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Experimental Section 

Preparation of samples. Collagen matrices were reconstituted based on a previously published 

method.1 Type I collagen (C857, calf skin lyophilized, Elastin Products Company, Inc.) was 

dissolved in 0.5 mM HCl (12 mg ml-1) by magnetic stirring, followed by degassing under vacuum 

for 4 days. Collagen samples were maintained at 4oC during this process. Then the collagen 

solution was placed in a specially designed polytetrafluoroethylene frame with a #1 cover glass on 

one side, and the frame was placed for an hour in TES buffered saline (5.5, 6.32, and 3.4 g l-1 of 

TES, NaCl, and Na2HPO4, in deionized water, pH 7.5 at 37oC). The frame was then stored in 

deionized water overnight to remove excess salt, and the opposite side was capped with another 

glass. The cover glass held the solution and collagen, and also allowed X-ray penetration during 

the X-ray scattering analysis. The frame was 2 mm thick in the direction of the X-ray path. The 

collagen matrices were 10 mm wide and 5 mm high. The cover glasses were 3 mm taller than the 

matrices, to contain sufficient simulated body fluids (SBF) to prevent collagen dehydration during 

the X-ray scattering analysis (Figure 1a). To reconstitute the lyophilized collagen in a well-

controlled shape with uniform thickness for the SAXS evaluations, a collagen fibrillar density of 

12 mg ml-1 was used. With this collagen fibrillar density, we were able to observe both intra and 

extrafibrillar mineralization behaviors clearly in the mineralization solution. 

In addition, thin collagen films (only applied for Figure 6) were prepared on glass slides to 

simulate the reaction occurring at the outermost surface of collagen matrices, which were not 

analyzed from sections cut along the z-direction.  To prepare a film, a droplet (0.1 ml) of dissolved 

collagen (12 mg ml-1 of collagen in 0.5 mM HCl) was evenly dispersed on a glass slide (1×1 cm2) 

using a spin coater (Laurell WS-650MZ-23NPP, 5000 rpm for 30 s). Then the slide was placed in 

the TES buffered saline for an hour to polymerize collagen fibrils. The prepared film on glass was 
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stored in deionized water, as was done for collagen matrices. CaP structures formed during the 

collagen mineralization were compared with synthetic hydroxyapatite sample (ACROS 

Organics™). 

Simulated body fluid and the flow-through reactor. A simulated body fluid proposed by Kokubo 

et al. (1×SBF) is commonly used because of its similarity in ionic components to human body 

plasma.2,3 To conduct our experiments within a reasonable time, we used an SBF with three times 

higher concentrations of calcium and phosphate ions (3×SBF) as an experimental solution. The 

ionic compositions of 1×SBF, 3×SBF, and human blood plasma are listed in Table S1. American 

Chemical Society grades of NaCl (7.996 g, BDH Chemicals), NaHCO3 (0.350 g, BDH Chemicals), 

KCl (0.224 g, BDH Chemicals), MgCl2·6H2O (0.305 g, EMD Millipore), 1 M HCl (40 ml, BDH 

Chemicals), Na2SO4 (0.071 g, Alfa Aesar), tris(hydroxymethyl)aminomethane (Tris, 6.057 g, Alfa 

Aesar) were added to 900 ml of deionized water (18.2 M Ω cm−1). Either 0 or 10 mg of polyaspartic 

acid, pAsp (sodium salt, Mw: 5,000 Da, LANXES) was added to the solution, depending on the 

experimental condition. The solution was equally separated into two 500 ml polyethylene bottles, 

then either 0.684 g of K2HPO4·3H2O (Alfa Aesar) or 0.834 g of CaCl2 (Alfa Aesar) was added to 

each bottle. Both solutions were adjusted to pH 7.25 using 1 N HCl, and the volumes of the 

solutions were adjusted to 500 ml with deionized water.  

Table S1. Ionic components of simulated body fluids and human blood plasma. 

