation of stock solution used in the experiments of ACP into HAP phase
transformation.

CaClz (Special grade, Wako Pure Chem. Inc., Tokyo, Japan), K2HPO2, KH2PO4,
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and NaCl (Special grade or molecular analysis grade, Nakarai Tesque Inc., Kyoto,
Japan) were dissolved in double distilled water (specific resistance of 18.2 MQ and total
organic contents (TOC) of >5 ppb). Mercapt-undecanolic acid (MUA:
HS(CH2)10COOH) (Sigma-Aldrich Co., USA) was were dissolved in 99.5 % ethanol
(Wako Pure Chem. Inc.). Prepared four water stock solutions and a ethanolic solution
were: 1M CaClz, 0.5 M KH2PO4, 0.5 M K2HPO4, 2 M NaCl and 20 mM MUA ethanolic
solution. Mixed the KH2PO4 and K2HPOs4 solutions were to obtain 0.5 M KDP-KAP

solution with a pH of 8.0 (22°C).

6.2.2. Preparation and characterization of CGNs.

The gold nanoparticles were a commercial-grade gold colloid (Gold Colloid 5
nm, BBI solutions Co., UK) that contained approximately 300 uM of gold. A 20 mM
MUA (99 %, Sigma-Aldrich Japan K K., Tokyo, Japan) ethanolic solution (5 mL) was
added to this solution (5 mL) and the mixture was left at room temperature for more
than 3 h to allow the formation of self-assembled MUA layers on the gold particles in a
glass bottle. The mixed solution was then dialyzed for more than 120 h into 3 L
ultra-pure water through a cellophane membrane. The water was changed at 12 h
intervals. The pH of the final solution containing CGNs was approximately 4.5. For
comparison purposes, a reference colloid solution containing gold nanoparticles was

also dialyzed into ultra-pure water.
The CGNs were characterized using, dynamic light scattering (DLS), zeta
potential analysis, and visible-light adsorption spectroscopy analysis. The detail of
multi-angle DLS!? measurement and visible-light adsorption spectroscopy was

described in Chapter 4.
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Apparent Zeta-potential, { measurements revealed the presence of a double
electric layer of colloidal particles in the solutions. The surface charge of the CGNs was
compared with that of the dialyzed gold nanoparticles (reference) to estimate the
formation of Au-S bonds on the gold nanoparticles using an EL.SZ-1000Z photoelectric
spectrometer (Otsuka Electric Co., Osaka, Japan). The particle concentration in both
measured solutions was 50 uM. The solution temperature and pH were 25 °C and 6.5
(buffered using 5 mM KDP-KAP), respectively. A 30 mV semiconductor laser (Aw=660
nm) was used as the light source and the impressed voltage between the electrodes was
10 kV. The detection angle of the scattered light was 15° with avalanche photodiode
(APD) detector. The { potential was given by using Smoluchowski equation' followed
as

u = (goex/n) G (D
The u is relative velocity between interface and solution; # is viscosity of solution as
0.89 mPa, &o is electric permittivity of vacuum as 8.85x107"2 Fm™, and & is relative
electric permittivity of solution as 78.5 Fm™.

The formation of Au-S bonds on the gold nanoparticles was also estimated using

visible-light absorption spectroscopy.

6.2.3. Monitoring of changing pH values of supersaturated calcium phosphate
solution with various CGNs concentrations as phase transformation.
All experiments were done under 22°C and 1 atm conditions. The various
CGNs-containing supersaturated calcium phosphate solution was prepared by mixing
stock solutions. As they were mixed, they were stirred at 400-600 rpm with a magnetic

stirrer. It was prepared three different calcium phosphate concentrations (CaPOa: 3, 3.25
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and 4 mM).

The change in the pH value of each solution over time as it was stirred at 400-600
rpm was measured using a pH electrode (LAQUA standard ToupH electrode 9615-10D,
Horiba Co., Kyoto, Japan) connected to a multi-meter (D-51AC, Horiba Co., Kyoto,
Japan). The electrode was soaked in Ca*" ion free reaction solution for few minutes to
stabilize the electrode condition. The pH value of the mixed solutions were recorded
every 2 s, and the phase transformation time of the materials was determined using a

concentration time curve (the details were described in the Result section).

6.2.4. TR-SLS observation of time evolution of particles molecular mass (M),
gyration radius (R;) and fractal dimension (Dy) in various CGNs-containing
concentration.

The theory and setup of TR-SLS are described in Ref.!>"'” The main components
of the instrument are an ellipsoidal mirror and a high-speed charge-coupled-device
(CCD) camera. TR-SLS obtained the scattering intensity of dispersed particles as
scattering angles ranging from 10° to 170°, with an angle resolution of 1° and a
maximum time resolution of 1 s. The measurement temperature was 22°C.

The light source was a He-Ne laser (Aw=632.8 nm). It was prepared two kind of
solutions for measurement: cation solution (1 M CaClz) and anion solution (mixture of
3.26 mM KDP-KAP, 401.17 mM NaCl and 0-30.09 uM CGNs-containing solutions
buffered at pH 7.6. Both solutions were filtered 220 nm filters (syringe- and centrifuge
filter) to remove dusts which disturb measurements before mixing. The two solutions
were quickly mixed in the measurement cells; the volume ratio of cation and anion

solutions was 1: 306.7. The final solutions contained 3.25 mM Ca and POs, 400 mM
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NaCl and, 0-30 uM CGNs. The amount of solutions was 18.0 mL. After solution
preparation, the scattering intensity with angular dependence was recorded every 2 s,
the changes in molecular mass, M, and the gyration radius, R; were calculated from
measured scattering intensity and behavior.

The relationship between the scattering intensities and scattering angles was
analyzed by Zimm-square-root plot which is suitable for lineally analysis because its
data are likely to show lineally trend in low angular compare to those of Zimm-square
plot. The excess Rayleigh ratio 4R of the sample solution (difference in scattering
intensity between the sample and buffer solutions) depends on g, Mw, Rg, particle
concentration ¢, second virial coefficient of the particles 42, and the optical constant K,
which includes the refractive index increment of the sample solution with the particle
concentration. The Rayleigh ratio is given by,

(Kc/AR)? = (1/Mw)V2(1+¢*RH6)+24%¢. (2)
Because Eq. (1) cannot be extrapolated to the ¢ — 0 limit in TR-SLS measurements, it
was specified M, as apparent rather than actual. The contribution of the 42¢ term is
usually neglected in TR-SLS measurements because it is much smaller than the first
term on the right-hand side of Eq. (1). Fractal dimension, D; was also obtained using
relationships between ¢ and interparticle scattering factor which related s as followed

I=Aq™® 3)
The A is constant. In this work, the scattering intensity of dispersed particles was
calculated for scattering angles ranging from 10° to 80° for D; of aggregate, so as to
avoid any stray light and large size aggregate effect. Molecular analysis grade of toluene

used as standard of scattering intensity (Is/Io = 7.0, Io is reference scattering intensity. ).
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6.2.5. In situ FT-IR measurement of chemical bond evolution in various CGNs
concentration during ACP-HAP phase transformation.

Measured solutions were previously mixed in 2 mL polypropylene tubes after
filtration using 220 nm syringe filters. Approximately 5 pL solution of measured
solutions were mounted on horizontal diamond single crystal of attenuated total
reflection prism of infrared spectra (ATR-FT-IR; Nicolet 6300, ThermoScientific Co.,
USA) equipped with a TGS-detector (32 scans, resolution 2 ¢m!). The measured
interval was approximately 90 s. To avoid evaporation, it was covered measured

solution by silicon gum caps.

6.2.6. Phase identification of calcium phosphate phases formed in various CGNs
concentration solutions during ACP-HAP phase transformation.

The calcium phosphate solutions were sampled at all reaction stages (during
transformation from the amorphous to the crystalline phase and the subsequent
precipitation stage) to determine how the material phases, structures and morphologies
changed over time using TEM, XRD and FE-SEM/EDX. In EM observation, ACP
particles and precipitates obtain methods were below. 2 mL reaction solutions were
sampled into polypropylene tubes and centrifuged for 30 s. After centrifugation, the
precipitates were gathered and washed using mixed alcohol (ethanol: isopropyl alcohol
= 1: 1 in volume wait) for several times and dropped on TEM Cu microgrid covered
carbon holey films and air dried on KimWipes® for TEM observation. The treated ACP
particles and precipitates were also mounted on 11 nine pure Si plate for FE-SEM/EDX
measurement. In FE-SEM/EDX measurement, at least 15 samples were measured in

each condition. The calibration was operated as auto calibration mode.

143



The prepared ultra-thin (about 200 nm) cross-sections were placed on a Cu
micro-grid for TEM analysis. The analysis was performed using a normal observation
holder (TEM: JEM2200, JEOL Co.,, Tokyo, Japan) at acceleration voltages of 200 kV.

XRD (RINT40, Rigaku Co., Japan, 4w = 0.15406 nm) analyses were performed at
an acceleration voltage of 50 kV and a magnitude of 100 mA using a Cu target. The 20
value was varied from 3° to 60° in 0.01° increments. The time required per step was 0.5

s. The entrance slit size was 5 mm x 10 mm.

6.3. Results
6.3.1. Characterization of the reference gold nanoparticle and CGNs-containing
solutions
Figure 1 plots the results of the dynamic light scattering (DLS) measurements for
the reference gold nanoparticle and CGNs solutions. The G*(q, f)s values (Fig. la)
obtained for the solubilized CGNs at two concentrations were sufficiently clarified
(high S/N ratio) to calculate the value for 7. The value of D for each type of solution was
then calculated using Eq. (3) (Fig. 1b), and its concentration dependence was measured
for both solutions containing reference gold nanoparticles and CGNs (Figs. 1c and d,
respectively). Using Do, the ru values for the gold nanoparticles and CGNs were
calculated as 3.0 + 0.2 nm and 6.9 + 0.6 nm, respectively, indicating that -COOH were
immobilized on gold nanoparticles. The errors in rnin this study were larger compared
with a previous study using the same equipment because a number-weight analysis was
adopted for the calculation of the 7 values.'® Note that D increased linearly as the
concentration of reference gold nanoparticles increased, suggesting a repulsive

intermolecular interaction. In contrast, the negative relationship between D and the
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CGNs concentration indicates that the contribution of an attractive force was increased
with concentration decreasing.

The apparent C of the 50 uM reference gold nanoparticles and 50 uM CGNs in
solution were -45.5 and -48.1 mV, respectively. These results indicate that the surfaces
of the CGNs were more negatively charged than those of the gold nanoparticles because
of the ionized -COOH in reacting condition. The larger attractive interaction and
hydrodynamic radius of the particles in the CGNs-containing solution compared with
those in the reference solution (Figs. 1 ¢ and d) suggested that the van der Waals forces
of the particles increased owing to the presence of -COOH, leading to aggregation of
the particles, although the increase in the average surface charge would be expected to
disperse the particles.

Figure 2 shows visible-light absorption spectra of both solutions. The reference
gold nanoparticles-containing solution was red, whereas the CGNs-containing solution
was sakura-iro (a traditional pink similar to mauve Japanese color). The -COOH shifted
the band of the absorption spectrum from 515.5 nm (reference solution) to 518.5 nm
(CGNs-containing solution). Because the wavelength can be resolved to below 0.5 nm,

this shift in the absorbance band is real.

6.3.2. Change in pH over time for CGNs-containing solutions in relation to initial
calcium phosphate concentrations and phase characterization of precipitates formed
in control or various CGNs or reference gold nanoparticles-containing solutions.

Figures 3 and 4 show the change in pH over time for CGNs-containing solutions
with stirring. The concentrations of initial calcium and phosphate ions were 3.00 (Fig.

