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Abstract

The influence of carboxylic-functional-groups (-COOH) on the phase

transformation from amorphous calcium phosphate (ACP) to octacalcium phosphate

(OCP) was investigated. 11-Mercaptoundecanoic acid, a carboxylic thiol, was

immobilized on gold nanoparticles via covalent bond formation. Time-resolved static

light scattering measurements indicated that a structural-reconstruction-type phase

transformation occurred with or without the presence of -COOH on the nanoparticles.

When it dispersed in calcium phosphate solutions, these nanoparticles inhibited the

phase transformation dynamics and also changed the reaction path, forming

HPO4-OH-layer-deficient OCP at pH 6.5 an intermediate phase, which did not show the

typical OCP X-ray diffraction (XRD) peak at 20 = 4.7°. This phase was not observed in

the reference solution containing gold nanoparticles without bound -COOH. The

HPO4-OH-layer-deficient OCP transformed to conventional OCP gradually, as revealed

by XRD, nuclear magnetic resonance, and Raman analyses. Thus, the immobilized

-COOH appeared to behave as a negative catalyst, resulting in the formation of the

intermediate phase. Such a mechanism partially clarifies complex biomineralization

processes, for example teeth enamel and dentin formation, in vivo.
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INTRODUCTION

Biological organisms can construct complex functional hybrid structures from

inorganic minerals and organic materials, such as nacres and bones (Mann 2001;

Sunagawa 2005; Weiner and Dove 2003). During formation of these organs, organic

molecules, polypeptides, and proteins act as templates for mineral nucleation and

growth (Nudelman et al. 2013; Sunagawa 2005; Veis 2003), by providing preferential

sites for mineral nucleation and control of the orientation of the precipitated crystals

(Hamm et al. 2014). Some organic functional groups, such as -COOH, interact with Ca

ions (Addadi et al. 2003; Gebauer et al. 2008; Falini et al. 1996). These groups greatly

influence the nucleation and growth of Ca-containing minerals, particularly during

amorphous phase formation (Addadi et al. 2003; Gebauer et al. 2008; Falini et al. 1996).

Tooth enamel is the hardest material in vertebrates (Nylen et al. 1963; Sunagawa

2005). It comprises highly organized hydroxyapatite (HAP) crystals elongated along

their c-axis with a ribbon-like morphology. This structure is a proposed pseudomorph of

octacalcium phosphate (OCP), (Brown et al. 1962; lijima et al. 1992; Nelson et al.

1989; Wang and Nancollas 2008) which contains very few matrix proteins (Sunagawa

2005). When a tooth forms, HAP mineralization is aided by numerous organic

molecules, whose roles have been investigated extensively. HAP mineralization is
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accelerated by polypeptides rich in -COOH such as dentin matrix protein (He et al.

2003). Tsuji et al. 2008 also showed that soluble artificial proteins rich in -COOH

accelerate the phase transformation from amorphous calcium phosphate (ACP) to HAP.

Furthermore, self-assembled organic monolayers with terminal -COOH can form on

noble metal substrates and facilitate nucleation of calcium phosphate (CP) in

pseudo-physiological solutions (Dey et al. 2010; Nonoyama et al. 2011). Among the

—COOH containing materials, citrate is known to have a definitive effect on the

formation of HAP (Delgado-Lopez et al. 2012, 2014; Hu et al. 2010; Xie and Nancollas

2010).

However, the role of carboxylic rich materials in HAP precursor mineralization

processes, such as those for OCP, remained unclear until a recent investigation indicated

that they can alter the OCP structure through the modification of the HPO4-OH layer

(Davies et al. 2014). To the best of our knowledge, there have been few studies on the

phases of ACP—OCP transformation in the presence of organic materials rich in -COOH,

despite the fact that this transformation is essential in the early stages of tooth enamel

formation (Zhao et al. 2012). In this study, immobilized -COOH were prepared using

11-Mercaptoundecanoic acid (MUA: HS(CH;);0COOH). The sulfur atoms of MUA

covalently bind with gold atoms, forming a self-assembled carboxyl-terminated MUA
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monolayer on the crystalline gold surface. These modified nanoparticles are referred to
as Carboxylic-functional group on Gold Nanoparticles (CGNs). To observe the effect of
immobilized -COOH on the dynamics of ACP—OCP phase transformation, CGNs were
dispersed in CP solutions. The phase transformation and resultant materials were

investigated using several techniques, as described below.

