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Abstract 19 

     The influence of carboxylic-functional-groups (-COOH) on the phase 20 

transformation from amorphous calcium phosphate (ACP) to octacalcium phosphate 21 

(OCP) was investigated. 11-Mercaptoundecanoic acid, a carboxylic thiol, was 22 

immobilized on gold nanoparticles via covalent bond formation. Time-resolved static 23 

light scattering measurements indicated that a structural-reconstruction-type phase 24 

transformation occurred with or without the presence of -COOH on the nanoparticles. 25 

When it dispersed in calcium phosphate solutions, these nanoparticles inhibited the 26 

phase transformation dynamics and also changed the reaction path, forming 27 

HPO4-OH-layer-deficient OCP at pH 6.5 an intermediate phase, which did not show the 28 

typical OCP X-ray diffraction (XRD) peak at 2θ = 4.7°. This phase was not observed in 29 

the reference solution containing gold nanoparticles without bound -COOH. The 30 

HPO4-OH-layer-deficient OCP transformed to conventional OCP gradually, as revealed 31 

by XRD, nuclear magnetic resonance, and Raman analyses. Thus, the immobilized 32 

-COOH appeared to behave as a negative catalyst, resulting in the formation of the 33 

intermediate phase. Such a mechanism partially clarifies complex biomineralization 34 

processes, for example teeth enamel and dentin formation, in vivo. 35 

 36 
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INTRODUCTION 55 

Biological organisms can construct complex functional hybrid structures from 56 

inorganic minerals and organic materials, such as nacres and bones (Mann 2001; 57 

Sunagawa 2005; Weiner and Dove 2003). During formation of these organs, organic 58 

molecules, polypeptides, and proteins act as templates for mineral nucleation and 59 

growth (Nudelman et al. 2013; Sunagawa 2005; Veis 2003), by providing preferential 60 

sites for mineral nucleation and control of the orientation of the precipitated crystals 61 

(Hamm et al. 2014). Some organic functional groups, such as -COOH, interact with Ca 62 

ions (Addadi et al. 2003; Gebauer et al. 2008; Falini et al. 1996). These groups greatly 63 

influence the nucleation and growth of Ca-containing minerals, particularly during 64 

amorphous phase formation (Addadi et al. 2003; Gebauer et al. 2008; Falini et al. 1996).  65 

Tooth enamel is the hardest material in vertebrates (Nylen et al. 1963; Sunagawa 66 

2005). It comprises highly organized hydroxyapatite (HAP) crystals elongated along 67 

their c-axis with a ribbon-like morphology. This structure is a proposed pseudomorph of 68 

octacalcium phosphate (OCP), (Brown et al. 1962; Iijima et al. 1992; Nelson et al. 69 

1989; Wang and Nancollas 2008) which contains very few matrix proteins (Sunagawa 70 

2005). When a tooth forms, HAP mineralization is aided by numerous organic 71 

molecules, whose roles have been investigated extensively. HAP mineralization is 72 
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accelerated by polypeptides rich in -COOH such as dentin matrix protein (He et al. 73 

2003). Tsuji et al. 2008 also showed that soluble artificial proteins rich in -COOH 74 

accelerate the phase transformation from amorphous calcium phosphate (ACP) to HAP. 75 

Furthermore, self-assembled organic monolayers with terminal -COOH can form on 76 

noble metal substrates and facilitate nucleation of calcium phosphate (CP) in 77 

pseudo-physiological solutions (Dey et al. 2010; Nonoyama et al. 2011). Among the 78 

–COOH containing materials, citrate is known to have a definitive effect on the 79 

formation of HAP (Delgado-Lopez et al. 2012, 2014; Hu et al. 2010; Xie and Nancollas 80 

2010).  81 

However, the role of carboxylic rich materials in HAP precursor mineralization 82 

processes, such as those for OCP, remained unclear until a recent investigation indicated 83 

that they can alter the OCP structure through the modification of the HPO4-OH layer 84 

(Davies et al. 2014). To the best of our knowledge, there have been few studies on the 85 

phases of ACP–OCP transformation in the presence of organic materials rich in -COOH, 86 

despite the fact that this transformation is essential in the early stages of tooth enamel 87 

formation (Zhao et al. 2012). In this study, immobilized -COOH were prepared using 88 

11-Mercaptoundecanoic acid (MUA: HS(CH2)10COOH). The sulfur atoms of MUA 89 

covalently bind with gold atoms, forming a self-assembled carboxyl-terminated MUA 90 
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monolayer on the crystalline gold surface. These modified nanoparticles are referred to 91 

as Carboxylic-functional group on Gold Nanoparticles (CGNs). To observe the effect of 92 

immobilized -COOH on the dynamics of ACP–OCP phase transformation, CGNs were 93 

dispersed in CP solutions. The phase transformation and resultant materials were 94 

investigated using several techniques, as described below. 95 

 96 

MATERIALS AND METHODS 97 

Preparation of the solutions used for ACP–OCP phase transformation 98 

studies.  99 

CaCl2 was purchased from Wako Pure Chemicals Inc., Japan, while KH2PO4, 100 

K2HPO4, and NaCl were purchased from Nakalai Tesque Inc., Japan. All the reagents 101 

were dissolved in ultra-pure water with a specific resistance of 18.2 MΩ. Three stock 102 

solutions were prepared: 1 M CaCl2, 0.5 M KH2PO4, and 0.5 M K2HPO4. The KH2PO4 103 

and K2HPO4 solutions were mixed together to obtain a 0.5 M phosphate solution 104 