3a), 3.25 (Fig. 3b), and 4.00 mM (Fig. 4a), respectively. Figures 3a and b show the data
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when the concentration of CGNs in the solution was widely varied (from 0.25 to 10 uM
in 3a and from 3 to 30 uM in 3b). In each solution, the pH immediately decreased when
CaClz was added to phosphate solution independent of the CGNs’ concentrations. Then,
it quickly increased and reached local maximum within 20 s. After the local maximum,
the solution pH gradually decreased and reached a critical point where the pH showed
rapid decrease. In this critical pH, crystalline phases appeared in ACP particles that were
confirmed by lattice fringes in HR-TEM observation (see detail in below section). After
a rapid decrease, the solution pH was stabilized at about 6.2. In 3.00 and 3.25 mM
calcium phosphate concentrations, solutions were clouded when the pHs were stabilized.
The solution clouding was not due to the rapid decrease in pH, but to the formation of
crystalline phases in the ACP.

Crystallization threshold time, t.vsr, was defined as the point where the tangent of
initial rapid pH-decrease curve crossed to that of subsequent gradual pH-decrease curve
(see Figure 3c¢).

Figures 3d and e show the relationship between #.»s and CGNs concentration in
3.00 and 3.25 mM calcium phosphate solutions. In the 3.00 mM solution (Fig. 3d), the
teryse Was minimum when the concentration of CGNs was 1.75 uM, indicating that the
crystallization was accelerated to the maximum at this CGNs concentration. The
acceleration degree for crystallization was defined by zeryst /teryst (coNs=0), and hereafter
called as acceleration index. The index observed in Fig. 3d was about 45%, which was
much larger than that observed by using artificial proteins (at maximum 20%).>!! When
the initial concentration of calcium phosphate increased to 3.25 mM (Fig. 3e), the
maximum index was about 25%, indicating that the index was controlled by the calcium

phosphate concentration. The relationship between t.vs and CGNs concentration in the
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solution without stirring (Figure 5) showed similar feature with that in Fig. 3d or e.

After the minimum point of Zys, it continuously increased with the increase in
CGNs concentration in both 3.00 and 3.25 mM solutions, although the shapes of
increasing curves were different from each other. Above 10 uM CGNs in 3.00 mM
calcium phosphate solution or 30 uM CGNs in 3.25 mM calcium phosphate solution,
there were no sign of rapid pH drop until the final stage of reaction (8h), indicating that
neither nucleation nor precipitation of crystalline phases occurred in the solutions.

XRD patterns of precipitates formed in the clouded solutions containing 3.00 mM
calcium phosphate with CGNs less than 10 uM and 3.25 mM calcium phosphate with
CGNs less than 30 uM at 2 h after solution preparation showed broad peak at around
26= 24-32°, which corresponded to calcium phosphate crystalline phases with low
crystallinity indicated cluster based phase transformation. Although this peak can be
attributed to that of OCP, f-TCP, DCPD and DCPA except HAP, it did not find any
specific peaks of other calcium phosphates than HAP in the XRD patterns (Figure 6).
HR-TEM images showed that the lattice fringes observed in the precipitates were
mainly attributed to those of HAP (see Figs. 9 and 10). Thus, it was concluded that the
precipitates formed in the solutions containing 3.00 mM and 3.25 mM calcium
phosphates were both HAP. Above 10 uM CGNs in 3.00 mM calcium phosphate
solution or 30 uM CGNs in 3.25 mM calcium phosphate solution, it did not find any
crystalline phases in XRD measurements and HR-TEM observations (see Figs. 9 and

10).

6.3.3. TR-SLS measurement for ACP-HAP phase transformation dynamics

depending on concentration of CGNs in solution.
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The changes in apparent molecular weight (Mw) and gyration radius (Rg of
calcium phosphate particles at early stage during ACP-HAP transformation were
measured using TR-SLS. Fig. 7a shows the typical relationship between modified
scattering intensity (I/lo) and angular dependence. As is seen, the intensity decreases
smoothly with the scattering angles for each period. This indicates the wide size
distribution of the aggregate particles. Based on this data, the apparent molecular weight
and radius of gyration of the aggregates were calculated using Zimm-square-root plot.
Fig. 7b shows the typical Zimm-square-root plot determined from the scattering
intensity of CaPOu4 particles in solution (3.25 mM CaClz and KDP-KAP, CGNs free).
As seen from the figure, the plot tends to curve at higher angles, indicating the
aggregation of the particles. Conversely, the plot corresponding to lower angles (30° to
70°) 1s relatively linear. Therefore, the linear part of the plot was considered for
calculation, so as to avoid the effect of aggregation in determining My, Rg, and Dy of the
CaPOs4 particles (see green line in Fig. 7b).

The average Rg of initial ACP particles appeared just after solution preparation
was around 200 nm and it was kept constant until the final precipitation stage
independent of the CGNs concentration. On the other hand, M. of particles decreased
rapidly within initial 500 s although R; was constant. Because the particles smaller than
around 50 nm showed no angular dependence on scattering intensity and did not affect
the calculation of Rg in SLS measurement, the data suggested the rapid vanishing of
these small particles during initial stages. Except 10 uM CGNs-containing solution,
rapid decrease of M, just after starting reaction was observed independent of the CGNs
concentration. After rapid decrease, the M, gradually increased and reached local

maximum (green arrows in Fig 2), which corresponded to the period that the solution
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pH rapidly dropped and calcium phosphate crystalline (HAP and OCP) specific bands
appeared in the FT-IR spectra (see Figure 10). The M, then gradually decreased and
reached local minimum point. The duration to reach the minimum point depended on
the CGNs concentration at CGNs molar ratio about 1/1000 of Ca concentrations. After
this period, the M, showed drastic increase with the increase in Rg, and the precipitates
appeared in the solutions.

In the 10 uM CGNs-containing solution, in which the rapid drop in pH was not
observed, the M, kept constant over time (Figure 8) that was consistent to the data in
pH measurement.

Unlike the time evolutions of R and My, the Dy values of CaPOs aggregate
particles that formed in the solutions exhibited a peculiar time evolution, which
indicates the internal evolution and construction of CaPOs particles. Immediately after
mixing, Dy simply increased during the initial M\ decreasing stage. With the exception
of the 10 uM CGNs-containing solution, the time evolutions of Dy of the aggregate
CaPOs4 particles showed a contrast till the pH dropped. After the pH dropped, the Dy
values of the aggregate CaPOs particles exhibited an increasing trend until the
precipitation period. In the CGNs-free solution, the increasing trend of D; was
consistent with that of R, It indicated that HAP formed when the crystals attained
critical size, showing nucleation and growth trends. On the other hand, in the 5 pM
CGNs-containing solution, with the exception of the final precipitation period, Dy
increased while R; was maintained constant. It indicated that HAP formed through the
cluster rearrangement of internal structural reconstruction in ACP particles.>!’

In the 10 uM CGNs-containing solution, Dy reached 1.8 at 2000 s, and it was

maintained constant over time as in the case of M.
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The duration until the rapid increase in both M, and R; was shortened with CGNs
concentration up to 5 puM (Figs. 8c,d). In this concentration range of CGNs, the
increasing degree of M\ and Ry was also changed exponentially to lineally increasing
mode. From 5 to 10 uM of CGNs concentration, the duration up to precipitation was
elongated but both M, and R increasing period (precipitation period) had been
shortened. Above 10 uM, it could not be observed M, and R rapidly increasing which

corresponded to precipitation in experiment periods (around 3 h).

6.3.4. In situ FT-IR measurement for ACP-HAP phase transformation dynamics in
control, reference gold nanoparticles or CGNs-containing solutions.

The change in local structure of calcium phosphates over time in the solutions was
investigated using in situ FT-IR. Figure 9 shows the change in the bands corresponding
to P-O stretching band over time measured in 3.25 mM calcium phosphate solutions
without CGNs (Fig. 9a), with 5 uM CGNs (Fig. 9b) and 5 uM reference gold
nanoparticles (Fig. 9c). Calcium phosphate minerals have two characteristic bands
corresponding to the P-O stretching band; at around 1000-1050 ¢m™! as a main band and
1100-1150 cm™! as a sub band.

In both solutions, broad spectra corresponding to ACP appeared in the initial
solutions. During the solution pH dropped rapidly (1000-1800 s), spectra of calcium
phosphate crystalline (HAP and OCP) appeared and increased intensities over time, and
finally they were stabilized. In the reference solution, the bands at 1021, 1038 and 1128

cm’!

, which corresponded to OCP, were observed after pH drop. The bands
corresponded to HAP (1030 and 1142 cm!) also appeared; however, their intensities

were smaller than those of OCP. The spectrum showed that OCP was rich in the
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precipitates.

On the other hand, in the 5 uM CGNs-containing solution, most of all bands in the
initial reaction stage were attributed to HAP, especially in the sub-band region. For
example, HAP 1030 and 1142 cm™ bands were well developed in this condition and the
later was hardly detected in the reference solution. It is obvious that the only CGNs

developed the band corresponded to HAP in all reaction stages (Fig. 9b and c).

6.3.5. TEM observations of calcium phosphate phases appeared during phase
transformation from ACP to HAP depending on CGNs concentration.

The macroscopic morphologies and inner structures of calcium phosphates
formed during transformation from ACP to HAP in stagnant solutions were observed
using TEM in relation to the CGNs concentration. The data of pH monitoring were used
to the guide to determine the pick-up time of materials from the solutions. TEM
observations were performed for materials taken from four kinds of solutions with
various CGNs concentration depending on the reaction behaviors. They were
categorized as the reference solution (CGNs free), the solution in which HAP formation
was accelerated (5 uM CGNs), the solution in which the pH drop was observed but no
precipitation occurred (10 uM CGNs), and the solution in which neither pH drop nor
precipitation was observed (30 uM CGNs), respectively.

In the reference solutions, spherical particles (around 100 nm) were observed at
the initial stage before the solution pH rapidly dropped (Fig. 10a). SAED pattern of the
particles revealed a halo region around the core and a faint broad ring around the halo
region, indicating that the particles were ACP1 (Fig. 10a inserts right hands). HR-TEM

observation showed no lattice fringes structure (Fig. 10b). Formation of ACP1 just after
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solution preparation was also observed in other solutions (see Fig. 11).

After the solution pH rapidly dropped, high contrast regions ranging 5-20 nm in
diameter were observed in the ACP structures. These regions contained well-arranged
lattice fringes corresponded to HAP (hkl) structures (Figs. 10c and d). These regions
were extended in ACP particles over time; however, the spherical morphology of ACPs
particles was maintained as long as the solution was transparent. When the solution was
clouded, precipitates were pasty materials (Fig. 10e), which consisted of numerous
block structures ranging from 10 to 50 nm. These blocks were arranged randomly (Fig.
10f). This block structure was similar to that observed in ACP particles. In the reference
solution, most block structures showed lattice fringes corresponded to HAP (Fig. 10g),
but some of these showed lattice fringes corresponded to OCP (Fig. 10h).

On the other hand, OCP lattice fringes were not observed in the pasty materials
precipitated in CGNs-containing solutions (Fig. 11). In 5 uM CGNs-containing solution,
high contrast regions in the ACP particles were observed after pH drop (Figs. 11a and ¢).
The precipitates were pasty materials (inset upper right of Fig. 11b) and each block
(5-20 nm) in it showed lattice fringes corresponding to HAP (Fig. 11b and d). It did not
be observed OCP structures in the materials formed in 5 pM CGNs-containing
solutions.

In the solutions containing more than 10 uM CGNSs, no precipitation of crystalline
calcium phosphates particles except ACP spherical particles occurred during all reaction
stages (Fig. 11). Although these ACP particles maintained their specific spherical forms
(inset upper right of Fig. 11e) during reaction, many irregular complex lattice fringes
appeared in the ACP particles after pH drop (Fig. 11e). The widths and angles of these

fringes were hardly determined; however, some of these corresponded to d-spacing of
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HAP crystal. These loose crystalline structures in ACP spherical particles were probably
defined to be low crystalline HAP in the previous XRD measurements, because the
intensity of diffraction from crystalline phase was much stronger than that from
amorphous.