MATERIALSAND METHODS

Preparation of the solutions used for ACP-OCP phase transformation
studies.

CaCl, was purchased from Wako Pure Chemicals Inc., Japan, while KH,PO4,
K;HPO,, and NaCl were purchased from Nakalai Tesque Inc., Japan. All the reagents
were dissolved in ultra-pure water with a specific resistance of 18.2 MQ. Three stock
solutions were prepared: 1 M CaCl,, 0.5 M KH,POy4, and 0.5 M K,;HPO,4. The KH,PO4
and K,HPO, 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 CaCl, suspension, such that both Ca®" and phosphate
concentrations were 5 mM (pH 6.5 £ 0.1 at 22 °C). Because the volume ratio of the

CaCl, suspension to the phosphate solution was less than 1: 100, the solution pH
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reminded constant throughout the mixing process. All solutions were filtered using a

0.22 pm syringe-type membrane filter or a 0.22 pm centrifuge filter to remove dust

particles before use.

Preparation and characterization of the -COOH immobilized on gold

nanoparticles (CGNSs).

The gold nanoparticles were a commercial-grade gold colloid (Gold Colloid 5

nm, BBI Solutions Co., UK), which contained approximately 300 uM gold. This

solution (5 mL) was added to a 20 mM MUA (Sigma-Aldrich Japan K.K., Tokyo,

Japan) ethanolic 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 solution was then dialyzed for more than 120 h in 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 ~4.5. For comparison, a reference colloid

solution containing non-immobilized gold nanoparticles was also dialyzed in ultra-pure

water.

The CGNs were characterized using dynamic light scattering (DLS), zeta

potential analysis and visible-light absorption spectroscopy.
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In custom made multi-angle DLS systems (Kanzaki et al. 2006), to determine the
angular dependence, the second autocorrelation functions G*(g, f) were simultaneously
measured at scattering angles ranging from 30° to 100° (with 10° steps). The equipment
light source was a semiconductor laser with a wavelength (4,,) of 530 nm. The second
autocorrelation functions G*(g, £) are expressed as follows:

G'(q. ) =<I(q. 1) * (g, 0)>/<I(q. )>" +1, (1)
where /(g, 0) and I(q, f) are the scattered intensities at time zero and time ¢, respectively.
The scattering vector ¢g is a function of Ay, the scattering angle 6, and the refractive
index of the solution n.
q = 4nnsin(0/2)/ Ay (2)

The decay time 7 of the scattered particles was calculated from the G*(g, ) data
using the CONTIN (Provencher 1982) program (ALV-Laser Vetriebsgesellschaft, ALV
Co., Germany). For -calculating 7, a number-weight analysis, instead of an
intensity-weight analysis, was adopted because of the polydispersity of the reference
gold nanoparticle and CGNss sizes, as determined via transmission electron microscopy
(TEM) observation. The parameter 7 is expressed in terms of ¢ and the diffusion
coefficient D of the scattered particles.

1/r=¢’D (3)
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Because D is affected by intermolecular interactions between the particles, the

relationship between D and the particle concentration was determined, and the

translational diffusion coefficient Dy was then estimated by extrapolating D at zero

concentration.

Dy can be converted to the hydrodynamic radius of particles »y using the

Stokes—Einstein equation.

'y = kBT/67TI’]Do, (4)

where # is the viscosity of water ( = 0.953 cP at 22°C).

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 nanoparticle surface using an ELSZ-1000Z photoelectric

spectrometer (Otsuka Electric Co., Osaka, Japan). The particle concentration of the

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 (1,=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 an avalanche photodiode

detector.
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The formation of Au-S bonds on the gold nanoparticle surface was also estimated

using visible-light absorption spectroscopy. The concentrations of the reference gold

nanoparticle solution and CGNs-containing solution used for the measurements were

both adjusted to 150 uM. The solutions were placed into a 4 mL square quartz cells and

mounted on the spectrometer (V-630, Jasco Co., Hachioji, Japan). The absorption of

H,O was used for baseline calibration, and a deuterium lamp was used as the light

source. The measured Awrange was 500—800 nm with a scan rate of 50 nm/min.

Observation of the ACP-OCP phase transformation dynamics in solutions

containing reference gold nanoparticles and CGNs using time resolved static light

scattering (TR-SLS) and in situ Fourier transfer infrared spectroscopy (in situ

FT-IR).