(KDP–KAP) with a pH of 6.5. The final solution was prepared by mixing the 105 

KDP–KAP solution with CaCl2 suspension, such that both Ca2+ and phosphate 106 

concentrations were 5 mM (pH 6.5 ± 0.1 at 22 °C). Because the volume ratio of the 107 

CaCl2 suspension to the phosphate solution was less than 1: 100, the solution pH 108 
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reminded constant throughout the mixing process. All solutions were filtered using a 109 

0.22 μm syringe-type membrane filter or a 0.22 μm centrifuge filter to remove dust 110 

particles before use. 111 

 112 

Preparation and characterization of the -COOH immobilized on gold 113 

nanoparticles (CGNs). 114 

      The gold nanoparticles were a commercial-grade gold colloid (Gold Colloid 5 115 

nm, BBI Solutions Co., UK), which contained approximately 300 μM gold. This 116 

solution (5 mL) was added to a 20 mM MUA (Sigma-Aldrich Japan K.K., Tokyo, 117 

Japan) ethanolic solution (5 mL) and the mixture was left at room temperature for more 118 

than 3 h to allow the formation of self-assembled MUA layers on the gold particles in a 119 

glass bottle. The solution was then dialyzed for more than 120 h in 3 L ultra-pure water 120 

through a cellophane membrane. The water was changed at 12 h intervals. The pH of 121 

the final solution containing CGNs was ~4.5. For comparison, a reference colloid 122 

solution containing non-immobilized gold nanoparticles was also dialyzed in ultra-pure 123 

water. 124 

     The CGNs were characterized using dynamic light scattering (DLS), zeta 125 

potential analysis and visible-light absorption spectroscopy. 126 
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 In custom made multi-angle DLS systems (Kanzaki et al. 2006), to determine the 127 

angular dependence, the second autocorrelation functions G2(q, t) were simultaneously 128 

measured at scattering angles ranging from 30° to 100° (with 10° steps). The equipment 129 

light source was a semiconductor laser with a wavelength (λw) of 530 nm. The second 130 

autocorrelation functions G2(q, t) are expressed as follows: 131 

         G2(q, t) = <I(q, t)・I(q, 0)>/<I(q, t)>2 + 1,          (1) 132 

where I(q, 0) and I(q, t) are the scattered intensities at time zero and time t, respectively. 133 

The scattering vector q is a function of λw, the scattering angle θ, and the refractive 134 

index of the solution n. 135 

        q = 4πnsin(θ/2)/ λw                              (2) 136 

 The decay time τ of the scattered particles was calculated from the G2(q, t) data 137 

using the CONTIN (Provencher 1982) program (ALV-Laser Vetriebsgesellschaft, ALV 138 

Co., Germany). For calculating τ, a number-weight analysis, instead of an 139 

intensity-weight analysis, was adopted because of the polydispersity of the reference 140 

gold nanoparticle and CGNs sizes, as determined via transmission electron microscopy 141 

(TEM) observation. The parameter τ is expressed in terms of q and the diffusion 142 

coefficient D of the scattered particles. 143 

           1/τ = q2D                                      (3) 144 
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Because D is affected by intermolecular interactions between the particles, the 145 

relationship between D and the particle concentration was determined, and the 146 

translational diffusion coefficient D0 was then estimated by extrapolating D at zero 147 

concentration.  148 

     D0 can be converted to the hydrodynamic radius of particles rH using the 149 

Stokes–Einstein equation. 150 

           rH = kBT/6πηD0,                                 (4) 151 

where η is the viscosity of water (η = 0.953 cP at 22°C). 152 

     Zeta-potential measurements revealed the presence of a double electric layer of 153 

colloidal particles in the solutions. The surface charge of the CGNs was compared with 154 

that of the dialyzed gold nanoparticles (reference) to estimate the formation of Au-S 155 

bonds on the gold nanoparticle surface using an ELSZ-1000Z photoelectric 156 

spectrometer (Otsuka Electric Co., Osaka, Japan). The particle concentration of the 157 

measured solutions was 50 μM. The solution temperature and pH were 25 °C and 6.5 158 

(buffered using 5 mM KDP-KAP), respectively. A 30 mV semiconductor laser (λw=660 159 

nm) was used as the light source, and the impressed voltage between the electrodes was 160 

10 kV. The detection angle of the scattered light was 15° with an avalanche photodiode 161 

detector. 162 
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     The formation of Au-S bonds on the gold nanoparticle surface was also estimated 163 

using visible-light absorption spectroscopy. The concentrations of the reference gold 164 

nanoparticle solution and CGNs-containing solution used for the measurements were 165 

both adjusted to 150 μM. The solutions were placed into a 4 mL square quartz cells and 166 

mounted on the spectrometer (V-630, Jasco Co., Hachioji, Japan). The absorption of 167 

H2O was used for baseline calibration, and a deuterium lamp was used as the light 168 

source. The measured λw range was 500–800 nm with a scan rate of 50 nm/min. 169 

 170 

Observation of the ACP–OCP phase transformation dynamics in solutions 171 

containing reference gold nanoparticles and CGNs using time resolved static light 172 

scattering (TR-SLS) and in situ Fourier transfer infrared spectroscopy (in situ 173 

FT-IR). 174 

     The theory and application of TR-SLS as well as the details of the optical 175 

instrument are described by Onuma et al. 2000. The main components of the instrument 176 

are an ellipsoidal mirror and a high-speed charge-coupled-device (CCD) camera. Using 177 