Solution Na+ K+ Mg2+ Ca2+ Cl- HCO3- HPO4
2- SO4

2- 

1×SBF2 142.0 5.0 1.5 2.5 147.8 4.2 1.0 0.5 

3×SBF 142.0 9.0 1.5 7.5 157.8 4.2 3.0 0.5 

Human blood plasma3 142.0 5.0 1.5 2.5 103.0 27.0 1.0 0.5 

* The pH of the 3×SBF was adjusted to 7.25 with 50 mM of Tris ((CH2OH)3CNH2) and 1 N HCl. 
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 For the collagen mineralization, the two solutions, separately contained in 60 mL syringes, 

were continuously flowed into reactor at 0.11 ml min-1 per syringe, using a syringe pump. To 

prevent any precipitation prior to the experiment, the two solutions were combined just before the 

reaction (Figure S1a). The volume of the solution in the reactor was 12.5 ml, giving 57 min of 

residence time. A hot plate maintained the reactor at 37 ± 1 oC. Homogeneous nucleation in 3×SBF 

containing either 0 or 10 mg l-1 pAsp was not significant enough to be detectable by SAXS. 

In this study, to better evaluate the different nucleation kinetics and pathways during both 

mineralization processes and to thoroughly investigate this complex system, we simplified the 

system to use one type and concentration of pAsp (10 mg l-1 of 5,000 Da pAsp). The addition of 

10 mg l-1 pAsp effectively controlled mineralization patterns during the 15 h period in our 

experimental setup; therefore, we used this concentration throughout the study. The concentration 

of pAsp used here was within the ranges of previous studies evaluating the influence of pAsp on 

CaP mineralization: 10 mg l-1 was used in a study by Nudelman et al. for their cryogenic 

observations of collagen fibrils; 4 50 mg l-1 was used by studies by Jee et al. on the biomimetic 

mineralization of collagen utilizing the polymer-induced liquid-precursor (PILP) process; 5,6  1–

100 mg l-1 was used by Cantaert et al., to study the effect of pAsp on CaP precipitation in confined 

structures utilizing track-etch (TE) membrane pores.7 Furthermore, we did test 100 mg l-1 pAsp; 

however, we were not able to monitor the nucleation behaviors properly due to its slow 

mineralization kinetics. The influences of other types of nucleation inhibitors were not tested for 

a similar reason. For example, fetuin, one of the most well-known NCPs, stimulates intrafibrillar 

mineralization, however, extrafibrillar CaP also formed simultaneously in a previous study.4 

Therefore, the use of the fetuin would not provide separate CaP nucleation pathways for intra and 

extrafibrillar mineralization. In addition, we expect that changes in concentration and molecular 
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weight of pAsp may alter the nucleation kinetics; however, we do not expect that those changes 

will lead to totally different nucleation pathways. Based on this study, future work can 

systematically evaluate the effects of molecular weights and concentrations of pAsp, or other types 

of nucleation inhibitors, such as non-collagenous proteins. 

In situ X-ray scattering data collection and analysis. Small angle X-ray scattering (SAXS) data 

were collected at the Advanced Photon Source (APS, Sector 12 ID-B) at Argonne National 

Laboratory (Argonne, IL, USA).8,9 At intervals of 5, 9.5, and 15 h, frames were immediately 

moved to the SAXS sample stage and scanned within 5 min. By vertically moving the sample 

stage, each sample was scanned from z = 0, where the collagen matrix and simulated body fluid 

contact each other, to z = 1.5 mm depth of the matrix (Figure S1b). The distance from the sample 

to the SAXS detector was 3.6 m, which provided a range of 0.0017–0.53 Å-1 for the scattering 

vector, q. For each scan, the sample was exposed to a 14 keV X-ray beam for 1 s. The size of the 

beam was 150 μm (perpendicular to the z-axis) × 40 μm (parallel to the z-axis). Two different 

lateral positions were scanned at each time for duplicated samples; therefore, a total of four 

scattering patterns were obtained for each condition and position. 

The 2-dimensional scattering intensity counted by the detector (2M Pilatus) was averaged 

over the q range along the radial direction to produce 1-dimensional scattering intensities I(q). 