The theory and application of TR-SLS as well as the details of the optical

instrument are described by Onuma et al. 2000. The main components of the instrument

are an ellipsoidal mirror and a high-speed charge-coupled-device (CCD) camera. Using

TR-SLS, the scattering intensity of the dispersed particles at scattering angles in the

range 10°-170° can be obtained with an angle resolution of 1° and a maximum time

resolution of 1 s. In this study, the interval was set to 2 s for each solution. The

10
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measurement temperature of 22 °C was the same as that used for the DLS analyses, and
the light source was a He—Ne laser (4,, = 632.8 nm).

Two types of reaction solutions were prepared for the TR-SLS analyses: a cationic
solution (1 M CaCl,) and an anionic solution (5.03 M KH,PO,~K,HPO, buffered at pH
6.5 with 10.01 pM reference gold nanoparticles or 10.01 pM CGNs). The cationic
solution (60 pL) was added to the anionic solution (11.94 mL), and the two solutions
were quickly mixed in the measurement cells. The final solution contained 5 mM Ca
and phosphate and 10 uM reference gold nanoparticles or CGNs. After solution
preparation, the changes in the molecular mass M,, and the gyration radius R, 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 as follows.

The excess Rayleigh ratio AR of a sample solution (the difference in the scattering
intensity between the sample and buffer solution) depends on g, M,, R,, the particle
concentration c, the second virial coefficient of the particles 4,, and the optical constant
K, which includes the increase in the refractive index of the sample solution with
increasing particle concentration. The Rayleigh ratio is given by,

(Kc/AR)"? = (1/M,,)"*(1+¢° R’ /6)+2 Asc. (5)

11
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Because Eq. (5) cannot be extrapolated to a zero ¢ limit in TR-SLS measurements,
calculated M,, is apparent. The contribution of the A,c term is typically neglected in
TR-SLS measurements because it is much smaller than the first term on the right-hand
side of Eq. (5).

For in situ FT-IR analyses, 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 (FT-IR; Nicolet 6300, ThermoScientific Co., USA) equipped with a
triglycine sulfate (TGS) detector (32 scans, resolution 2 cm™). The measurement
interval was approximately 90 s. The solutions were covered with silicon gum caps to

avoid evaporation.

Characterization of the CP phases formed in the solutions containing
reference gold nanoparticlesand CGNs.

To determine how the material phases, structures and morphologies were altered
over time, the CP solutions were sampled at all stages of the reaction (during
transformation from the amorphous to the crystalline phase and the subsequent

precipitation stage). Aliquots of the solution (~1 mL) were centrifuged for 30 s, and the

12
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materials concentrated at the bottom of the vessel were washed with 2 mL H,O for
approximately 30 s. The washed materials were immediately rewashed with 2 mL a
mixed alcoholic solutions (ethanol: isopropanol = 1:1 in volume ratio) several times to
remove any residual water and placed in a vacuum vessel.

The materials were observed using TEM, along with analysis of the
corresponding selected area electron diffraction (SAED) pattern. Cryo-HR-TEM
observations were also performed in order to analyze the structure of the materials at the
atomic level. The precipitated samples were also characterized using X-ray diffraction
(XRD) analysis, Raman spectroscopy, and nuclear magnetic resonance (NMR)

spectroscopy. Details of characterization methods are described in the Appendix.

RESULTING DATA
Characterization of thereference gold nanoparticle and CGNs solutions
Fig. 1 plots the results of the dynamic light scattering (DLS) measurements for
the reference gold nanoparticle and CGNs solutions. The G*(g, ¢) values (Fig. 1a)
obtained for the solubilized CGNs at two concentrations were sufficiently resolved
(high S/N ratio) to calculate the value for 7. The value of D for each solution was then

calculated using Eq. (3) (Fig. 1b), and the concentration dependence was estimated for

13
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solutions containing reference gold nanoparticles and CGNs (Figs. 1c¢ and d,

respectively). From Dy, the ry 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 groups

were immobilized on the gold nanoparticles. A number-weight analysis was adopted for

the calculation of the 7 values, causing the errors for ryin this study to be larger than

those seen previously (Onuma et al. 2009) using the same equipment. Note that D

increased linearly as the concentration of reference gold nanoparticles increased,

suggesting a repulsive intermolecular interaction. Alternatively, the negative

relationship between D and the CGNs concentration indicates the existence of an

attractive force.