TR-SLS, the scattering intensity of the dispersed particles at scattering angles in the 178 

range 10°-170° can be obtained with an angle resolution of 1° and a maximum time 179 

resolution of 1 s. In this study, the interval was set to 2 s for each solution. The 180 
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measurement temperature of 22 °C was the same as that used for the DLS analyses, and 181 

the light source was a He–Ne laser (λw = 632.8 nm). 182 

 Two types of reaction solutions were prepared for the TR-SLS analyses: a cationic 183 

solution (1 M CaCl2) and an anionic solution (5.03 M KH2PO4–K2HPO4 buffered at pH 184 

6.5 with 10.01 μM reference gold nanoparticles or 10.01 μM CGNs). The cationic 185 

solution (60 μL) was added to the anionic solution (11.94 mL), and the two solutions 186 

were quickly mixed in the measurement cells. The final solution contained 5 mM Ca 187 

and phosphate and 10 μM reference gold nanoparticles or CGNs. After solution 188 

preparation, the changes in the molecular mass Mw and the gyration radius Rg of the 189 

particles were measured.  190 

     In addition, the relationship between the scattering intensity and scattering angle 191 

for each solution was analyzed using Zimm-square-root plots as follows. 192 

     The excess Rayleigh ratio ΔR of a sample solution (the difference in the scattering 193 

intensity between the sample and buffer solution) depends on q, Mw, Rg, the particle 194 

concentration c, the second virial coefficient of the particles A2, and the optical constant 195 

K, which includes the increase in the refractive index of the sample solution with 196 

increasing particle concentration. The Rayleigh ratio is given by, 197 

       (Kc/ΔR)1/2 = (1/Mw)1/2(1+q2Rg
2/6)+2A2c.                            (5) 198 
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  Because Eq. (5) cannot be extrapolated to a zero c limit in TR-SLS measurements, 199 

calculated Mw is apparent. The contribution of the A2c term is typically neglected in 200 

TR-SLS measurements because it is much smaller than the first term on the right-hand 201 

side of Eq. (5). 202 

     For in situ FT-IR analyses, the measured solutions were mixed in 2 mL 203 

polypropylene tubes. Approximately 5 µL of each mixed solution was mounted on the 204 

horizontal diamond single crystal of the attenuated total reflection prism of an IR 205 

spectrometer (FT-IR; Nicolet 6300, ThermoScientific Co., USA) equipped with a 206 

triglycine sulfate (TGS) detector (32 scans, resolution 2 cm-1). The measurement 207 

interval was approximately 90 s. The solutions were covered with silicon gum caps to 208 

avoid evaporation. 209 

 210 

Characterization of the CP phases formed in the solutions containing 211 

reference gold nanoparticles and CGNs. 212 

To determine how the material phases, structures and morphologies were altered 213 

over time, the CP solutions were sampled at all stages of the reaction (during 214 

transformation from the amorphous to the crystalline phase and the subsequent 215 

precipitation stage). Aliquots of the solution (~1 mL) were centrifuged for 30 s, and the 216 
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materials concentrated at the bottom of the vessel were washed with 2 mL H2O for 217 

approximately 30 s. The washed materials were immediately rewashed with 2 mL a 218 

mixed alcoholic solutions (ethanol: isopropanol = 1:1 in volume ratio) several times to 219 

remove any residual water and placed in a vacuum vessel. 220 

The materials were observed using TEM, along with analysis of the 221 

corresponding selected area electron diffraction (SAED) pattern. Cryo-HR-TEM 222 

observations were also performed in order to analyze the structure of the materials at the 223 

atomic level. The precipitated samples were also characterized using X-ray diffraction 224 

(XRD) analysis, Raman spectroscopy, and nuclear magnetic resonance (NMR) 225 

spectroscopy. Details of characterization methods are described in the Appendix. 226 

 227 

RESULTING DATA 228 

Characterization of the reference gold nanoparticle and CGNs solutions 229 

Fig. 1 plots the results of the dynamic light scattering (DLS) measurements for 230 

the reference gold nanoparticle and CGNs solutions. The G2(q, t) values (Fig. 1a) 231 

obtained for the solubilized CGNs at two concentrations were sufficiently resolved 232 

(high S/N ratio) to calculate the value for τ. The value of D for each solution was then 233 

calculated using Eq. (3) (Fig. 1b), and the concentration dependence was estimated for 234 
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solutions containing reference gold nanoparticles and CGNs (Figs. 1c and d, 235 

respectively). From D0, the rH values for the gold nanoparticles and CGNs were 236 

calculated as 3.0 ± 0.2 nm and 6.9 ± 0.6 nm, respectively, indicating that -COOH groups 237 

were immobilized on the gold nanoparticles. A number-weight analysis was adopted for 238 

the calculation of the τ values, causing the errors for rH in this study to be larger than 239 

those seen previously (Onuma et al. 2009) using the same equipment. Note that D 240 

increased linearly as the concentration of reference gold nanoparticles increased, 241 

suggesting a repulsive intermolecular interaction. Alternatively, the negative 242 

relationship between D and the CGNs concentration indicates the existence of an 243 

attractive force. 244 

The average zeta-potentials of the reference gold nanoparticles and CGNs in the 245 

solutions were -45.5 and -48.1 mV, respectively. The visible-light spectra of the 246 

reference gold nanoparticles and CGNs in solution were 515.5 nm and 518.5 nm, 247 

respectively (Fig. S1 in Appendix). These results indicate that the surfaces of the CGNs 248 

were more negatively charged than those of the reference gold nanoparticles, due to the 249 

ionization of -COOH under the reaction conditions.  250 

 251 

TR-SLS measurements of the ACP–OCP phase transformation dynamics in 252 
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the reference and CGNs-containing solutions 253 