In 30 uM CGNs-containing solution, no lattice fringes appeared in the ACP
particles in solutions during all reaction stages (Fig. 11f).

The Ca/PO4 molar ratio of calcium phosphate particles (ACP and precipitates)
was measured using FE-SEM/EDX. The ratio increased when the solution pH drop and
precipitation proceeded. It was indicated that increase in the ratio was attributed to the
evolution of HAP (and OCP?) crystalline region.

The Ca/POs4 ratio of precipitated calcium phosphate particles decreased with the
increase in CGNs concentration in the precipitate stages (N i1s >15 in each materials). In
the ACP without any lattice fringes (before pH drop), the ratios were 1.33 = 0.04
independent on the CGNs concentration. However, when the solution pH dropped, the
ratio increased to 1.44 + 0.07 in control and 1.45 £ 0.04 in 5 uM CGN:ss, respectively. In
the precipitation stage, it was 1.75 £ 0.05 in control, 1.54 + 0.04 in 2 uM and 1.54 +
0.04 in 5 uM of CGNs, respectively. Thus, it was concluded that CGNs inhibit

crystallization process in ACP spherical particles.

6.4. Discussion

The pH monitoring, TR-SLS measurement and HR-TEM observation showed that
calcium phosphate particles formed as ACP at the initial reaction stage. The ACP
particles repeated partial dissolution and aggregation until HAP (and OCP) regions

appeared in them. These regions were observed as the block structure ranging 5-20 nm
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in diameter. At first looks, it is ambitious that TR-SLS observation showed that the
average density of each ACP particle decreased by the formation of block structures. In
natural, in TR-SLS observation, crystallization in amorphous induce M, increasing.®-'#
It is suggested that the phenomenon revealed HAP crystallization induced not only
phase transformation from ACP but also ACP dissolution. Many previous works showed
that ACP has many structures.”? Thus, it is totally natural that occurring phase
transformation and junk ACP dissolution were at the same times during M, decreasing
stage, junk ACP dissolution process more contributed to M, changing than M,
increasing process is described as phase transformation process. Finally, HAP blocks
coalesced forming mesocrystal structure and precipitated.?*

TR-SLS and in situ FT-IR measurements indicated that CGNs altered HAP
formation kinetics as compared to the condition without CGNs. When HAP formed in
biological environment, they formed through some intermediate phases such as
Ca-deficient OCP?' CGNs altered reaction path of HAP from ACP throughout OCP
structures. The key effect of CGNs in HAP formation is the evolution of specific
chemical bond as shown by in situ FT-IR. In situ FT-IR measurement and HR-TEM
observation showed that CGNs inhibited the formation of OCP structure (exactly,
HPO4-OH layer structure) in precipitated calcium phosphates. Previous investigations
showed that the phase transformation from OCP to HAP proceeds via hydrolysis of
OCP and subsequent growth of HAP2>2?” This process should be slower than the
transformation from ACP to HAP via direct structure reconstruction.'>!*?° Therefore, it
was assumed that the transformation from OCP (and even from Ca-deficient OCP) to
HAP needs high activation energy, and CGNs skip this process that resulted in direct

HAP formation from ACP. This change in the reaction path made great acceleration of
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HAP formation.

As discussed in Chapter 6 (and Chapter 7), there are no evidences of covalent
bond formation in CGNs still maintained after being dispersed in CaPOs during the
mineralization process. Accordingly, the effect of CGNs on the mineralization of CaPO4
can be considered in two ways. First, the large CGNs molecules directly alter the
internal crystalline structure of CaPOa4 through mineralization process. In particular, the
CGNs-containing ACP show different physico-chemical properties when compared to
those formed in control. It is suggested that the interaction between Ca>" or phosphate
ions and CGNs affected cluster formation and its aggregation behavior during early

stage of ACP formation. For examples, He et al.?’

indicated DMP molecules binding
effect altered cluster structures and mineralization. Actually, in situ FT-IR spectra
showed the evidence of intermolecular affection between Ca?" ion and CGNs (see
Chapter 7, Fig. 11). HR-TEM observation indicated the formation of crystalline phases
in ACP. Clearly, the physico-chemical properties are altered.

Second, the effect of MUA separated from CGNs on the CaPOs particles. The
following chapter (see Chapter 7) describes the NMR study of CGNs-containing OCP,
which showed typically -COOH intercalated patterns (see Chapter 7, Fig. 7).3%3¢ This
indicates that the separated MUA intercalates and alters the mineralization of CaPOs
crystalline in ACP rather than directly affecting the CGNs.

In any cases, it is strongly suggested that molecular interaction of immobilized
-COOH and calcium phosphate ions during early stage of HAP mineralization
controlled physico-chemical properties of later minerals and their formation dynamics.

This tendency has been revealed in calcium carbonate systems.>”*
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6.5. Conclusions

It has been well known that immobilized -COOH of materials accelerates HAP
formation.” -2 However, it has been unclear which kind of physico-chemical properties
such as molecular mass, isoelectric point, molecular structure and co-existed other
functional groups of materials control the HAP mineralization kinetics. Used simple
-COOH immobilized on chemically stable gold nano-particles and clarified the role of
these on HAP mineralization kinetics. The data clearly showed that the concentration of
immobilized -COOH controlled the HAP formation. They were both accelerator (1/1000
of Ca concentration) and inhibitor (over 1/500 of Ca concentration). The maximum
acceleration index for HAP formation was about 45%, which was much larger than that
achieved by using artificial proteins in the previous investigation.!> It was also strongly
suggested that CGNs altered reaction path of HAP to without OCP intermediate.

This tendency was similar to H2PO4 affection into formation dynamics of
calcium carbonate (Chapter 2). This investigation would contribute to high speed
synthesis of novel functional biomaterials in tissue engineering and regeneration

medicine fields such as use for repair of bone fracture.
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Figure 6.1. DLS measurements of the solutions containing the reference gold
nanoparticles and CGNs. (a) Second autocorrelation functions at € = 30° (red line) and
90° (purple line) for the solution containing 150 uM CGNs and at 6 = 30° (black line)
and 90° (green line) for the solution containing 37.5 uM CGNs. (b) Relationship
between 1/ and ¢ for the solutions containing 60 uM reference gold nanoparticles (red
diamonds) and 120 uM CGNs (green circles). (c) Relationship between D and the

concentration of reference gold nanoparticles. (d) Relationship between D and the
CGNs concentration.
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Figure 6.2. Visible-light absorption spectra of the solution containing CGNs (black
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Figure 6.3. The pH drop experiments. (a) pH drop profiles in solutions containing 3

mM Ca?" and phosphate ions of various concentration CGNs-containing solutions. (red
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line, 5 uM; pink line, 10 puM) (b) pH drop profiles in solutions containing 3.25 mM

Ca?" and phosphate ions of various concentration CGNs-containing solutions. (red line,
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uM) (c) The method of define, t.ys value. (d, e) Relationship between crystallization
threshold point faryst and CGNs concentration. (d) 3 mM. (e) 3.25 mM.
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Figure 6.10. TEM photograph of morphology and crystallinity of calcium phosphate

particles appeared during precipitation experiments in control solution. (a) TEM
photograph of ACP spherical particles aggregate with SAED pattern formed at 10 min.
(b) HR-TEM photograph of completely random structure of ACP in control solution
formed at 10 min. (¢) TEM photograph of ACP formed at pH dropping. There are black
dots ranging 2—10 nm. (d) HR-TEM photograph of dots. (¢) TEM photograph of initial
precipitate. (f) Magnified image of initial precipitate. Plate like crystal was consisted of
many block like structures. (g) HR-TEM photograph of well-arranged HAP lattice
fringes in initial precipitates. (h) HR-TEM photograph of OCP lattice fringes in HAP
crystals.
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Figure 6.11. TEM photograph of morphology and crystallinity of calcium phosphate
particles appeared during precipitation experiments in the various concentration
CGNs-containing solution. (a) Magnified TEM photograph of block-like structures in
ACP formed in 5 uM CGNs-containing solution, and whole spherical morphology at pH
dropping (upper right). (b) Magnified TEM photograph of block-like structure in pasty
like precipitate formed in 5 uM CGNs-containing solution, and whole pasty
morphology at pH dropping (upper right) at 1 hour. (c¢) Single dimensional lattice
fringes formed in ACP spherical particles formed in 5 pM CGNs-containing solution at
30 min. (d) Double dimensional lattice fringes in precipitates formed in 5 uM
CGNs-containing solution at 1 hour. (¢) HR-TEM photograph of poorly complex lattice
fringes in materials formed in 10 uM CGNs-containing solution, and whole spherical
morphology at 1 hour (upper right). (f) HR-TEM photograph of completely amorphous
structures in materials formed in 30 pM CGNs-containing solution, and whole spherical

morphology at 2 hour (upper right).
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Chapter 7

Formation dynamics of octacalcium phosphate (OCP) via intermediate phase
and its physico-chemical properties.
7.1. Introduction

As described in Chapter 6, CGNs accelerate not only HAP mineralization but also
altered reaction path skipping OCP structures in weak basic solutions HAP during
mineralization process. In Chapter 7, it is focused on how CGNs affect into OCP
formation, particularly, it is mainly investigated for still unclear purpose how dynamics
and formation path of OCP from ACP were affected by immobilized -COOH-containing
molecules (CGNS).

OCP s a crystalline phase of calcium phosphate, which is preferentially formed in
weak acidic to neutral solutions (pH 5.5 to 7.0).1"* OCP crystals are often formed as
plate-like crystals, and its unit cell contains an HAP-like structure.'”* (Figure 1)
Furthermore, OCP is indicated to be a precursor of HAP through solid-solid phase
transformation.1:4%

The crystal structures of OCP can be categorized as three layers along the g-axis:
HAP-like structure, transition structure, and HPOQ4-OH layer structure.> OCP structure
has highly flexibility and it often exhibits partial structural alteration while maintaining
the their whole structure and morphology by thermal and additive effects.®!? In
particular; some previous studies have been reported that the HPO4-OH layer structure
of OCP is easily affected by some —COOH-containing molecules. Monma and Goto’
showed that succinate, a bi-carboxylic acid, easily intercalated into the HPO4-OH layer
structure instead of HPO4?> ions, altering the lattice parameters of OCP. Markovic et

al.!% investigated how various -COOH-containing molecules affect the OCP crystal
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structure and described their effects in terms of intercalation in the HPO4-OH layer
structure. Using high-resolution NMR spectroscopy, Davies et al.!! demonstrated the
lattice alternation behavior of citrate-containing OCP. As described, a wvariety of
evidence has been reported for the intercalation of —COOH-containing molecules in
OCP and the resulting structural alteration. However, it remains unclear how
-COOH-containing molecules affect the formation dynamics of OCP. As described in
Chapter 6, some previous reports indicated that -COOH-containing molecules affect
into formation dynamics of HAP, especially intermediate OCP phase.!*!?

When OCP formed in aqueous solution even though weak acidic solution under
supersaturated condition, ACP is formed as the initial phase and precursor phase at
normal temperature and pressure under relatively high supersaturated solutions. %161
ACP has essentially loose and absence long range order but containing short range order
assumed as aggregation of Ca-POj clusters.®2%2! The structural similarity between the
minimum unit of ACP and HAP strongly suggests that ACP plays an essential role
during HAP formation as precursor.®?* For example, using HR-TEM, Wang et al. >
reported HAP lattice fringes formed and dispersed inside ACP particles during early
stage of HAP mineralization in aqueous solution. The OCP crystal structure contains
HAP-like structures. Therefore, it is natural that there were strongly relationships
between ACP and OCP and suggested that ACP is precursor phases of OCP.
Furthermore, Habraken et al.?® reported that ACP is also a precursor of OCP
(Ca-deficient OCP) during HAP mineralization in aqueous solutions. Thus, when ACP
formed as initial phases under weak acidic conditions, OCP is considered to formed
20-26

inside ACP, which is thought to be a cluster based phase transformation process.