The average zeta-potentials of the reference gold nanoparticles and CGNs in the

solutions were -45.5 and -48.1 mV, respectively. The visible-light spectra of the

reference gold nanoparticles and CGNs in solution were 515.5 nm and 518.5 nm,

respectively (Fig. S1 in Appendix). These results indicate that the surfaces of the CGNs

were more negatively charged than those of the reference gold nanoparticles, due to the

ionization of -COOH under the reaction conditions.

TR-SLS measurements of the ACP-OCP phase transformation dynamics in

14
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thereference and CGNs-containing solutions

Using TR-SLS, changes in the M, and R, of the CP particles were observed
during ACP-OCP phase transformation in the reference gold nanoparticles or
CGNs-containing solutions.

Fig. 2 plots the changes in M,,, R,, and the relative density (D,; Mw/Rg3) of the CP
particles formed in solutions containing 10 4M reference gold nanoparticles or CGNs.
The relative density was controlled by the number and rigidity of the particles. The
approximate initial M, and R, of the particles in the reference solution were 2500 and
80 nm, respectively (Figs. 2a and b). Both values rapidly increased during the first 10
min, and then continued to gradually increase throughout the next 45 min. After 55 min,
however, both values again increased drastically, and the solution became cloudy at ~70
min. Conversely, the D, value (Fig. 2c¢) remained nearly constant from 10 to 55 min and
then rapidly increased thereafter. These results imply that M,, increased from 10 to 55
min simply because of particle growth (i.e., an increase in R,), with no change in the
number or rigidity of the particles. After 55 min, however, the increase in M,, was
attributed to both an increase in R, and changes in the number and/or rigidity of the
particles, suggesting that phase transformation occurred during this period.

The M., R,, and D, dynamics of CP particles in the CGNs-containing solution

15
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obviously differed from those in the reference gold nanoparticles containing solution.

Initially, M,, and R, in the CGNs-containing solution (approximately 600 and 50 nm,

respectively) were much smaller than those in the reference solution (Figs. 2d and e).

Throughout the first 10 min, both M,, and R, rapidly reached local equilibrium values

and remained unchanged for 40 min. Between 40 and 50 min, M, 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. Note that the

value of R, remained constant from 40 to 170 min. The change in D, (Fig. 2f) 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 (Tsuji et al.

2008). If the number of particles controlled the change in M,,, the sizes of the particles

formed in the solution (indicated by the average R,) should have varied widely. After

170 min, the solution became cloudy, and both M,, and R, increased drastically. This

behavior was observed in both reference and CGNs-containing solutions, although

clouding in the CGNs-containing solution was delayed relative to the reference solution

by a factor of approximately 3. Following the rapid increase in particle M,, and R, (after

~70 min and ~170 min in the reference and CGNs-containing solutions, respectively),

the solutions became cloudy and precipitates appeared. These initial precipitates were
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characterized using XRD and Raman spectroscopy (see below).
During the first 10 min, the value of D, decreased for both reference and CGNs
solutions. Although the reason for this phenomenon remains unclear, it is presumably

due to particle aggregation upon increasing size.

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

The changes in the ACP structure over time prior to the appearance of the initial
precipitates in the reference and CGNs-containing solutions were investigated by
evaluating the morphologies of the particles using TEM and analyzing their
corresponding SAED patterns and lattice fringes. Fig. 3 shows TEM micrographs of the
ACP obtained from the reference solution (Fig. 3a-d) and CGNs-containing solution
(Fig. 3e-h), along with their corresponding SAED patterns, and cryo-HR-TEM images
of their lattice fringes. The solutions were transparent in both cases.

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. 3a)
which are characteristic of ACP1 (Christoffersen et al. 1990). At 60 min (Fig. 3b),

spherical morphology and broad Debye rings of ACP were observed, which are
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characteristic of ACP2 (Christoffersen et al. 1990). This result agrees with the TR-SLS
analysis, which revealed changes in the internal structure of the ACP during this period
(Fig. 2¢) (Christoffersen et al. 1990). Cryo-HR-TEM observation showed that, at 60 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. 3¢), which is larger than the size of CP clusters (0.7-1.4
nm) (Dey et al. 2010; Onuma and Ito 1998). A magnified cryo-HR-TEM image of these
areas is shown in Fig. 4d. They consisted of weak but well-arranged 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. 3e). 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 My, 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. 3f). However, as can be seen in the cryo-HR-TEM images of
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the ACP2 particles formed at 60 min in the CGNs-containing solution (Figs. 3g and h),
the ACP particles consisted of a major region showing a random-structure (Fig. 3g) and
a minor region (<1 % of the observation area) showing complex lattice fringes (Fig. 3h).
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 (~70 min and ~170 min in the reference and

CGNs-containing solutions, respectively) (see Fig. S2).