Using TR-SLS, changes in the Mw and Rg of the CP particles were observed 254 

during ACP–OCP phase transformation in the reference gold nanoparticles or 255 

CGNs-containing solutions. 256 

Fig. 2 plots the changes in Mw, Rg, and the relative density (Dr; Mw/Rg
3) of the CP 257 

particles formed in solutions containing 10 μM reference gold nanoparticles or CGNs. 258 

The relative density was controlled by the number and rigidity of the particles. The 259 

approximate initial Mw and Rg of the particles in the reference solution were 2500 and 260 

80 nm, respectively (Figs. 2a and b). Both values rapidly increased during the first 10 261 

min, and then continued to gradually increase throughout the next 45 min. After 55 min, 262 

however, both values again increased drastically, and the solution became cloudy at ~70 263 

min. Conversely, the Dr value (Fig. 2c) remained nearly constant from 10 to 55 min and 264 

then rapidly increased thereafter. These results imply that Mw increased from 10 to 55 265 

min simply because of particle growth (i.e., an increase in Rg), with no change in the 266 

number or rigidity of the particles. After 55 min, however, the increase in Mw was 267 

attributed to both an increase in Rg and changes in the number and/or rigidity of the 268 

particles, suggesting that phase transformation occurred during this period.  269 

The Mw, Rg, and Dr dynamics of CP particles in the CGNs-containing solution 270 
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obviously differed from those in the reference gold nanoparticles containing solution. 271 

Initially, Mw and Rg in the CGNs-containing solution (approximately 600 and 50 nm, 272 

respectively) were much smaller than those in the reference solution (Figs. 2d and e). 273 

Throughout the first 10 min, both Mw and Rg rapidly reached local equilibrium values 274 

and remained unchanged for 40 min. Between 40 and 50 min, Mw again increased 275 

rapidly, reaching a local equilibrium value that was maintained up to 80 min. After 80 276 

min, Mw further increased to a value that was maintained up to 170 min. Note that the 277 

value of Rg remained constant from 40 to 170 min. The change in Dr (Fig. 2f) was 278 

consistent with that of Mw. Therefore, it can be concluded that the stepwise increases in 279 

Mw at 40 and 80 min manifested chiefly from increased particle rigidity (Tsuji et al. 280 

2008). If the number of particles controlled the change in Mw, the sizes of the particles 281 

formed in the solution (indicated by the average Rg) should have varied widely. After 282 

170 min, the solution became cloudy, and both Mw and Rg increased drastically. This 283 

behavior was observed in both reference and CGNs-containing solutions, although 284 

clouding in the CGNs-containing solution was delayed relative to the reference solution 285 

by a factor of approximately 3. Following the rapid increase in particle Mw and Rg (after 286 

~70 min and ~170 min in the reference and CGNs-containing solutions, respectively), 287 

the solutions became cloudy and precipitates appeared. These initial precipitates were 288 
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characterized using XRD and Raman spectroscopy (see below). 289 

During the first 10 min, the value of Dr decreased for both reference and CGNs 290 

solutions. Although the reason for this phenomenon remains unclear, it is presumably 291 

due to particle aggregation upon increasing size. 292 

 293 

TEM analysis of the ACP formed in the reference and CGNs-containing 294 

solutions. 295 

The changes in the ACP structure over time prior to the appearance of the initial 296 

precipitates in the reference and CGNs-containing solutions were investigated by 297 

evaluating the morphologies of the particles using TEM and analyzing their 298 

corresponding SAED patterns and lattice fringes. Fig. 3 shows TEM micrographs of the 299 

ACP obtained from the reference solution (Fig. 3a-d) and CGNs-containing solution 300 

(Fig. 3e-h), along with their corresponding SAED patterns, and cryo-HR-TEM images 301 

of their lattice fringes. The solutions were transparent in both cases. 302 

At 10 min, the particles in the reference solution had assembled into a liquid-like 303 

form with faint broad Debye rings corresponding to a d-spacing of 3.75 Å, (Fig. 3a) 304 

which are characteristic of ACP1 (Christoffersen et al. 1990). At 60 min (Fig. 3b), 305 

spherical morphology and broad Debye rings of ACP were observed, which are 306 
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characteristic of ACP2 (Christoffersen et al. 1990). This result agrees with the TR-SLS 307 

analysis, which revealed changes in the internal structure of the ACP during this period 308 

(Fig. 2c) (Christoffersen et al. 1990). Cryo-HR-TEM observation showed that, at 60 min, 309 

the structure of the ACP in the reference solution was essentially random with uniform 310 

contrast to the electron beam and small areas that appeared as black spots ranging from 311 

2 to 10 nm in diameter (Fig. 3c), which is larger than the size of CP clusters (0.7-1.4 312 

nm) (Dey et al. 2010; Onuma and Ito 1998). A magnified cryo-HR-TEM image of these 313 

areas is shown in Fig. 4d. They consisted of weak but well-arranged lattice fringes with 314 

a d-spacing of 3.05 Å. A fast Fourier transform (FFT) image of the lattice fringes 315 

showed that the direction of the fringes was constant, which was in stark contrast to that 316 

of the lattice fringes of the ACP formed in the CGNs-containing solution (see below). 317 