In Chapter 7, on the basis of cluster base phase transformation, it is investigated
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how CGNs affect in the dynamics of the ACP—OCP phase transformation. CGNs were
dispersed in a bit acidic calcium phosphate solution which OCP preferentially formed.
The time evolution of the phase transformation was observed using TR-SLS and in situ
FT-IR, and the phases appeared throughout the transformation were characterized by
XRD, TEM with cryo-HR-TEM, SAED, FE-SEM/EDX, NMR spectroscopy and

Raman spectroscopy.

7.2. Experimental Methods
7.2.1. Preparation of the solutions used for the ACP-OCP phase transformation
studies.

CaClz (reagent grade, Wako Pure Chem. Inc., Tokyo, Japan), KH2PO4, K2HPO4,
and NaCl (reagent grade, Nakarai Tesque Inc., Kyoto, Japan) were dissolved in
ultra-pure water with a specific resistance of 18.2 MQ and total organic contents (TOC)
of them was <5 ppb. Three stock solutions were prepared: 1 M CaClz, 0.5 M KH2POx,
and 0.5 M K2HPOs4. First, the KH2PO4 and KoHPO4 solutions were mixed together to
obtain a 0.5 M phosphate solution (KDP-KAP) with a pH of 6.5. The final solution was
prepared by mixing the KDP-KAP solution with the CaClz solution, such that both the
Ca?" and phosphate ions concentrations were S mM (pH 6.5 + 0.1 at 22 °C). Because
the volume ratio of the CaClz solution to the phosphate solution was less than 1/100, the

solution pH remained constant throughout the mixing process.

7.2.2. Observation of the ACP-OCP phase transformation dynamics in solutions
containing reference gold nanoparticles and CGNs using TR-SLS and in situ FT-IR.

The theory and application of TR-SLS and the details of the optical instrument
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are described previously.

Two types of reaction solutions were prepared for the TR-SLS analyses: a cationic
solution (1 M CaClz) and an anionic solution (5.03 M KH2P0O4+-K2HPO4 buftered at pH
6.5 with 10.01 uM reference gold nanoparticles or 10.01 uM CGNs). Both solutions
were filtered through a 0.22 pm syringe-type membrane filter or a 0.22 um centrifuge
filter to remove any dust particles. Sixty microliters of the cationic solution was added
to 11.94 mL of the anionic solution, and the two solutions were quickly mixed in the
measurement cells. The final solutions contained 5 mM Ca and phosphate and 10 uM
reference gold nanoparticles or CGNs. After solution preparation, the changes in the
molecular mass Mw and the gyration radius Rg of the particles were measured.

In addition, the relationship between the scattering intensity and scattering angle
for each solution was analyzed using Zimm-square-root plots.

For in situ FT-IR analyses, after the stock solutions were filtered using 0.22 um
centrifuges and syringe filters, the measured solutions were mixed in 2 mL
polypropylene tubes. Approximately 5 pL of each mixed solution was mounted on the
horizontal diamond single crystal of the attenuated total reflection prism of an IR
spectrometer. The measurement interval was approximately 90 s. The solutions were

covered with silicon gum caps to avoid evaporation.

7.2.3. Characterization of the calcium phosphate phases formed in the solutions
containing reference gold nanoparticles and CGNs.

The treated materials, or their ultrathin cross-sections prepared using a microtome,

were placed on an amorphous-carbon-coated Cu microgrid for transmission electron

microscopy (TEM, JEM-2200, JEOL Co., Japan) observation. The phases of the
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materials were characterized according to their selected-area electron diffraction
(SAED) patterns. The prepared ultrathin cross-sections (about 200 nm) were placed on a
Cu microgrid for high-resolution (HR-TEM) TEM observation. The HR-TEM
observation was performed using a TEM: at acceleration voltages of 200 kV.
Cryo-HR-TEM observation was performed using a liquid-N2 cryogenic holder
(FE-TEM: Hitachi HF-3000S, Hitachi High Technologies Co., Ibaraki, Japan, FE-TEM,
Tecnai G? 20, FEI the Netherlands) at acceleration voltages of 200 kV (JEM-2200 for
TEM and Tecnai G? 20 for cryo-HR-TEM) and 300 kV (HF-3000S for cryo-HR-TEM).
The operating temperature of the cryo-HR-TEM observation was approximately
—180 °C.

The OCP formed during precipitated crystalline phases formed in the solutions
containing various acetate acid were mounted on 11 nine Si plate and determined their
Ca/PO4 ratio using FE-SEM/EDX (FE-SEM: FEI40, FEI Co., The Netherlands; EDX:
EDAX GENESIS, EDAX Japan Co., Japan) using auto calibration operating. In
FE-SEM/EDX measurement, at least 15 samples were measured in each condition.

The chemical shifts were measured by an attenuated total reflection (ATR)-type
Fourier-transform infrared spectrometer (FT-IR: Nicolet 6300, ThermoScientific Co.,
USA) equipped with a triglycine sulfate (TGS) detector (32 scans, resolution 2 cm™}).
The background of the measurements was the ambient atmosphere.

The 3!P chemical shifts of the CaPQ4 samples were determined using a solid-state
NMR spectrometer (JNM-ECX400 JEOL Co., Japan, and AVANCE III HD 600WB,
Bruker AXS Co., US) with a resonance frequency of 400.0 (JNM-ECX400) and 600
MHz (AVANCE III HD 600WB). For all of these measurements, magic-angle spinning

(MAS) with a single-pulse mode for *'P was applied at frequencies of 10000 or 15000
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rpm in 4 or 5 mm zirconia rotors. The sample weight was approximately 0.2 g and the
contact time for the *'P MAS measurements was 36 ms with relaxation delays of 60 s or
5 ms with relaxation delays of 10 s in each measurement interval. The number of
repetitions per measurement was 1400. The chemical shift of *'P was calibrated as 0.0
ppm using a 0.5 M K2HPO4 solution.

XRD (RINT40, Rigaku Co., Japan, 4w = 0.15406 nm) analyses were performed at
an acceleration voltage of 50 kV and a magnitude of 100 mA using a Cu target. The 20
value was varied from 3° to 60° in 0.01° increments. The time required per step was 0.5

s. The entrance slit size was 5 mm x 10 mm.

7.3. Results
7.3.1. TR-SLS measurements of the ACP-OCP phase transformation dynamics in
the reference gold nanoparticles and CGNs-containing solutions.

Using TR-SLS, changes in the My and Rg of the calcium phosphate particles
formed in both solutions were observed during ACP—-OCP phase transformation. Figure
2 showed the relationships between I/lo and scattering angle (a) and Zimm-square-root
plot of them (b) (5 mM CaCl2 and KDP-KAP and 10 uM CGNs-containing solution).
Around all time periods, at low angle region (6 = 30° to 70°), linearly trends were
showed.

Figure 3 plots the changes in M., Rg, the relative density (D, Mw/R®) and Dy of
the calcium phosphate particles formed in solutions containing 10 uM reference gold
nanoparticles (Fig. 3a to d) and CGNs (Fig. 3e to h). The D, was controlled by the
number and rigidity of the particles. The evolution behavior of My and R of calcium

phosphate particles formed in both solutions were essentially categorized as rapidly
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increasing stage during the first 10 min (stage /), gradually increase period (stage //) and
second rapidly increasing period which indicated precipitation (stage /11).

In the reference gold nanoparticle-containing solution, the initial My and Rg of
the particles were approximately 2500 and 80 nm, respectively (Figs. 3a and b). Both
values rapidly increased during the first 10 min (stage /), and then continued to
gradually increase throughout the next 45 min (stage /7). After 55 min, both values
again increased drastically, and the solution became cloudy at about 70 min regard as
precipitation (stage /11). The D, (Fig. 3d) of the particles typically showed as crystalline
phases nucleation on amorphous template, because the increasing of Dy was closely
linked increasing of M, and R¢.* It indicated that sequent phase transformation was
occurred in reference gold nanoparticles-containing solution.

In contrast, the M and Rg of initial particles (stage /) in the CGNs-containing
solution (approximately 600 and 50 nm, respectively) were much smaller than those in
the reference solution (Figs. 3e and f). Throughout the first 10 min, both M, and Rg
rapidly reached local equilibrium values and remained unchanged for 40 min. Between
40 and 50 min, Mw again increased rapidly, reaching a local equilibrium value that was
maintained up to 80 min. After 80 min, M, further increased to a value that was
maintained up to 170 min (stage /I]). The change in D, (Fig. 3g) was consistent with
that of M. Therefore, it can be concluded that the stepwise increases in M, at 40 and 80
min manifested chiefly from increased particle rigidity.2” However, the D; showed no
obviously changing in this time period. If the number of particles controlled the change
in My, the sizes of the particles formed in the solution (indicated by the average Rg)
should have varied widely. After 170 min, the solution became cloudy, and both M, and

Rg increased drastically (stage /II). In the CGNs-containing solution, it was delayed
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relative to the reference solution by a factor of approximately 3. These initial
precipitates formed in both solutions were characterized using XRD and Raman

spectroscopy (see below).

7.3.2. TEM analysis of the ACP formed in the reference gold nanoparticles and
CGNs-containing solutions.

The changes in the ACP structure over time prior to the appearance of the initial
precipitates in the reference gold nanoparticles and CGNs-containing solutions were
investigated by evaluating the morphologies of the particles using TEM and analyzing
their corresponding SAED patterns and lattice fringes. Figure 4 shows TEM
micrographs of the ACP obtained from the reference solution (Fig. 4a-d) and
CGNs-containing solution (Fig. 4e-h), along with their corresponding SAED patterns,
and cryo-HR-TEM images of their lattice fringes. The solutions were transparent in
both cases. In previous works, it is assumed that ACP is an essential precursor of
calcium phosphate crystalline phases.’>?* Wang et al.>> reported HAP crystalline
domain formed inside of ACP. Thus, it is also assumed that OCP crystalline domain
also formed inside of ACP particles because OCP crystal structure containing HAP-like
structures.

At 10 min, the particles in the reference solution had assembled into a liquid-like
form with faint broad Debye rings corresponding to a d-spacing of 3.75 A, (Fig. 4a)
which are characteristic of ACP1.1® At 60 min (Fig. 4b), spherical morphology and
broad Debye rings of ACP were observed, which are characteristic of ACP2.!° This
result agrees with the TR-SLS analysis, which revealed changes in the internal structure

of the ACP during this period (Fig. 3¢).'® Cryo-HR-TEM observation showed that, at 60
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min, the structure of the ACP in the reference solution was essentially random with
uniform contrast to the electron beam and small areas that appeared as black spots
ranging from 2 to 10 nm in diameter (Fig. 4c), which is larger than the size of calcium
phosphate clusters (0.7-1.4 nm).?!?> A magnified cryo-HR-TEM image of these areas is
shown in Fig. 4d. They consisted of weak but well-ordered lattice fringes with a
d-spacing of 3.05 A. A fast Fourier transform (FFT) image of the lattice fringes showed
that the direction of the fringes was constant, which was in stark contrast to that of the
lattice fringes of the ACP formed in the CGNs-containing solution (see below).