In situ FT-IR analysis of the ACP and subsequent precipitates formed in the
reference gold nanoparticles or CGNs-containing solutions.

Fig. 4 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. 4a 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
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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 peaks that gradually evolved, with different peak evolution for each

solution.

In the reference solution, the spectrum at 25 min exhibited seven separated peaks
at 804, 862, 963, 1024 (with a shoulder at 1034 cm™), 1049, 1126 and 1189 cm’'. These
peaks corresponded to OCP vibrations, with the peak at 963 cm’ attributed to the PO4>
vibration mode (v;(PO,)) and the remaining peaks attributed mainly to the HPO,* ion
vibration (v,(HPO4)) or OH with HPO4> (Son(HPO4)) vibration (Berry and Baddiel
1967). Combined with the XRD data (see section below), we concluded that the initial

precipitate in the reference solution was crystalline OCP.

Alternatively, only major CP peaks at 1024 (with a shoulder at 1034 cm™), and
1126 cm™ appeared in the spectrum of the CGNs-containing solution at 40 min. Note
that these peaks corresponding to OCP were clearly seen (broken lines in Figs. 4a and
b); however, the peaks at 804, 862, 963, 1049 and 1189 cm’', which appeared in the

reference solution, were not observed in the CGNs-containing solution.
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The in situ FT-IR spectrum of the initial precipitate in the CGNs-containing
solution (after ~170 min) lacked the specific peaks corresponding to OCP HPO4> ion
vibrations (v,(HPOy,)) 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 peak 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), we inferred that the initial precipitate in the CGNs-containing

solution is HPO4-OH-structure-deficient OCP.

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

Fig. 5 shows the XRD patterns of the precipitates formed over time 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 260 = 4.7°. This XRD pattern was
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essentially the same for up to 1 week. Conversely, 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 CPs; HAP, OCP, and S-TCP (PDF cards

09-0619, 44-0778, and 76-0694, respectively). Therefore, it was not possible to assign

this peak to a particular CP. At 12 h after solution preparation, a weak peak

corresponding to the (100) orientation of crystalline OCP (26 = 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 26 = 10.5°. However, the intensities of weak peaks corresponding to the

(-110) and (010) orientations (26 = 9.2 and 9.4°, respectively) increased for two days in

the CGNs-containing solution, but disappeared at one week. The crystalline OCP

structure consists of two HAP-like structures with transition zone and an

HPO4-OH-layer structure between them (see Fig. 8a). The appearance of these two

peaks suggested the development of a HAP-like structure with transition zone in OCP

(see Fig. 8b). Because the decrease in the intensities of these two peaks corresponded to
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the development of the conventional OCP structure, we 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.

Fig. 6 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
3p 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 (Tsai
and Chan 2011). 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 PO, rich structures and contained other minor

structures corresponding to HPO,> structures. The NMR spectra indicated that the
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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 (Tseng et al. 2006; Tsai and Chan 2011) with
an additional peak at -1.2 ppm. 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 (Addadi and Weiner 1985; Kamitakahara et al. 2008; Tsai et al. 2010).

Raman spectra of the precipitates from the reference solution (from ~70 min to 1
week) showed similar patterns independent of time (Fig. 7a). 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. 7b. All the
spectra showed weak peaks attributable to OCP (417, 591, and 961 cm_l) 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
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corresponded to v;(HPOy) 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. 7b). 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
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 Ca/P ratios of the precipitates from both solutions slowly increased and
reached ~1.35 three days after starting the reactions. The precipitates formed in both
solutions were observed using TEM (Figs. S3 and S4). Briefly, both initial precipitates
were spherical particles (2-5 pm 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. S3). Well-arranged lattice fringe regions were also observed,
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although they were rare (Fig. S4).