Silver behenate powder was used as the q calibration standard. I(q) was normalized by the incident 

beam intensities and calibrated using a reference glassy carbon standard sample, thus SAXS 

intensities collected from different measurements could be compared each other. The SAXS 

intensities were corrected by subtracting the averaged intensity of unmineralized collagen matrices 

(at 0 h) as a background (Figure S2).  
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Figure S1. Experimental setup for collagen mineralization and SAXS measurements. (a) 

Mineralization of collagen matrices occurred within the frames in a flow-through reaction system 

(left dashed box: a syringe pump providing two different reaction conditions simultaneously; right 

dashed box: two testing frames per each condition). (b) The SAXS setup at the Advanced Photon 

Source sector 12-ID-B, Argonne National Laboratory (dashed dox: testing frame, viewed from the 

side, as in Figure 1b). 

 

Total particle volume was estimated from the linear relationship with invariant values, Q, 

as shown in eq. S1. Integration was conducted within a limited q range of 0.0017–0.2 Å-1, due to 

the relatively high noise in larger q regions. 

ܳ ൌ ሺ ଵ

ଶగమ
ሻ ׬  eq. S1                      ݍሻ݀ݍሺܫଶݍ

The Modelling II tool of the IRENA package written in IGOR Pro (WaveMetrics Inc.) was 

provided by APS and used for the data analysis to fit the SAXS pattern. The equations used in the 

fitting are summarized below, and more detailed information can be found elsewhere.10 Absolute 

volume fractions of CaP particles in collagen matrices were obtained by the fitting of I(q) 

calibrated on an absolute scale using a reference glassy carbon standard sample.11 The structural 

factor was assumed to be 1. Using a two-population model of this Modelling II in the IRENA 
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package, I(q) can be evaluated as a sum of spherical and platy calcium phosphate (CaP) 

populations. In the absence of collagen fibrils, the spherical CaP was reported to appear as a 

precursor to crystalline apatite at the initial stage of nucleation.12,13 A unified level tool was for the 

evaluation of spherical populations with fractal dimensions and a fitting tool using form factor was 

used for considering platy shape particle population in the Modelling II. First, spherical 

populations with fractal dimensions can represent the aggregation behavior during particle 

formation. In this model, I(q) can be expressed as eq. S2.10,14 

ሻݍሺܫ ൌ ܩ exp ቀെ
௤మோ೒మ

ଷ
ቁ ൅  ሻି௉.                eq. S2∗ݍሺܤ

where, ݍ∗ ൌ 	 ௤

ሾୣ୰୤ሺ
೜	ೃ೒
√ల

ሻሿయ
 , Rg is the radius of gyration, and B is the constant prefactor specific to the 

type of power-law scattering. A power-law scattering exponent P can be evaluated from the slope 

of log(I) vs. log(q) at high q. For typical monodisperse spheres following Porod’s law, P = 4. For 

P = 1–3, particles are considered to have mass fractal structures with fractal dimensions, Df, equal 

to P. Spherical aggregates typically show Df  ~ 3.14,15 The exponential prefactor, G, can provide 

volume fractions of the particles from the eq. S3.  

ܩ ൌ  ଶܸଶ,                             eq. S3ߩ∆௘ଶݎ	݊

where n is the number concentration of particles and V is the volume of a particle (ܸ ൌ

ሺଶ,଴଴଴	గ
మ

ଶସଷ
ܴ௚଺ሻ

భ
మሻ. re and ∆ρ represent the classical electron radius (2.818 fm) and the difference in 

electron densities between particles and the medium, respectively. Therefore, from the fitting 

parameters of G, and Rg, the particle volume fractions of a spherical CaP population, Vsp, can be 

evaluated by n multiplied by V. 
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For fitting the plate CaP population with thickness, t, another fitting tool using a built-in 

form factor (a unified disk, eq. S416) and a size distribution function in the Modelling II package 

was used.  