The morphological evolution of the ACP particles in the CGNs-containing
solution essentially matched that of the reference solution. At 10 min, the particles had
assembled into a liquid-like form (Fig. 4e). The corresponding SAED pattern showed a
halo with no clear rings, indicating ACP1. At 60 min, which was the point when the first
local increase in Mw was completed, the ACP morphology was spherical, and a broad
Debye ring corresponding to a d-spacing of 3.75 A appeared in the SAED pattern. This
pattern typifies ACP2 (Fig. 4f). However, as can be seen in the cryo-HR-TEM images of
the ACP2 particles formed at 60 min in the CGNs-containing solution (Figs. 4g and h),
the ACP particles consisted of a major region showing a random-structure (Fig. 4g) and
a minor region (<1 % of the observation area) showing complex lattice fringes (Fig. 4h).
In addition, in the fringe region, the interspace distance between the neighboring lattice
fringes varied from 2.5 to 5.0 A, and thus it was impossible to identify the actual
d-spacing. The direction of the lattice fringes was also random. The Ca/P ratios for the
ACP in both solutions were 1.06 at 10 min and then rapidly increased, reaching 1.25
prior to initial precipitation (about 70 min and 170 min in the reference and

CGNs-containing solutions, respectively) (see Fig. 6).
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7.3.3. In situ FT-IR analysis of the ACP and subsequent precipitates formed in the
solution containing the reference gold nanoparticles or CGNs.

Figure 5 shows the in situ FT-IR spectra in the P-O stretch region (800-1300
cm ') of ACP in the initial transparent solutions and the subsequent cloudy solutions
with precipitates. Figs. 5a and b correspond to the spectra of the solutions containing the
reference gold nanoparticles and CGNs, respectively. The reference solution was
transparent until 70 min, while the CGNs-containing solution was transparent until 170
min. Immediately after initiating the reaction, intensities of both spectra were too low to
identify; however, ACP particles formed in both solutions as shown by TEM
observations. A low-intensity spectrum was observed until 25 min for the reference
solution and until 40 min for the CGNs-containing solution. The spectra then showed
several specific bands that gradually evolved, with different band evolution for each

solution.

In the reference solution, the spectrum at 25 min exhibited seven separated bands
at 804, 862, 963, 1024 (with a shoulder at 1034 cm™!), 1049, 1126 and 1189 cm™. These
bands corresponded to OCP vibrations, with the band at 963 cm™ attributed to the PO4*
vibration mode (vi(POa4)) and the remaining bands attributed mainly to the HPO4* ion
vibration (vo(HPO4)) or OH" with HPO4* (dou(HPO4)) vibration.?” Combined with the
XRD data (see section below), we concluded that the initial precipitate in the reference

solution was crystalline OCP.

Alternatively, only major calcium phosphate bands at 1024 (with a shoulder at

1034 cm™), and 1126 cm™! appeared in the spectrum of the CGNs-containing solution at
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40 min. Note that these bands corresponding to OCP were clearly seen (broken lines in

Figs. 4a and b); however, the bands at 804, 862, 963, 1049 and 1189 cm™, which

2

appeared in the reference solution, were not observed in the CGNs-containing solution.

The in situ FT-IR spectrum of the initial precipitate in the CGNs-containing
solution (after 170 min) lacked the specific bands corresponding to OCP HPO4* ion
vibrations (v«(HPO4)) such as those at 804, 864, 1049, 1105, and 1189 cm™, which were
clearly observed in the spectrum of the precipitate in the reference solution (gray arrows
in Fig. 3a). In addition, the spectra of the materials formed in the CGNs-containing
solution at all reaction stages lacked the characteristic band for HAP at 1146 cm™. These
results suggested that CGNs did not induce HAP formation prior to OCP formation
under the present reaction conditions. On the basis of this information, combined with
the results of the XRD and Raman spectroscopy analyses of the isolated precipitates
(see details below), thus, it was inferred that the initial precipitate in the

CGNs-containing solution is HPO4-OH-structure-deficient OCP.

7.3.4. Chemical composition of the ACP and precipitates determined using
FE-SEM/EDX.

Figure 6 shows the Ca/PQOu4 ratios of the ACP and precipitates formed at various
stages in the reference and CGNs-containing solutions (N is over 15). The Ca/POa ratios
of the materials taken from both the reference and CGNs-containing solutions increased
gradually. The ratios for the ACP in both solutions were 1.06 £ 0.05 at 10 min and then
rapidly increased, reaching 1.25 4+ 0.03 prior to initial precipitation (70 min and 170 min

in the reference and CGNs-containing solutions, respectively). After precipitation, the
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ratios of the precipitates in both solutions slowly increased and reached 1.35 + 0.05
three days after starting the reactions. There were no significant difference between
precipitate and ACP formed in the reference solutions and those formed in
CGNs-containing solutions.

Figure 3, 4 and 5 indicate that, in each solution, the structural rearrangement of

the ACP to a crystalline phase occurred from 10 to 60 min.

7.3.5. XRD, NMR, and Raman analyses of the precipitates formed in the reference
gold nanoparticles and CGNs-containing solutions.

Figure 7 shows the XRD patterns of the precipitates taken from the reference
solution (a) and CGNs-containing solution (b). The pattern of the initial precipitate
taken from the reference solution (at 70 min after solution preparation) was
characteristic of OCP crystals with a (100) peak at 26 = 4.7°. This XRD pattern was
essentially the same for up to 1 week. In contrast, the XRD pattern of the initial
precipitate taken from the CGNs-containing solution (at 170 min after solution
preparation) showed no peak at 20 = 4.7°. Instead, the pattern exhibited a broad peak at
around 24°-32° which corresponded to several calcium phosphate crystalline phases;
HAP, OCP, and p-TCP. Therefore, it was not possible to assign this peak to a particular
calcium phosphate. At 12 h after solution preparation, a weak peak corresponding to the
(100) orientation of crystalline OCP (20 = 4.7°) appeared in the XRD pattern of the
precipitate taken from the CGNs-containing solution. Notably, the intensity of this peak
gradually increased, and the final OCP was also stable for up to at least one week in the
CGNs-containing solution. Note that none of the XRD patterns of the materials

precipitated from the CGNs-containing solution included the characteristic HAP peak at
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20 = 10.5°. However, the intensities of weak peaks corresponding to the (-110) and
(010) orientations (20 = 9.2 and 9.4°, respectively) increased for two days in the
CGNs-containing solution, but disappeared at one week. The crystalline OCP structure
was consists of two HAP-like structures with transition zone and an HPO4-OH-layer
structure between them. The appearance of these two peaks suggested the development
of a HAP-like structure with transition zone in OCP. Because the decrease in the
intensities of these two peaks corresponded to the development of the conventional OCP
structure, it was assumed that the precipitated OCP in the CGNs-containing solution had
a HAP-like structure with transition zone during the initial precipitation stage, which
then transformed to conventional OCP.

Figure 8 presents the *'P solid-state NMR spectra of the initial precipitates taken
from the reference solution at 70 min (initial precipitate), and from CGNs-containing
solution at 170 min (initial precipitate) and two days after starting the reaction. The
spectrum of the initial precipitate from the CGNs-containing solution exhibited a broad
31P peak at 3.0 ppm as the main peak, with shoulder at 1.9 and -0.4 ppm. The main peak
correspond to the doublet OCP P/ and P2/P4 sites of a poorly crystalline nanometric
OCP phase, and the shoulder peaks correspond to OCP P3 (1.9 ppm) and P5/P6 (-0.4
ppm) site, which was confirmed by comparison with the spectrum of initial precipitate
(crystalline OCP) from the reference solution shown as dotted spectrum in Fig. 6.2%
Note that the position of each peak observed in the precipitate from CGNs-containing
solution was essentially equivalent to that from the reference solution. The spectrum of
the initial precipitate taken from CGNs-containing solution had essentially weak a
P5/P6 peak corresponding to HPO4?* sites, indicating that the initial precipitate was

mainly consisted of PO4" rich structures and contained other minor structures
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corresponding to HPO4? structures. The NMR spectra indicated that the structure of the
initial precipitate formed in the CGNs-containing solution was low crystalline OCP, and
not HAP.

The spectrum of the precipitate at two days after the reaction exhibited typical
OCP peaks at -0.4, 1.9, 3.1, and 3.6 ppm with an additional peak at -1.2 ppm.?®3! The
presence of the -1.2 ppm peak was evidence that the -COOH altered the HPO4+-OH
structure of the OCP lattice through either intercalation or adsorption *-1?

Raman spectra of the precipitates from the reference solution (from 70 min to 1
week) showed similar patterns independent of time (Fig. 9a). Typical OCP peaks at 417,
591 and 961 cm ! and sub-peaks at 609, 1011 and 1048 cm™ were observed. The results
of the XRD and Raman analyses of the precipitates taken from the reference solution
indicate that OCP was directly formed from ACP without passing through other
crystalline intermediate phases.

The time evolution of the Raman spectra of the precipitates taken from the
CGNs-containing solution (from 170 min to one week) is shown in Fig. 9b. All the
spectra showed weak peaks attributable to OCP (417, 591, and 961 cm™!) with
sub-peaks at 609, and 1048 cm™!. These sub-peaks were also attributed to OCP and their
intensities increased over time. However, the intensity of a sub peak at 1011 cm™, which
corresponded to v/(HPQOa4) stretch, of the precipitate formed in the CGNs-containing
solution was much weaker at all-time points than that of precipitate formed in the
reference solution (black arrow in Fig. 9b). Additional broad peaks in the spectra at 170
and 200-300 cm ' were attributed to the glass slide, and were observed in the
CGNs-containing solution due to the weaker crystallinity of the precipitates relative to

that of the precipitates observed in the reference solution. Consistent with the
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cryo-HR-TEM observation, the Raman spectra of the precipitates formed in the
CGNs-containing solution indicated a HPO4-OH-deficient OCP structure than that
observed for the spectra of the precipitates formed in the reference solution.

The precipitates formed in both solutions were observed using TEM (Figs. 10
and 11). Briefly, both initial precipitates were spherical particles (1-2 um in diameter)
consisting of plate-like (reference) or needle-like (CGNs) crystals. In both solutions, the
typical OCP plate-like morphology developed at 12 h. Cryo-HR-TEM observation
showed the precipitates formed in the CGNs-containing solution consisted almost
exclusively of complex lattice fringes, such as those seen in Fig. 4h, which is in contrast
to the initial precipitates formed in the reference solution (Fig. 10). Well-ordered lattice
fringe regions were also observed, although they were rare (Fig. 11). Gold nanoparticles

were sometimes observed on the edge and inside of OCP crystals in randomly.

7.4. Discussions

HR-TEM observation indicated that the crystalline structures which considered
as OCP lattice were formed in ACP spherical particles in both solutions. XRD and
Raman analysis showed that CGNs not only altered dynamics of phase transformation
of ACP-OCP but also induced unknown intermediate phase lacked HPO4 and OH
structures OCP during phase transformation from ACP into conventional OCP. At first
glance, the physico-chemical properties of this unknown intermediate phase were
similar to that of HAP rather than that of OCP because typically OCP peak at 20 = 4.7°
was absent. However, Raman and NMR spectra indicated that unknown intermediate
phase is an OCP-like material which deficient HPO4-OH structure rather than HAP. In

addition, the XRD pattern showed no evidence of HAP in the precipitates (lack of
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HAP-specific peaks at 260 = 10.5°). Furthermore, under high supersaturation conditions,
the relatively larger surface energy of HAP (Yuwe = 3.3ks8T, yow = 2.0ksT) can be
overcome.?3Y Thus, in the CGNs-containing solution, it is summarized that ACP first
transformed to OCP-like material which deficient HPO4-OH structure, and then
converted to conventional OCP over time.