The morphological evolution of the ACP particles in the CGNs-containing 318 

solution essentially matched that of the reference solution. At 10 min, the particles had 319 

assembled into a liquid-like form (Fig. 3e). The corresponding SAED pattern showed a 320 

halo with no clear rings, indicating ACP1. At 60 min, which was the point when the first 321 

local increase in Mw was completed, the ACP morphology was spherical, and a broad 322 

Debye ring corresponding to a d-spacing of 3.75 Å appeared in the SAED pattern. This 323 

pattern typifies ACP2 (Fig. 3f). However, as can be seen in the cryo-HR-TEM images of 324 
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the ACP2 particles formed at 60 min in the CGNs-containing solution (Figs. 3g and h), 325 

the ACP particles consisted of a major region showing a random-structure (Fig. 3g) and 326 

a minor region (<1 % of the observation area) showing complex lattice fringes (Fig. 3h). 327 

In addition, in the fringe region, the interspace distance between the neighboring lattice 328 

fringes varied from 2.5 to 5.0 Å, and thus it was impossible to identify the actual 329 

d-spacing. The direction of the lattice fringes was also random. The Ca/P ratios for the 330 

ACP in both solutions were ~1.06 at 10 min and then rapidly increased, reaching ~1.25 331 

prior to initial precipitation (~70 min and ~170 min in the reference and 332 

CGNs-containing solutions, respectively) (see Fig. S2). 333 

 334 

In situ FT-IR analysis of the ACP and subsequent precipitates formed in the 335 

reference gold nanoparticles or CGNs-containing solutions. 336 

     Fig. 4 shows the in situ FT-IR spectra in the P-O stretch region (800–1300 cm−1) 337 

of ACP in the initial transparent solutions and the subsequent cloudy solutions with 338 

precipitates. Figs. 4a and b correspond to the spectra of the solutions containing the 339 

reference gold nanoparticles and CGNs, respectively. The reference solution was 340 

transparent until ~70 min, while the CGNs-containing solution was transparent until 341 

~170 min. Immediately after initiating the reaction, intensities of both spectra were too 342 
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low to identify; however, ACP particles formed in both solutions as shown by TEM 343 

observations. A low-intensity spectrum was observed until 25 min for the reference 344 

solution and until 40 min for the CGNs-containing solution. The spectra then showed 345 

several specific peaks that gradually evolved, with different peak evolution for each 346 

solution. 347 

In the reference solution, the spectrum at 25 min exhibited seven separated peaks 348 

at 804, 862, 963, 1024 (with a shoulder at 1034 cm-1), 1049, 1126 and 1189 cm-1. These 349 

peaks corresponded to OCP vibrations, with the peak at 963 cm-1 attributed to the PO4
3- 350 

vibration mode (v1(PO4)) and the remaining peaks attributed mainly to the HPO4
2- ion 351 

vibration (vn(HPO4)) or OH- with HPO4
2- (δOH(HPO4)) vibration (Berry and Baddiel 352 

1967). Combined with the XRD data (see section below), we concluded that the initial 353 

precipitate in the reference solution was crystalline OCP. 354 

 Alternatively, only major CP peaks at 1024 (with a shoulder at 1034 cm-1), and 355 

1126 cm-1 appeared in the spectrum of the CGNs-containing solution at 40 min. Note 356 

that these peaks corresponding to OCP were clearly seen (broken lines in Figs. 4a and 357 

b); however, the peaks at 804, 862, 963, 1049 and 1189 cm-1, which appeared in the 358 

reference solution, were not observed in the CGNs-containing solution.  359 
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      The in situ FT-IR spectrum of the initial precipitate in the CGNs-containing 360 

solution (after ~170 min) lacked the specific peaks corresponding to OCP HPO4
2- ion 361 

vibrations (vn(HPO4)) such as those at 804, 864, 1049, 1105, and 1189 cm-1, which were 362 

clearly observed in the spectrum of the precipitate in the reference solution (gray arrows 363 

in Fig. 3a). In addition, the spectra of the materials formed in the CGNs-containing 364 

solution at all reaction stages lacked the characteristic peak for HAP at 1146 cm-1. These 365 

results suggested that CGNs did not induce HAP formation prior to OCP formation 366 

under the present reaction conditions. On the basis of this information, combined with 367 

the results of the XRD and Raman spectroscopy analyses of the isolated precipitates 368 

(see details below), we inferred that the initial precipitate in the CGNs-containing 369 

solution is HPO4-OH-structure-deficient OCP.  370 

 371 

XRD, NMR, and Raman analyses of the precipitates formed in the reference 372 

and CGNs-containing solutions. 373 

Fig. 5 shows the XRD patterns of the precipitates formed over time taken from 374 

the reference solution (a) and CGNs-containing solution (b). The pattern of the initial 375 

precipitate taken from the reference solution (at ~70 min after solution preparation) was 376 

characteristic of OCP crystals with a (100) peak at 2θ = 4.7°. This XRD pattern was 377 
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essentially the same for up to 1 week. Conversely, the XRD pattern of the initial 378 

precipitate taken from the CGNs-containing solution (at ~170 min after solution 379 

preparation) showed no peak at 2θ = 4.7°. Instead, the pattern exhibited a broad peak at 380 

around 24°–32°, which corresponded to several CPs; HAP, OCP, and β-TCP (PDF cards 381 

09-0619, 44-0778, and 76-0694, respectively). Therefore, it was not possible to assign 382 

this peak to a particular CP. At 12 h after solution preparation, a weak peak 383 

corresponding to the (100) orientation of crystalline OCP (2θ = 4.7°) appeared in the 384 