,ݍሺܨ| ܴሻ|ଶ ൌ ܣ ൅ 	ି݌ݔ݁	1ܩ
೜మೃ೒భమ

య ൅ ஻ଵ

௤∗ర
                 eq. S4 

where R is the radius of the plate, A ൌ 	ି݌ݔ݁
೜మೃ೒మమ

య  +	 ଶ

ோమொೄೇ
మ 	݁

ି	
ሺభ.భೃ೒భሻమ೜మ

య ݍ       , ∗ൌ ௤

ሾୣ୰୤ሺ
೜	ೃ೒భ

√ల
ሻሿయ

 ,  

B1 ൌ 4 ௧ାோ

ோయ௧మ
,   G1 ൌ 2 ௧మ

ଷோమ
 , 			ܴ௚1 ൌ

√ଷ	௧

ଶ
, and ܴ௚2 ൌ ටሺோ

మ

ଶ
൅ ௧మ

ଵଶ
ሻ  . Then, SAXS intensity was 

calculated by a summation over a discrete size histogram with eq. S5:  

ሻݍሺܫ ൌ 	 ௘ଶ|∆ρ|ଶݎ ∑ ,ݍሺܨ| ܴ௜ሻ|ଶܸሺ௜ ܴ௜ሻ݂ሺܴ௜ሻ∆ܴ௜                 eq. S5 

In eq. S5, the subscript i includes all bins in the size distribution, and ∆Ri is the width of bin i. V(R) 

is the particle volume, and f(R) is the volume size distribution, which can be related to the number 

size distribution by 

݂ሺܴሻ ൌ ܸሺܴሻ݊ܲሺܴሻ,                  eq. S6 

where P(R) is the probability of occurrence of a scatter of radius R. For the lognormal distribution,  

ܲሺܴሻ ൌ ଵ

ఙோ√ଶగ
݁ି

ሺౢ౤ሺೃషഋሻሻమ

మ഑మ ,                 eq. S7 

where µ is the mean radius in number size distribution, and σ is the standard deviation. For the 

fitting, µ, ߪ, and n were first fitted, and then the particle volume fractions of platy CaP population, 

Vpl was obtained by ∑ ܸሺ௜ ܴ௜ሻ݊ܲሺܴሻ∆ܴ௜. 

The scattering contrast, ∆ρ, was estimated from difference between the electron densities, 

ρ, of CaP and water, (ρCaP – ρwater). ρ = ∑ܥ௭ ௭݂  for all elements, where, ܥ௭ is the atomic 
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concentration and ௭݂ is the scattering factor, which is equivalent to the atomic number for SAXS 

analysis. For the spherical population, CaP was assumed to be amorphous (Ca9(PO4)6 , known as a 

Posner’s cluster, with a specific gravity of 1.7517, 18, yielding ∆ρ = 1.89 × 1023 cm-3. A recent study 

by Habraken et al.12 estimates the structure of post-nucleation clusters as [Ca2(HPO4)3]2-, which 

provides an almost similar ∆ρ (1.93 × 1023 cm-3). For the CaP platy population, the structure of 

CaP is assumed to be a hydroxyapatite crystal (Ca5(PO4)3OH with a specific gravity of 3.16), 

yielding ∆ρ = 6.12 × 1023 cm-3. Although hydroxyapatite is known to most closely approximate 

bone crystals, octacalcium phosphate (OCP) is frequently proposed as the early stage of platy CaP 

for bone.12 The assumption that platy particles are OCP (Ca8H2(PO4)6·5H2O, with a specific 

gravity of 3.16) also provides little change in ∆ρ (6.22 × 1023 cm-3). Therefore, the errors resulting 

from assumptions of the structure of spherical and platy particles are expected to be about 4%.  

Similarly, in situ wide angle X-ray scattering (WAXS) data was collected at APS sector 

11-ID-B to identify the CaP phases during collagen mineralization. Collagen matrices were 

exposed to a 58.66 keV X-ray beam for 5 min (2 s × 150 times) during flow-through mineralization 

reaction. The beam size was 300 μm in both the lateral and vertical dimensions. The 2-dimensional 

WAXS intensities were counted by a Perkin Elmer amorphous silicon detector, which was 20 cm 

away from the sample, providing information at q higher than 0.6 Å-1. Then the 2-dimensional 

intensities were averaged over the q range along the radial direction to produce 1-dimensional 

scattering intensities I(q), using FIT2D software provided by the European Synchrotron Radiation 

Facility. Cerium dioxide was used as the calibration standard.  