The in situ FT-IR spectra indicated that the ACP formed in the CGNs-containing
solution lacked HPO42' structures. Consistent with the FT-IR results, the Raman and
NMR spectra indicated that the -COOH altered the HPO4-OH structure of the OCP
lattice. In addition, the XRD pattern showed no evidence of HAP in the precipitates
(lack of HAP-specific peaks at 26 = 10.5°). We therefore concluded that the materials
initially precipitated from the CGNs-containing solution were not conventional OCP,
but were OCP-like materials. Furthermore, the results of Raman spectral analyses
indicated that the OCP-like material had a HPO4-OH-layer-deficient structure compared
with that of the structure of conventional OCP, and thus was an intermediate phase that
appeared during the phase transformation from ACP to OCP. In the CGNs-containing
solution, ACP first transformed to HPO4-OH-layer-deficient OCP, and then converted to
conventional OCP over time. However, there were no signs, that CGNs induced HAP

formation prior to OCP formation under the present reaction conditions.

DISCUSSIONS
The -COOH immobilized on the gold nanoparticles not only delayed the phase

transformation from ACP to OCP but also changed the reaction path, resulting in the
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formation of an OCP-like intermediate phase. In addition, the results of the

cryo-HR-TEM, Raman, and NMR analyses indicated that this OCP-like intermediate

phase remained in the final crystalline OCP phase.

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 (HPO4-OH-layer-deficient OCP) appeared prior to formation of crystalline OCP.

We inferred that CGNs act as a negative catalyst, thus increasing the activation energy

of the ACP-OCP phase transformation and inhibiting HPO4-OH-layer structure

evolution. The route involving formation of the HPO4-OH-structure-deficient OCP

phase is a detour that eventually precipitates stable OCP. The final precipitate remained

stable for at least 1 week under experimental conditions (Figs. 5 and 7).

The HPO4-OH-layer-deficient OCP that formed in the CGNs-containing solution

27

Always consult and cite the final, published document. See http://www.minsocam.org or GeoscienceWorld

2/4



486

487

488

489

490

491

492

493

494

495

496

497

498

499

500

501

502

503

This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
(DOI will not work until issue is live.) DOI: http://dx.doi.org/10.2138/am-2015-5179

exhibited a structural resemblance to HAP. This similarity might be explained by the
formation of Ca-deficient HAP prior to the formation of OCP. The solubility of HAP,
even in the Ca-deficient form, is much lower than that of OCP under all pH conditions
(Wang and Nancollas 2008). Under high supersaturation conditions, the relatively larger
surface energy of HAP (yuyap = 3.3k5T, yocp = 2.0kzT) (Onuma et al. 2000; Wu and
Nancollas 1997) can be overcome. Ca-deficient HAP could then nucleate before OCP
and continue growing until the final reaction stage; although other phases, such as OCP,
could coprecipitate during the reaction. However, the characteristic peaks for HAP in
the XRD patterns at ~10.5° and the FT-IR spectra (1146 cm™) for the precipitates
formed in the reference and CGNs-containing solutions were not detected at any
reaction stage. Therefore, we concluded that the formation of Ca-deficient HAP and
subsequent transformation to OCP is unlikely.

The key to the present phase transformation mechanism is the OCP-like structure
of the intermediate phase. The OCP unit cell consists of two HAP-like structures with a
transition zone weakly linked by an HPO4-OH-layer. The OCP structure viewed from
the c-axis is described using an OCP structure profile and VESTA 3 (Brown et al. 1962;
Frazier et al. 1991; Momma and Izumi 2011) (Fig. 8a). The HPO,* and OH" vibration

bands in the FT-IR and Raman spectra of OCP were mainly attributed to the
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HPO4-OH-layer region. Therefore, the lack of these peaks in the FT-IR and Raman

spectra of the materials formed in the CGNs-containing solution suggested that this

HPO4-OH layer was deficient. To confirm this hypothesis, the powder diffraction

pattern of HPO4-OH-layer-deficient OCP and HAP were simulated using the

RIETAN-FP program (Izumi and Momma 2007), as shown in Fig. 8b. Note that the

pattern for the HPO4-OH-layer-deficient OCP structure lacked the most intense and

characteristic peak of OCP at 26 = 4.7°, and thus its structure resembled that of HAP.

However, the structure was essentially different from that of crystalline HAP, and thus

was referred to as HPO4-OH-layer-deficient OCP.