XRD pattern of the precipitate taken from the CGNs-containing solution. Notably, the 385 

intensity of this peak gradually increased, and the final OCP was also stable for up to at 386 

least one week in the CGNs-containing solution. Note that none of the XRD patterns of 387 

the materials precipitated from the CGNs-containing solution included the characteristic 388 

HAP peak at 2θ = 10.5°. However, the intensities of weak peaks corresponding to the 389 

(-110) and (010) orientations (2θ = 9.2 and 9.4°, respectively) increased for two days in 390 

the CGNs-containing solution, but disappeared at one week. The crystalline OCP 391 

structure consists of two HAP-like structures with transition zone and an 392 

HPO4-OH-layer structure between them (see Fig. 8a). The appearance of these two 393 

peaks suggested the development of a HAP-like structure with transition zone in OCP 394 

(see Fig. 8b). Because the decrease in the intensities of these two peaks corresponded to 395 
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the development of the conventional OCP structure, we assumed that the precipitated 396 

OCP in the CGNs-containing solution had a HAP-like structure with transition zone 397 

during the initial precipitation stage, which then transformed to conventional OCP. 398 

     Fig. 6 presents the 31P solid-state NMR spectra of the initial precipitates taken 399 

from the reference solution at ~70 min (initial precipitate), and from CGNs-containing 400 

solution at ~170 min (initial precipitate) and two days after starting the reaction. The 401 

spectrum of the initial precipitate from the CGNs-containing solution exhibited a broad 402 

31P peak at 3.0 ppm as the main peak, with shoulder at 1.9 and -0.4 ppm. The main peak 403 

correspond to the doublet OCP P1 and P2/P4 sites of a poorly crystalline nanometric 404 

OCP phase, and the shoulder peaks correspond to OCP P3 (1.9 ppm) and P5/P6 (-0.4 405 

ppm) site, which was confirmed by comparison with the spectrum of initial precipitate 406 

(crystalline OCP) from the reference solution shown as dotted spectrum in Fig. 6 (Tsai 407 

and Chan 2011). Note that the position of each peak observed in the precipitate from 408 

CGNs-containing solution was essentially equivalent to that from the reference solution. 409 

The spectrum of the initial precipitate taken from CGNs-containing solution had 410 

essentially weak a P5/P6 peak corresponding to HPO4
2- sites, indicating that the initial 411 

precipitate was mainly consisted of PO4
3- rich structures and contained other minor 412 

structures corresponding to HPO4
2- structures. The NMR spectra indicated that the 413 
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structure of the initial precipitate formed in the CGNs-containing solution was low 414 

crystalline OCP, and not HAP. 415 

The spectrum of the precipitate at two days after the reaction exhibited typical 416 

OCP peaks at -0.4, 1.9, 3.1, and 3.6 ppm (Tseng et al. 2006; Tsai and Chan 2011) with 417 

an additional peak at -1.2 ppm. The presence of the -1.2 ppm peak was evidence that the 418 

-COOH altered the HPO4-OH structure of the OCP lattice through either intercalation or 419 

adsorption (Addadi and Weiner 1985; Kamitakahara et al. 2008; Tsai et al. 2010). 420 

Raman spectra of the precipitates from the reference solution (from ~70 min to 1 421 

week) showed similar patterns independent of time (Fig. 7a). Typical OCP peaks at 417, 422 

591 and 961 cm−1 and sub-peaks at 609, 1011 and 1048 cm-1 were observed. The results 423 

of the XRD and Raman analyses of the precipitates taken from the reference solution 424 

indicate that OCP was directly formed from ACP without passing through other 425 

crystalline intermediate phases. 426 

     The time evolution of the Raman spectra of the precipitates taken from the 427 

CGNs-containing solution (from ~170 min to one week) is shown in Fig. 7b. All the 428 

spectra showed weak peaks attributable to OCP (417, 591, and 961 cm−1) with 429 

sub-peaks at 609, and 1048 cm-1. These sub-peaks were also attributed to OCP and their 430 

intensities increased over time. However, the intensity of a sub peak at 1011 cm-1, which 431 
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corresponded to v1(HPO4) stretch, of the precipitate formed in the CGNs-containing 432 

solution was much weaker at all time points than that of precipitate formed in the 433 

reference solution (black arrow in Fig. 7b). Additional broad peaks in the spectra at 170 434 

and 200−300 cm−1 were attributed to the glass slide, and were observed in the 435 

CGNs-containing solution due to the weaker crystallinity of the precipitates relative to 436 

that of the precipitates observed in the reference solution. Consistent with the 437 

cryo-HR-TEM observation, the Raman spectra of the precipitates formed in the 438 

CGNs-containing solution indicated a HPO4-OH-deficient OCP structure than that 439 

observed for the spectra of the precipitates formed in the reference solution. 440 

     The Ca/P ratios of the precipitates from both solutions slowly increased and 441 

reached ~1.35 three days after starting the reactions. The precipitates formed in both 442 

solutions were observed using TEM (Figs. S3 and S4). Briefly, both initial precipitates 443 

were spherical particles (2–5 μm in diameter) consisting of plate-like (reference) or 444 

needle-like (CGNs) crystals. In both solutions, the typical OCP plate-like morphology 445 

developed at 12 h. Cryo-HR-TEM observation showed the precipitates formed in the 446 