Based on the TR-SLS results, the phase transformation from ACP to OCP in the
reference solution can be explained as rearrangement of the internal structure from loose
(ACP) to rigid (OCP) or as simple nucleation of OCP crystals using ACP as a template.
However, the results of the cryo-HR-TEM and in situ FT-IR analyses indicated the
presence of OCP in the initial ACP, suggesting that the transformation occurred via
direct structural rearrangement in the particles. Structural rearrangement of the initial
ACP to the final crystalline phase also occurred in the CGNs-containing solution.
However, direct rearrangement to OCP was inhibited, and an additional intermediate
phase appeared prior to formation of conventional crystalline OCP. Thus, it was inferred
that CGNs act as a negative catalyst, increasing the activation energy of the ACP—OCP
phase transformation and inhibiting HPO4-OH-layer structure evolution. Consequently,
CGNs not only delayed the phase transformation from ACP to OCP but also changed
the reaction path, resulting in the formation of an OCP-like intermediate phase
(HPO4-OH layer structure deficient OCP).

The HPO4-OH layer structure is unique structure for OCP.° Habraken et al %
showed OCP (Ca-deficient OCP) is precursor of HAP. The HPO4-OH layer formation
skip effect by CGNs may be a core of acceleration effect of HAP formation which
described in Chapter 6. Furthermore, it is suggested that physico-chemical properties of

initial amorphous phases were essential for crystalline mineralization
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process.18-20:22:242632-34 1t ig suggested that CGNs affect into clustering formation
process, especially ionic pair formation stage. Thus, it is also suggested that ionic
interaction between CGNs and Ca?" ions were controlled final polymorph formation
processes. This suggests that CGNs has strong affinity for Ca®* ions and there is a
strong chemical bonding effect between Ca?" ions of the OCP crystal structures.!!!?
Briefly, using high resolution NMR, Davies et al.!' showed that citrate bridged Ca*"
ions of transition zone instead of HPO4 and OH molecules. This suggested that
molecular interaction between Ca?" ions and -COOH molecules controlled the OCP

mineralization, especially the HPO4-OH layer structures during OCP mineralization

from ACP.

7.5. Conclusions

In Chapter 7, this study has provided new insights into the role of immobilized
-COOH-containing material in OCP mineralization. In weak acidic solutions, CGNs act
as negative catalyst of OCP formation process. CGNs altered not only physico-chemical
properties of ACPs as precursor and reaction path of OCP formation via HPO4-OH layer

deficient OCP as intermediate transition phase.
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Figure 7.2. (a) Relationships between scattering angle and scattering relative intensity
of calcium phosphate formed in reference gold nanoparticles-containing solution at 10
min. (b) Zimm-square-root plot of (a). Green broken line indicated calculation part of
plot (6 = 30° to 70°).
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Figure 7.3. TR-SLS analysis results for the solutions containing 10 uM reference gold
nanoparticles (upper panels; (a)—(d)) and 10 uM CGNs (bottom panels; (e)—(h)). Shown
are the temporal changes in the apparent M, Re, D, and Dy of the particles in solution.
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Figure 7.4. TEM photographs with SAED patterns (inset) and FFT images of the ACP
formed in the reference and CGNs-containing solutions. (a) Liquid-like ACP in the
reference solution at 10 min. (b) Spherical ACP in the reference solution formed at 60
min. (¢) Cryo-HR-TEM photograph of the ACP in the reference solution formed at 60
min. Black dots ranging from 2—-10 nm can be seen. (d) Cryo-HR-TEM photograph of
the dots in (c) with the corresponding FFT image. (e) Liquid-like ACP formed at 10 min
in the CGNs-containing solution. (f) Spherical ACP formed at 60 min in the
CGNs-containing solution. All times correspond to those after solution preparation. (g)
Cryo-HR-TEM photograph of the completely random structure of the ACP in formed at
60 min in the CGNs-containing solution with the corresponding FFT image. (h)
Cryo-HR-TEM photograph of the ACP in the CGNs-containing solution at 60 min.

Complex lattice fringes are observed, but the FFT image shows poor symmetry.
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Figure 7.5. In situ FT-IR spectra of ACP in the reference (a) and CGNs-containing (b)
solutions at various reaction stages. Broken black lines indicate typical OCP peaks: 963,
1021 and 1124 cm’!. Broken grey arrows indicate OCP peaks that disappear in the ACP
and precipitate formed in the CGNs-containing solution.
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Figure 7.6. FE-SEM/EDX data for the Ca/PO4 ratios of the materials formed in the
reference (grey bar) and CGNs-containing (black bar) solutions at various reaction

stages.
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Figure 7.8. Solid-state NMR 3'P spectra of (a) the initial precipitate from reference
solution (grey broken line) and (b) the initial precipitate and material (c) after 2 day
from CGNs-containing solution (solid black line). Black arrows indicate the OCP peaks.
Grey arrow indicates the -COOH-containing OCP peak.
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197



Figure 7.10. TEM photographs of the precipitates formed in the reference solutions. (a)
TEM photograph of the initial precipitate. (b) Magnified image of (a). (c)
Cryo-HR-TEM photograph of the well-ordered lattice fringes in the initial precipitates.
(d) TEM photograph of the OCP plate-like crystals formed at 12 h.
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d in the CGNs-containing
solution. (a) TEM photograph of the initial precipitate (a magnified image is shown in

the upper left). (b) Cryo-HR-TEM photograph of the complex poorly lattice fringe
region for the initial precipitate. (¢) Cryo-HR-TEM photograph of the partially
well-ordered lattice fringes in the initial precipitate. (d) TEM photograph with the
SAED pattern of the plate-like precipitates formed after 1 day. The gold nanoparticles
observed at the edges of the plate-like crystals. (¢) Cryo-HR-TEM photograph of the
precipitates formed after 1 day. Well-ordered lattice fringes and moiré fringes (lower
right) are observed. (f) Cryo-HR-TEM photograph of the separated well-ordered lattice

fringes. The black arrow indicates the region of the complex poorly lattice fringes.
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Chapter 8

The effect of soluble -COOH (acetic acid) into OCP crystal structures.
8.1. Introduction

As described in Chapter 6 and 7, immobilized carboxylic functional groups
(CGNs) selectively inhibited the HPO4-OH layer structure, which is essential for OCP
crystal formation during HAP and OCP mineralization. However, Newesely et al.!
suggested that a soluble -COOH, acetic acid, is essential for inducing large size and
well-crystalline OCP crystals. In addition, as described in Division I, the same ions and
molecules which have difference physico-chemical properties influenced different effect
into biogenic mineralization. Therefore, in Chapter 8, crystallographical studies
focusing on the effect of hydrate -COOH on the OCP mineralization using acetic acid as
hydrate -COOH are described. On the basis of acetic acid effect on OCP crystallinity,
how acetic acid affect into OCP formation process was discussed.

OCP is known as a metastable crystalline phase of calcium phosphate and a
precursor, especially for HAP formation through specific solid-solid transformation.!* It
preferentially forms in slightly acidic to neutral solutions (pH = 5.0~7.0).”° Previous
studies have been reported that the chemical formula of OCP is described as
Cag(HPO4)2(PO4)4-5H20 (Ca/PO4 ratio 1.33, Ca:PO4 = 8:0), and its crystal symmetry is
P-1 triclinic space group.>*®!® The OCP crystal structure is consisted of three
sub-layer-structures along the a-axis, namely a HAP-like layer structure (4pa: Ca/PO4
ratio 2.00, Ca:POs = 4:2), a transition structure (7ra: Ca/PO4 ratio 1.33, Ca:PO4 = 4:3),
and a HPO4+—OH layered structure (Lay: Ca/PO4 ratio 0.00, Ca:PO4 = 0:2).*%1° Thus, the
OCP crystal structure is thought to have a layered structure with Apa—Tra—Lay—Tra—Apa

stacking along the a-axis. Therefore, OCP crystals have long range a-axis (18.3-21.2 A)
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04compare to b- (9.63 A) and c-axis (6.87 A) parameters. Because of the large a-axis
parameter, a strong reflection at a low angle (26 = around 4.7°) is observed in the XRD
pattern as a typical OCP peak %1
Some previous studies have been reported that the OCP crystal structure can be
easily altered by thermal fluctuations, and that some kind of -COOH-containing
molecules. *®!""1* This effect was described as a molecular intercalation and releasing
effect of phosphate ions in Lay. Monma and Goto'! showed that succinate incorporated
OCP crystals have an elongated a-axis at 21.5 A. During the interaction between
-COOH-containing molecules and Lay in OCP, lattice parameter of OCP, especially the
d-spacing of ag-axis, was widely altered. Recently, direct evidence of molecular
intercalation in OCP crystal structures maintaining the whole structure was showed by
high resolution NMR."*!¢ Markovic et al.'*!” investigated change in lattice parameter of
OCP formed in various -COOH-containing molecules in a bit acidic aqueous solutions.
In acetic acid, a simple -COOH molecules, incorporated systems, there were no
evidence of change in lattice parameters and no evidence of -COOH-containing OCP
formation.
After Newesely et al.! found that large size (around 1 mm) single crystals of
OCP could be synthesized using acetic acid, Mathew et al.'® reported the formation of
large sized OCP through DCPD crystals hydrolysis reaction in a solution containing 100

1.1217 conflict with

mM acetic acid. Thus, the results of the studies by Markovic et a
those obtained by Newesely et al.! and Mathew et al.!®. Therefore, knowledge on this
phenomenon, i.e., how acetic acid molecules affect OCP mineralization, would provide

further interests into the OCP mineralization process. Previous studies mainly focused

on changing in lattice parameters, ' especially a-axis, and changing the Lay structures of
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OCP.'>!® However, it is suggested that -COOH-containing molecules affect not only
Lay structure of OCP but also affect Apa structure of OCP because some previous report
indicated that -COOH-containing molecules essentially affect into HAP structures and
formation.!®?! Thus, it would be natural that -COOH-containing molecules affect the
Apa structure of OCP; however, this phenomenon remains unclear.

In Chapter 8, the effect of acetic acid on the OCP crystal structure mineralization

process, especially Apa structures is investigated.

8.2. Experimental Methods
8.2.1. Preparation of solutions used for crystalline OCP synthesis.

All reagents were reagent grade or mass analysis grade and dissolved in
double-distilled water (resistance at 18.2 Q and <5 ppb in TOC). The reaction solutions
were prepared using 1 M CaClz, 1 M CH3COONa, 1 M CH3COOH, 0.5 M KH2POs4,
and 0.5 M KoHPO4. The CH3COONa and CH3COOH solutions were mixed to obtain a

1 M CH3COONa—CH3COOH solution (acetic buffer solution) with a pH of 5.7 at 25 °C.

8.2.2. Synthesis of dicalcium phosphate dihydrate (DCPD) by solution chemistry
processes.

DCPD was used as the OCP precursor. 25 mL of 0.5 M KH2PO4 and 5 mL of
K2HPO4 were mixed with a magnetic stirrer in a glass beaker. After thorough mixing,
15 mL of 1 M CaClz was immediately added into the phosphate solution with stirring.
The prepared solution contained 0.33 mM total PO4 and Ca?" ions. This supersaturated
calcium phosphate solution was stirred at 400-600 rpm for 1 h at room temperature and

pressure.
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The precipitated materials were separated by centrifugation for 30 s, and then
washed five times with 2 mL of H20. The solid phases were immediately rewashed with
2 mM of a mixed alcohol solution (ethanol: isopropanol = 1:1 v/v) several times to
remove any residual water, and then dried at room temperature. The obtained materials
were characterized as DCPD crystals by XRD analysis and FE-SEM observation. The

details are described below.