The ACP-OCP transformation in the CGNs-containing solution is thought to

occur as follows. The structure of the initial ACP rearranged to that of the

HPO,-OH-layer-deficient OCP during the initial reaction stage. This structure

resembled fragmented HAP, and its XRD pattern lacked the specific OCP diffraction

peak at 20 = 4.7°. Next, the HPO4-OH-layer evolved in the crystalline phase via the

so-called maturation process, and OCP with a diffraction peak at 26 = 4.7° was

observed eventually. On the converse, in the reference solution, the transformation

proceeded via the direct structural rearrangement of ACP to crystalline OCP. Because

this process did not pass through the deficient-structure intermediate phase
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(HPO4-OH-layer-deficient OCP), the reaction rate was relatively faster than that of the

CGNs-containing solution.

IMPLICATIONS

This study has provided new insights into the role of immobilized -COOH in CP

mineralization. The observed HPO4-OH-layer-deficient OCP material is thought to be

one of several unknown intermediate phases without typically OCP peak at 20 = 4.7°

that form in the presence of appropriate functional groups.

This research contributes to our understanding of the complex biomineralization

of CPs in the immobilized -COOH rich environments found in vivo, including formation

processes of dentin and bone involving CPs nucleation on collagen templates and in

solutions containing -COOH rich proteins. For example, although the CP crystals of

dentine and enamel are both nucleated in the same type of organelles (Kozawa 2009),

different crystal structures are formed during subsequent growth stages by the

contribution of different type of proteins in the environments. The number of -COOH

group in each protein might have some role in this process.
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Figure Captions

FIGURE 1. DLS measurements of the reference gold nanoparticles and
CGNs-containing solutions. (&) Second autocorrelation functions at 8 = 30° (solid gray
line) and 90° (broken gray line) for the solution containing 150 pM CGNs and at § =
30° (solid black line) and 90° (broken black line) for the solution containing 37.5 uM
CGNs. (b) Relation between 1/z and q2 for the solutions containing 60 uM reference
gold nanoparticles (black diamonds) and 120 uM CGNs (grey circles). (C) Relation
between D and the concentration of reference gold nanoparticles. (d) Relation between

D and the CGNs concentration.

FIGURE 2. TR-SLS analysis results for the solutions containing 10 uM reference gold
nanoparticles (top panels; (a)—(C)) and 10 uM CGNs (bottom panels; (d)—(f)). Shown
are the temporal changes in the apparent M,, (left), R, (center), and D, (right) of the

particles in solution.

FIGURE 3. TEM micrographs with SAED patterns (inset) and FFT images of the ACP
formed in the reference (200 kV) and CGNs-containing solutions (300 kV). (&)

Liquid-like ACP in the reference solution at 10 min. (b) Spherical ACP in the reference
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solution formed at 60 min. (C) Cryo-HR-TEM micrograph 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 micrograph of the dots in (C) with the corresponding FFT image. (€)
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 micrograph 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 micrograph of the ACP with the corresponding FFT

image in the CGNs-containing solution at 60 min. Complex lattice fringes are observed.

FIGURE 4. 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 gray arrows indicate OCP peaks that disappear in the

ACP and precipitate formed in the CGNs-containing solution.

FIGURE 5. Time evolution of the XRD patterns of the precipitates taken from the (@)
reference solution and (b) CGNs-containing solution. The solid black circles correspond

to the OCP peaks.

41

Always consult and cite the final, published document. See http://www.minsocam.org or GeoscienceWorld

2/4



738

739

740

741

742

743

744

745

746

747

748

749

750

751

This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
(DOI will not work until issue is live.) DOI: http://dx.doi.org/10.2138/am-2015-5179

FIGURE 6. Solid-state *'P NMR spectra of (a) the initial precipitate from the reference
solution (broken gray line) and (b) the initial precipitate and material (C) after two day
from CGNs-containing solution (black solid line). Black arrows indicate the OCP peaks.

Gray arrow indicates the -COOH containing OCP peak (Pa and Pg: Tsai et al. 2010).

FIGURE 7. Time evolution of the Raman spectra of the precipitates taken from the (a)
reference solutions and (b) CGNs-containing solutions. The solid black circles
correspond to the OCP peaks. The black arrow in (b) indicates a peak at 1011 cm™

corresponding to v;(HPO,) stretch.

FIGURE 8. (a) Crystal structures of OCP, HPO4-OH-layer-deficient OCP, and HAP
viewed from the c-axis. (b) Simulated powder diffraction patterns of OCP, HPO4-OH

layer deficient OCP, and HAP.
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