CGNs-containing solution consisted almost exclusively of complex lattice fringes, such 447 

as those seen in Fig. 4h, which is in contrast to the initial precipitates formed in the 448 

reference solution (Fig. S3). Well-arranged lattice fringe regions were also observed, 449 
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although they were rare (Fig. S4). 450 

     The in situ FT-IR spectra indicated that the ACP formed in the CGNs-containing 451 

solution lacked HPO4
2- structures. Consistent with the FT-IR results, the Raman and 452 

NMR spectra indicated that the -COOH altered the HPO4-OH structure of the OCP 453 

lattice. In addition, the XRD pattern showed no evidence of HAP in the precipitates 454 

(lack of HAP-specific peaks at 2θ = 10.5°). We therefore concluded that the materials 455 

initially precipitated from the CGNs-containing solution were not conventional OCP, 456 

but were OCP-like materials. Furthermore, the results of Raman spectral analyses 457 

indicated that the OCP-like material had a HPO4-OH-layer-deficient structure compared 458 

with that of the structure of conventional OCP, and thus was an intermediate phase that 459 

appeared during the phase transformation from ACP to OCP. In the CGNs-containing 460 

solution, ACP first transformed to HPO4-OH-layer-deficient OCP, and then converted to 461 

conventional OCP over time. However, there were no signs, that CGNs induced HAP 462 

formation prior to OCP formation under the present reaction conditions. 463 

 464 

DISCUSSIONS 465 

The -COOH immobilized on the gold nanoparticles not only delayed the phase 466 

transformation from ACP to OCP but also changed the reaction path, resulting in the 467 
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formation of an OCP-like intermediate phase. In addition, the results of the 468 

cryo-HR-TEM, Raman, and NMR analyses indicated that this OCP-like intermediate 469 

phase remained in the final crystalline OCP phase. 470 

Based on the TR-SLS results, the phase transformation from ACP to OCP in the 471 

reference solution can be explained as rearrangement of the internal structure from loose 472 

(ACP) to rigid (OCP) or as simple nucleation of OCP crystals using ACP as a template. 473 

However, the results of the cryo-HR-TEM and in situ FT-IR analyses indicated the 474 

presence of OCP in the initial ACP, suggesting that the transformation occurred via 475 

direct structural rearrangement in the particles. Structural rearrangement of the initial 476 

ACP to the final crystalline phase also occurred in the CGNs-containing solution. 477 

However, direct rearrangement to OCP was inhibited and an additional intermediate 478 

phase (HPO4-OH-layer-deficient OCP) appeared prior to formation of crystalline OCP. 479 

We inferred that CGNs act as a negative catalyst, thus increasing the activation energy 480 

of the ACP–OCP phase transformation and inhibiting HPO4-OH-layer structure 481 

evolution. The route involving formation of the HPO4-OH-structure-deficient OCP 482 

phase is a detour that eventually precipitates stable OCP. The final precipitate remained 483 

stable for at least 1 week under experimental conditions (Figs. 5 and 7). 484 

     The HPO4-OH-layer-deficient OCP that formed in the CGNs-containing solution 485 
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exhibited a structural resemblance to HAP. This similarity might be explained by the 486 

formation of Ca-deficient HAP prior to the formation of OCP. The solubility of HAP, 487 

even in the Ca-deficient form, is much lower than that of OCP under all pH conditions 488 

(Wang and Nancollas 2008). Under high supersaturation conditions, the relatively larger 489 

surface energy of HAP (γHAP = 3.3kBT, γOCP = 2.0kBT) (Onuma et al. 2000; Wu and 490 

Nancollas 1997) can be overcome. Ca-deficient HAP could then nucleate before OCP 491 

and continue growing until the final reaction stage; although other phases, such as OCP, 492 

could coprecipitate during the reaction. However, the characteristic peaks for HAP in 493 

the XRD patterns at ~10.5° and the FT-IR spectra (1146 cm-1) for the precipitates 494 

formed in the reference and CGNs-containing solutions were not detected at any 495 

reaction stage. Therefore, we concluded that the formation of Ca-deficient HAP and 496 

subsequent transformation to OCP is unlikely. 497 

     The key to the present phase transformation mechanism is the OCP-like structure 498 

of the intermediate phase. The OCP unit cell consists of two HAP-like structures with a 499 

transition zone weakly linked by an HPO4-OH-layer. The OCP structure viewed from 500 

the c-axis is described using an OCP structure profile and VESTA 3 (Brown et al. 1962; 501 

Frazier et al. 1991; Momma and Izumi 2011) (Fig. 8a). The HPO4
2- and OH- vibration 502 

bands in the FT-IR and Raman spectra of OCP were mainly attributed to the 503 
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HPO4-OH-layer region. Therefore, the lack of these peaks in the FT-IR and Raman 504 

spectra of the materials formed in the CGNs-containing solution suggested that this 505 

HPO4-OH layer was deficient. To confirm this hypothesis, the powder diffraction 506 

pattern of HPO4-OH-layer-deficient OCP and HAP were simulated using the 507 

RIETAN-FP program (Izumi and Momma 2007), as shown in Fig. 8b. Note that the 508 

pattern for the HPO4-OH-layer-deficient OCP structure lacked the most intense and 509 

characteristic peak of OCP at 2θ = 4.7°, and thus its structure resembled that of HAP. 510 