8.2.3. OCP synthesis methods in various COOH-containing solutions from DCPD.

Difterent concentration acetic buffer solutions (0, 2.5, 5.0, 7.5, 10.0, 12.5, 15.0,
17.5,20.0, 50.0, 100, 200 and 500 mM) were prepared at 65 °C in 2 mL polypropylene
tubes. To the solutions of acetic buffer, 50 mg of DCPD was added and mixed using a
vibrational mixer. After mixing, all of the vessels were caped to avoid evaporation and
placed in a zirconia sand bath at the temperature of 65 °C. The pH values of each
solution were monitored using a pH electrode (LAQUA standard ToupH electrode
9615-10D, Horiba Co., Kyoto, Japan) connected to a multimeter (D-51AC, Horiba Co.,
Kyoto, Japan). The electrode was soaked in Ca-free reaction solution for a few minutes
to stabilize the electrode condition. The pH values of the mixed solutions were recorded
every 2 s. After reacting for 15 h, the precipitates were separated by centrifuging,
washed five times with 2 mL double-distilled water, and well ejected water using
micropipettes, after that they dried at 65 °C for 1 h. The precipitate washing methods
were referred by Ref investigated on phase transformation process from OCP into

HAPZ

8.2.4. Material characterization methods.
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To determine how the material phases, structures and morphologies, the calcium
phosphate precipitates were sampled at 15 hours. In microscopic observation,
precipitates obtain methods were below. 2 mL reaction solutions were sampled into
polypropylene tubes and centrifuged for 30 s. After centrifugation, the precipitates were
gathered and washed using mixed alcohol (ethanol: isopropyl alcohol = 1: 1 in volume
wait) for several times and dropped on TEM Cu microgrid covered carbon holey films
and air dried on KimWipes® for TEM observation. The treated precipitates were also
mounted on 11 nine pure Si plate for FE-SEM/EDX measurement. In FE-SEM/EDX
measurement, at least 15 samples were measured in each condition. The calibration was
operated as auto calibration mode.

The details of observation and measurement (TEM, FE-SEM/EDX, XRD, Raman

and NMR) were described in previous chapters.

8.3. Results
8.3.1. Characterization of DCPD for OCP synthesis.

Figure la shows a FE-SEM micrograph of the precipitate formed in 0.33 M Ca
and POu4 solution after 1 h reaction time. The rhombohedral plate-like crystals were up
to about 50 um in length and 10 um in width, and spherical aggregates of the crystals
were also observed. The precipitate roughly consisted of one phase crystals. Figure 1b
shows the XRD pattern of the rhombohedral plate-like crystal precipitate. The patterns
of the precipitates showed four shapes and strong peaks at 26 = 11.8°, 21.2°, 23.4°, and
29.2°, corresponding to the (020), (12—1), (040), and (14—1) reflections of DCPD,

respectively.! Therefore, the precipitates were determined to be DCPD.
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8.3.2. pH monitoring during OCP formation in various concentration acetic
acid-containing solutions.

Figure 2 shows the pH curves of OCP formation in various concentrations of acetic
acid. In low concentration solutions of acetic acid (<100 mM), the pH values increased
at the initial mixing stage because of the DCPD dissolution process. In the control
solution (acetic acid free solution), the pH reached at 7.5 and then rapidly decreased to
reach a value of around 5.4. After the rapid decrease of the pH value, the solution pH
gradually decreased (0.025/h). The pH values of the final stage (15 h) were around 5.1.
For high concentration of acetic acid (>200 mM), there were no obvious maximum pH
points. However, the final pH values were around 5.1, the same as at the condition of
low concentration. Thus, all materials were synthesized under acidic solutions (pH 5.0—

5.5) with or without acetic acid.

8.3.3. XRD, FT-IR, NMR, and FE-SEM/EDX analysis of OCPs formed in various c
acetic acid-containing solutions.

Figure 3a shows the XRD patterns of the precipitates formed at 15 h in solutions
with various concentrations of acetic acid. The patterns of the precipitates obtained from
every solution indicated the presence of the OCP phase with a (100) reflection at 26 =
4.7°. The other peaks were also similar to those of OCP. The relative intensities of some
peaks were increased by increasing the concentration of acetic acid. The relative
intensity ratios of the (100) peaks increased, and the relative intensity ratios of the
strongest peak of OCP ((100) peak, 260 = 4.7°) to the second strongest peak ((4-1-2)
peak, 26 around 26°) were 100:90 in the control, 100:50 in 5 mM acetic acid, 100:25 in

10 mM acetic acid, and 100:3 in 100 mM acetic acid. This suggests that the layered
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structure of OCP along the a-axis developed in the presence of acetic acid. The typically
HAP peak at 260 = 10.8° was not observed in XRD pattern of precipitates formed in
various acetic acid-containing solutions.

Figure 3b shows enlarged XRD patterns of the precipitates formed at 15 h with
various concentrations of acetic acid. The pattern of the control precipitate shows a
single peak at 20 = 26.5°, a broad single peak at 26 = 26.5°, and fused peaks around 26
=30.4°-35.5°. For the precipitates formed in low concentration (<5 mM) of acetic acid,
the fused peaks around 26 = 30.4°-35.5° showed typical Ak diffraction band reflections.
This indicates that the precipitates had layer stacking defects along the a-axis direction.
However, increasing the concentration of acetic acid drastically changed the XRD
patterns.

The sharp single peak around 26 = 33.5° corresponding to the (700) reflection of
OCP" was enhanced with increasing concentration of acetic acid. The relative intensity
of the peak reached 30 of OCP formed in 500 mM acetic acid-containing solution,
where the (100) reflection intensity of OCP is considered 100 (relative intensity). The
single peak at 20 = 26.8° was also enhanced with attenuation of the peak intensity at 20
= 26.5° with increasing concentration (>15 mM) of acetic acid. This peak was
attenuated at high concentration of acetic acid. In addition, many small reflections in the
region 20 = 27.0°-30.0° were enhanced. The Ak diffraction band reflection was
attenuated and separated into two peaks at 260 = 31.8° and 32.0°. The fused peaks were
attenuated and sharp peaks were enhanced with increasing concentration of acetic acid.
This indicated that crystallinity and symmetry of OCP crystals developed with the
increase in the concentration of acetic acid. This is supported by TEM observation. In

addition, FT-IR and NMR spectroscopic measurements showed Lay structures were
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developed with increase of acetic acid (see below).
Figure 4 shows FT-IR spectra of the precipitates formed with wvarious

concentrations of acetic acid. The FT-IR spectra of OCP exhibited monomodal strong

1

2

absorption corresponding to vi3"' (PO4) stretching at 1025 cm™, and many weak
sub-absorptions bands of OCP at 864, 917, 963, 1038, 1058, and 1080 cm! because of
POs vibrations and at 1105, 1123, 1130, and 1185 cm™! because of HPO4 vibrations.?’
The spectra of the precipitates formed in acetic acid solutions showed an extra
absorption band of OCP at 1005 cm' corresponding to v3'' of HPQa, which is the
strongest absorption of OCP.2! The band at 1005 cm ! was enhanced with increasing
concentration of acetic acid. Thus, the FT-IR results indicate that acetic acid enhances
the Lay structure of OCP.

Figure 5 shows solid state *'P NMR spectra of the precipitates formed in the
control, and 5 mM and 100 mM acetic acid solutions at 15 h. The NMR spectrum of
OCP shows four chemical shifts corresponding to P/ at 3.6 ppm (PO4 from Apa), P2/P4
at 3.1 ppm (PO4 from Apa), P3 at 1.9 ppm (PO4 from Tra), and P5/P6 (HPO4 from
Lay) %1213:.1522 The spectrum of the precipitate formed in the control solution shows a
strong P3 shift and weak and broad P/ and P2/P4 shifts. We could not detect obvious
chemical shifts corresponding to P5/P6 in the control precipitate.

However, the spectrum of the precipitate formed in 5 mM acetic acid solution
showed a bimodal shift owing to P/ and P2/P4 and monomodal shifts owing to P5/P6
with P3 shift, which is the typical NMR spectrum of OCP. Furthermore, the spectrum of
the precipitate formed in 100 mM acetic acid solution showed a strong P/ shift,
indicating a well-developed HAP structure in the OCP phase. The NMR results indicate

that acetic acid induced the Apa and Lay structures in OCP. In addition, there was no
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evidence for shift separation of the P5/P6 shift, such as is observed for OCPS.2* This
tendency was consistent for both the XRD and FT-IR results.

Figure 6 shows the Ca/POs ratios of the materials formed with various
concentrations of acetic acid measured with FE-SEM/EDX. The Ca/POs4 ratios of the
materials formed in the control solution was 1.45 = 0.07 (N=15). At low concentration
(<20 mM) of acetic acid, this value rapidly decreased to 1.15 + 0.03 at 20 mM. Above
20 mM concentration of acetic acid, this value stabilized approximately at 1.15. The

Ca/POu4 ratios of OCP decreased with increasing concentration of acetic acid.

8.3.4. Microscopy observation of the precipitates formed in various acetic
acid-containing solutions.
8.3.4.1. The average sized of OCP crystals formed in various acetic acid-containing
solutions.

The average sizes of OCP crystals formed in acetic acid-containing solutions were
increased with increasing concentration of acetic acid but remained below 50 mM. For
example, in acetic acid-free conditions, precipitates mainly comprised crystals 10 um in
length and 200 nm in thickness. In 50 mM acetic acid-containing solutions, precipitates
mainly comprised rigid crystals over 200 pum in length and 200 nm in thickness. Above
100 mM, there were little correlation between the average sizes of OCP crystals and
acetic acid concentration. However, even in high acetic acid concentration solutions, a
few of crystals formed were the same size as those formed in low acetic acid

concentrations.

8.3.4.2. Precipitate formed in the control solution.
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Figure 7a shows FE-SEM micrographs of the OCP crystal precipitate formed in
the control solution. The OCP crystals showed a typical elongated ribbon-like
morphology 10-20 pm in length, approximately 2 um in width, and 200 nm in thickness.
The edge of single crystals were often rectangular (insert image of Fig. 7a), sometimes
formed blade-like morphologies, and sometimes formed spheritic aggregates.

Figure 7b shows TEM photographs of typical single OCP crystals perpendicular to
the plate-like plane. The SAED image of Fig. 7b shows the positions of the diffraction
spots of the (010) and (001) diffractions of OCP (Fig. 7c). It indicates that the plate-like
plane of OCP is the bc plane. HR-TEM showed well-ordered lattice fringes with a moiré
pattern along the bc plane (Fig. 7d). This indicates that atomic disorder is present along
the a-axis of the crystal. Furthermore, small regions of the OCP crystals showed poor
lattice fringes (Fig. 7e). Figure 7f shows a low-magnification TEM micrograph of an
ultrathin section of OCP large-scale plate-like crystals in the vertical direction along the
a-axis. Figure 7g and 7h show a HR-TEM image of an ultrathin section in the vertical
direction along the a-axis. The HR-TEM observations showed that the structure of the
OCP crystals formed in the control solution consisted of well-ordered lattice fringes (see

Fig. 8) with a few poor lattice (Fig. 7g) and polycrystalline regions (Fig. 7h).

8.3.4.3. Precipitate formed in 100 mM acetic acid-containing solution.
Figure 8a shows a transmission optical micrograph of the OCP crystals formed in
100 mM acetic acid-containing solution. The OCP crystals had a rigid plate-like
morphology 50-100 um in length, 10-20 um in width, and 0.2—5 pm in thickness. The
OCP crystals sometimes formed polycrystalline spherulites. The edges had a sword-like

shape, not a rectangular shape.
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Figure 8b shows a TEM image and a SAED pattern of the OCP crystals. The
SAED pattern of the plate-like OCP crystals along the a-axis shows clear Laue spots
corresponding to the single crystal. HR-TEM image showed the tendency of
well-ordered lattice fringes (Fig. 8c). The ultrathin section of the large-scale plate-like
OCP crystals (Fig. 8d) revealed that they mainly consisted of well-ordered lattices in the
vertical direction along the a-axis with a lattice spacing of 2.47 A (Fig. 8e).

TEM observation indicated that in acetic acid the layer structure formed along the
a-axis was well-developed. NMR and FT-IR spectroscopic measurements showed that

acetic acid plays an important role in the formation of the Lay structure in OCP.