However, the structure was essentially different from that of crystalline HAP, and thus 511 

was referred to as HPO4-OH-layer-deficient OCP.  512 

The ACP–OCP transformation in the CGNs-containing solution is thought to 513 

occur as follows. The structure of the initial ACP rearranged to that of the 514 

HPO4-OH-layer-deficient OCP during the initial reaction stage. This structure 515 

resembled fragmented HAP, and its XRD pattern lacked the specific OCP diffraction 516 

peak at 2θ = 4.7°. Next, the HPO4-OH-layer evolved in the crystalline phase via the 517 

so-called maturation process, and OCP with a diffraction peak at 2θ = 4.7° was 518 

observed eventually. On the converse, in the reference solution, the transformation 519 

proceeded via the direct structural rearrangement of ACP to crystalline OCP. Because 520 

this process did not pass through the deficient-structure intermediate phase 521 
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(HPO4-OH-layer-deficient OCP), the reaction rate was relatively faster than that of the 522 

CGNs-containing solution. 523 

 524 

IMPLICATIONS 525 

This study has provided new insights into the role of immobilized -COOH in CP 526 

mineralization. The observed HPO4-OH-layer-deficient OCP material is thought to be 527 

one of several unknown intermediate phases without typically OCP peak at 2θ = 4.7° 528 

that form in the presence of appropriate functional groups.  529 

This research contributes to our understanding of the complex biomineralization 530 

of CPs in the immobilized -COOH rich environments found in vivo, including formation 531 

processes of dentin and bone involving CPs nucleation on collagen templates and in 532 

solutions containing -COOH rich proteins. For example, although the CP crystals of 533 

dentine and enamel are both nucleated in the same type of organelles (Kozawa 2009), 534 

different crystal structures are formed during subsequent growth stages by the 535 

contribution of different type of proteins in the environments. The number of –COOH 536 

group in each protein might have some role in this process. 537 

 538 

 539 
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Figure Captions 702 

FIGURE 1. DLS measurements of the reference gold nanoparticles and 703 

CGNs-containing solutions. (a) Second autocorrelation functions at θ = 30° (solid gray 704 

line) and 90° (broken gray line) for the solution containing 150 μM CGNs and at θ = 705 

30° (solid black line) and 90° (broken black line) for the solution containing 37.5 μM 706 

CGNs. (b) Relation between 1/τ and q2 for the solutions containing 60 µM reference 707 

gold nanoparticles (black diamonds) and 120 µM CGNs (grey circles). (c) Relation 708 

between D and the concentration of reference gold nanoparticles. (d) Relation between 709 

D and the CGNs concentration. 710 

 711 

FIGURE 2. TR-SLS analysis results for the solutions containing 10 μM reference gold 712 

nanoparticles (top panels; (a)–(c)) and 10 μM CGNs (bottom panels; (d)–(f)). Shown 713 

are the temporal changes in the apparent Mw (left), Rg (center), and Dr (right) of the 714 

particles in solution. 715 

 716 

FIGURE 3. TEM micrographs with SAED patterns (inset) and FFT images of the ACP 717 

formed in the reference (200 kV) and CGNs-containing solutions (300 kV). (a) 718 

Liquid-like ACP in the reference solution at 10 min. (b) Spherical ACP in the reference 719 
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solution formed at 60 min. (c) Cryo-HR-TEM micrograph of the ACP in the reference 720 

solution formed at 60 min. Black dots ranging from 2–10 nm can be seen. (d) 721 

Cryo-HR-TEM micrograph of the dots in (c) with the corresponding FFT image. (e) 722 

Liquid-like ACP formed at 10 min in the CGNs-containing solution. (f) Spherical ACP 723 

formed at 60 min in the CGNs-containing solution. All times correspond to those after 724 

solution preparation. (g) Cryo-HR-TEM micrograph of the completely random structure 725 

of the ACP in formed at 60 min in the CGNs-containing solution with the corresponding 726 

FFT image. (h) Cryo-HR-TEM micrograph of the ACP with the corresponding FFT 727 

image in the CGNs-containing solution at 60 min. Complex lattice fringes are observed. 728 

 729 

FIGURE 4.  In situ FT-IR spectra of ACP in the reference (a) and CGNs-containing 730 

(b) solutions at various reaction stages. Broken black lines indicate typical OCP peaks: 731 

963, 1021 and 1124 cm-1. Broken gray arrows indicate OCP peaks that disappear in the 732 

ACP and precipitate formed in the CGNs-containing solution. 733 

 734 

FIGURE 5. Time evolution of the XRD patterns of the precipitates taken from the (a) 735 

reference solution and (b) CGNs-containing solution. The solid black circles correspond 736 

to the OCP peaks. 737 
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 738 

FIGURE 6. Solid-state 31P NMR spectra of (a) the initial precipitate from the reference 739 

solution (broken gray line) and (b) the initial precipitate and material (c) after two day 740 

from CGNs-containing solution (black solid line). Black arrows indicate the OCP peaks. 741 

Gray arrow indicates the -COOH containing OCP peak (PA and PB: Tsai et al. 2010). 742 

 743 

FIGURE 7. Time evolution of the Raman spectra of the precipitates taken from the (a) 744 

reference solutions and (b) CGNs-containing solutions. The solid black circles 745 

correspond to the OCP peaks. The black arrow in (b) indicates a peak at 1011 cm-1 746 

corresponding to v1(HPO4) stretch. 747 

 748 

FIGURE 8. (a) Crystal structures of OCP, HPO4-OH-layer-deficient OCP, and HAP 749 

viewed from the c-axis. (b) Simulated powder diffraction patterns of OCP, HPO4-OH 750 

layer deficient OCP, and HAP. 751 
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