8.4. Discussions

32325 showed using hydrothermal synthesis method

Kamitakahara and colleagues
of HAP from OCP. According to their researches, the heating degree at 65 °C, 1 h is too
small to transform OCP into HAP during drying processes. Thus, it is considered that
the results were originated from OCP structures alternation by acetic acid.

In Chapter 8, when OCP formed with increasing concentrations of acetic acid,
NMR and FT-IR measurements showed that Apa and Lay structures of OCP were well
developed with increasing acetic acid concentration. XRD measurements also indicated
that OCP showed high symmetric structure with increasing acetic acid concentration,
because hk diffraction band structures were attenuated. This indicated that the
development of Apa structure by acetic acid was one of the main factors responsible for
well-crystallized OCP crystal formation. Considering the OCP crystal structure, i.e.,

Apa-Tra-Lay-Tra-Apa layer structures, it is suggested that a well-developed Apa

structure enables a well-developed Lay structure because the Apa structure acts as a
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connector of Lay bridge structures. This tendency was also confirmed by
microtome-HR-TEM methods.

The reason why acetic acid enhanced not only Lay structure but also Apa
structure of OCP. Although it could not be detected how acetic acid developed the Apa
structure in precursor phases, furthermore, there were no evidence that acetic acid

incorporated into OCP lattices, a hint was derived by Mathew et al.!”

who acquired
large OCP crystals formed in 100 mM acetic acid at 40 °C. At approximately 40 °C,
ACP phases formed as an initial phase.?%?” ACP phases played an essential role in
calcium phosphate crystalline formation on the basis of cluster-based phase
transformation.?%2%3% In this work, although experiments were conducted at a relatively
high temperature of 65 °C, OCP crystals were synthesized from ACP in aqueous
solutions because OCP formed in aqueous solutions. Thus, in this work, it is considered
that ACP formed as precursor phase of OCP.

In Chapter 7, OCP crystals formed in ACP particles are shown, suggesting that
the alteration physico-chemical properties of ACP or cluster which component of ACP
by -COOH-containing molecules may control OCP formation, reaction path, and its
structure. Based on this suggestion, acetic acid may affect the early stages of OCP
formation. Habraken et al.?® showed that OCP (Ca-deficient OCP) formed via some
precursor stages, ACP, that are described as an ionic-pair and cluster in aqueous

1.30

solutions. Kanzaki et al.”>” analyzed potential free energy of Ca-PO4 cluster structures

using ab initio calculations. Du et al’!

also reported Ca-POa4 cluster structures in
aqueous solutions using X-ray adsorption near edge spectroscopy (XANES). Some

Ca-POs4 clusters which component of ACP particles did not have structural similarity

between crystalline phases, and it was suggested that these cluster types are isomers and
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later attenuated crystallinity of crystalline phases. Based on these results, acetic acid
may attenuate isomer of Ca-PQOus clusters formation process during the OCP formation
and develop well-crystallized Apa structures of OCP.

With regard to cluster based mineralization, it was suggested that multiple
structures that could be identified as minerals was formed. For example, vaterite, a
metastable phase of calcium carbonate, formed several different structures through
cluster based mineralization. Demichelis et al3” showed using ab initio calculation,
vaterite has multiple type of crystal structures having the same basic Ca>" ions locations
but different CO3* ions locations. In XRD analysis, the main peaks of these crystals
coincided well and were identified as vaterite, but minor peaks did not coincided as well.
In Chapter 8, it is considered that OCP also has multiple structures which showed
typically OCP peak at 26 = 4.7° but their structures were slightly different. Numerous

25111182223 reported different lattice parameters of OCP; thus, it was

previous works
suggested that the OCP phase could be categorized as an OCP group structure rather

than a strictly single strictly structure such as calcite and NaCl.

8.5. Conclusions

Chapter 8 investigated how acetic acid effects OCP crystal structure formation.
Acetic acid enhanced the Apa structure in addition to Lay structure, which is important
for acquiring well-crystallized and large sized OCP crystals. It is suggested that
well-crystalline OCP formation by acetic acid could be explained by the elimination
isomers, which attenuated Apa structure crystallinity, during precursor ACP stage. The
idea that Ca-POa clusters have several forms which including isomer could explain the

calculation results.**¢ This investigation shows that the process through which the 4pa
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structure is formed has an additive effect on the final crystallinity of OCP and is related

to the entire OCP formation process.
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Figure 8.1. FE-SEM micrograph and XRD pattern of DCPD (the starting material for
OCP synthesis). (a) DCPD formed in 0.33 M Ca and POs solutions at 1 h showing the
aggregation of rhombohedral crystals. (b) XRD pattern of the sample in (a). Red solid
circles correspond to DCPD peaks.
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Figure 8.2. Change in pH values as a function of time as an indicator of OCP formation
in different concentration acetic acid solutions: red line, control; light blue line, 20 mM,;
green line, 50 mM; purple line, 100 mM; and dark blue line, 800 mM.
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Figure 8.3. XRD patterns of the precipitates formed with various concentrations of

acetic acid. XRD patterns of the (a) wide-angle range and (b) narrow-angle range from
20 = 25°-40°. The reflections indicated by upside-down solid triangles correspond to a

phase that appeared by increasing the concentration of acetic acid.
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Figure 8.4. FT-IR spectra of the precipitates formed in different concentration acetic
acid solutions. The grey dotted line at 1008 cm ! indicates absorption owing to HPO4

vibration.
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Figure 8.5. *'P solid-state NMR spectra of precipitates formed in 0, 5, and 100 mM

acetic acid solutions.
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Figure 8.6. Ca/P ratios of the products formed in various concentration acetic acid

solutions.
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Figure 8.7. Electron microscopic data of the precipitate formed in acetic acid-free
solution. (a) FE-SEM image of the precipitate and magnified image of the edge of the
plate-like crystals. (b) Bright-field image of plate-like crystals along the a-axis. Red
broken circle indicated SAED pattern area. (¢) SAED pattern of the crystal of (b). (d)
HR-TEM image with FFT pattern showing well-ordered lattice fringes in plate-like
crystals along the a-axis. (¢) HR-TEM image with FFT pattern showing poor complex
lattice fringes in plate-like crystals along the a-axis. (f) Low magnification bright-field
image of ultrathin section of the crystal in the vertical direction along the a-axis. (g)
HR-TEM image and FFT pattern of OCP showing poor complex lattice fringes in the
vertical direction along the g-axis in the ultrathin section. (h) HR-TEM image and FFT
pattern of OCP showing polycrystalline lattice fringes in ultrathin section in the vertical

direction along the a-axis.
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Figure 8.8. Electron micrograph data of the precipitate formed in 100 mM acetic acid
solution. (a) Optical micrograph of a single crystal of the precipitate. (b) Bright-field
image of plate-like crystals along the a-axis with SAED pattern. Red broken circle
indicated SAED pattern area. (c) HR-TEM image and FFT pattern of plate-like crystals
showing well-ordered lattice fringes along the a-axis. (d) Low magnification
bright-field image of the same sample in the ultrathin section in the vertical direction
along the a-axis. (¢) HR-TEM image and FFT pattern of plate-like crystals showing

well-ordered lattice fringes along the a-axis.
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Chapter 9
General Summary

Based on cluster growth models, in calcium carbonate and calcium phosphate
systems, the dynamics of phase transformation from amorphous into the crystalline
phases and how physico-chemical properties, ionic charge, and hydration of additives
affect into these behaviors were investigated. For both systems, fine characterization of
intermediate transition phases during phase transformation from the amorphous to the
crystalline phase was mainly performed, and their dynamics were determined in relation
to the use of different physico-chemical properties of additives, phosphate ions or
carboxylic-functional-groups.

In Chapter 2, the effects of H2PO4 ions on the formation dynamics of
crystalline calcium carbonate formation and its polymorphism in weak basic solutions
were investigated. Although a small amount of H2PO4™ ions (molar ratio of H2PO4/Ca**
approximately 1/5000) accelerated vaterite formation, H2PO4™ ions essentially inhibited
calcium carbonate formation. It inhibited vaterite more than calcite, and calcite was
likely to form only under relatively high H2PO4™ ions concentrations.

In Chapter 3, the vaterite spherulite dissolution process was studied in
H2PO4 -containing solutions, and the vaterite-like intermediate transitional phase
(pseudo-vaterite) was characterized. The vaterite spherulites consisted of at least two
phases. Although their physico-chemical properties were very similar, their responses to
H2PO4 were different. Thus, when H2PO4 -containing vaterite or vaterite was dissolved
in H2PO4 -containing solutions, the vaterite spherulites developed a hollow structure
during dissolution, because pseudo-vaterite formed before vaterite.

In Chapter 4, the surface energies of vaterite and pseudo-vaterite in solutions
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with different H2PO4™ ions concentrations were determined. The surface energies of
vaterite and pseudo-vaterite are 30.7 mJ/m* and 23.9 mJ/m?, respectively, and were
found to increase with increasing H2PO4 ions concentration. In 10 puM
H2PO4 -containing solution, the surface energies of vaterite and pseudo-vaterite were
2239 mJ/m? and 1052 mJ/m? using two dimensional models, respectively. In
H2PO4 -rich-containing solutions, therefore, the formation of vaterite was difficult
because it was dependent on the surface energy. As a result, a low-stability phase was
likely to appear instead.

In Chapter 5, the behavior of HPO4*  and —PO4* additives during the calcium
carbonate mineralization process was investigated. FMN, a POa derivative of vitamin B2,
was used as the -PO4?" source in weak basic solutions. Small amounts of FMN (molar
ratio of FMN/Ca?" of approximately 1/1000) inhibited calcite and induced vaterite
formation. This tendency was also confirmed in HPO4? -containing solutions with pH
values greater than 12.0, in which porous calcite crystals formed. Thus, it can be
concluded that HPO4?~ and —PO4* selectively effect calcium carbonate polymorph
formation by adsorbing onto the calcite surface and inhibiting calcite formation.
Therefore, the effect of oxygenated phosphorous ions on calcium carbonate formation
depends on the charge of the phosphate ions.

In Chapter 6, the effect of immobilized -COOH (CGNs) on the formation
dynamics of HAP were studied. CGNs not only accelerated HAP formation by
approximately 45% (molar ratio of CGNs/Ca?" of approximately 1/1000), but they also
altered the formation path of HAP. Rather than forming an intermediate OCP-like
structure was generated first, in the presence of CGNs, directly from ACP. Conversely,

the OCP-like structure was not observed under weak basic conditions in the presence of
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CGN:.

In Chapter 7, the effect of CGNs on OCP formation was investigated. In
particular, CGNs inhibited formation of the HPO+—OH layer during OCP formation
from ACP and induced an intermediate transition phase, an HPO4-OH layer-deficient
OCP, which lacked the characteristic OCP peak at 260 = 4.7° in the XRD pattern. Thus,
the CGNs acted as a negative catalyst for calcium phosphate mineralization.

In Chapter 8, the effect of the hydration state of the carboxylic acid, acetic acid
on the OCP structure was studied. NMR and FT-IR spectroscopic analyses revealed that
acetic acid favored not only the HPO4+—OH layer, but also the HAP-like layer structure
for the OCP, which was in contrast to the result obtained with CGNss.

In both calcium carbonate and calcium phosphate systems, the intermediate
transition phases have relatively loose structures compared to those of the crystalline
phases, and their responses to different additives were consequently different from those
of the crystalline phases. Thus, it may be possible to control intermediate transition
phase formation during biogenic mineralization in aqueous solutions by selecting the
appropriate additive. Furthermore, even with the same ions or functional groups, the
charges and hydration states of the additives can have different effects on the
transformation from the amorphous to the crystalline state in these materials, with the

opposite effects observed for calcium carbonate and calcium phosphate mineralization.
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