Ex situ analyses of collagen mineralization. Thin sections (100 nm) of the matrices were 

prepared for TEM analysis. Matrices were fixed in 100 mM cacodylate buffer containing 2% 

paraformaldehyde and 2.5% glutaraldehyde. The matrices were rinsed in a cacodylate buffer 
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solution and then fixed with 1% osmium tetroxide in the buffer solution for 1 h. After dehydration 

in successive ethanol baths (30, 50, 70, 90, and 95 % for 15 min each, and 100% for 15 min × 3 

times), samples were embedded in epoxy resin and thin sections were prepared using an 

ultramicrotome (EM UC7, Leica). Uranyl acetate and Reynold’s lead citrate were used for staining 

before the analysis. For TEM imaging without staining, treatments using osmium tetroxide, uranyl 

acetate, and lead citrate were omitted during the sample preparation. Two different instruments 

were used for TEM imaging. A JEOL 1200 EX II was operated at 100 kV, and a JEOL JEM-2100F 

was operated at 200 kV for higher resolution images. 

Collagen matrices and films were placed in an ethanol bath for 5 h to remove excess ions, 

then stored at 4 oC until ex situ analyses by Raman spectroscopy and scanning electron microscopy 

(SEM) equipped with energy-dispersive X-ray spectroscopy (EDS). Additionally, matrices were 

frozen in liquid nitrogen and cut into ~1 mm thick sections for the analysis along the z-direction 

(Figure S6a). These sections were air-dried on either glass slides, for Raman spectroscopy, or on 

SEM specimen stubs covered with carbon tape, for SEM imaging. Using a 50× objective lens, 

Raman spectra were collected (inVia Raman spectrometer, Renishaw plc) at each position, with 

corresponding optical images. A spectral range from 100 to 3,700 Δcm-1 was used, and 

simultaneously detected with a spectral resolution of 1.13 Δcm-1, using 514 nm laser excitation 

focused on the sample surface. Samples dried on the SEM stubs were sputter-coated with Au-Pd 

under Ar at 0.2 mbar (Cressington 108) to increase conductivity, then imaged with a 10 kV  

electron accelerating voltage at a 5−6 mm working distance (FEI Nova NanoSEM 2300). 

Fluorescence correlation spectroscopy (FCS) was used to evaluate the pore structures of 

the matrices by measuring the diffusion time of rhodamine 6G (R6G). R6G was chosen for its 

small size (MW = 479.02 g mol-1), photostability, and high fluorescence quantum yield. FCS 
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measurement was performed using an inverted design confocal laser scanning microscope (Zeiss 

Axiovert 200M) equipped with a 40× water immersion lens. R6G molecules were excited by a 514 

nm argon laser. Fluorescence intensities were collected for 30 s × 10 times, then the diffusion time 

was evaluated by analyzing correlation curves. Two different locations were evaluated from each 

z-position in each sample. The time shift ߬ was varied, and the correlation curve was obtained by 

multiplying the deviation of the average intensity, I, at the time point t, by the deviation at time 

point t +	߬, and then averaging over the whole trace. Finally, the correlation function, G(t), was 

normalized to the squared average signal.19,20 

ሺ߬ሻܩ ൌ ழூሺ௧ሻூሺ௧ାఛሻவ

ழூሺ௧ሻவమ
െ 1                                                                                 eq. S8 

The diffusion time, ߬஽, and number of fluorescent molecules in the detection volume, N, 

of a given component, i, are commonly fitted with the standard model: 

ሺ߬ሻܩ ൌ ଵ

ே
∑ φ௜ሺ௜ 1 ൅ ఛ

ఛವ,೔
ሻିଵሾ1 ൅ ሺఠబ

௭బ
ሻଶ ఛ

ఛವ,೔
ሿି

భ
మ ,              eq. S9 

where ߮i characterizes the fraction of molecules of the component, and ߱଴, and ݖ଴ are Gaussian 

profiles of the detected volumes in the x-y directions. ߬஽  can be correlated with the diffusion 

coefficient, D, using the following equation: 

߬஽ ൌ 	
ఠబ
మ

ସ஽
.	 	 	 	 	 	 	 	 									eq.	S10
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Figure S2. Background SAXS intensities. (a) SAXS intensities were measured for an empty 

frame with cover glass, a frame filled with 3×SBF solution with no Ca2+ ions, and a frame with an 

unmineralized collagen matrix at z = 0–1.5 mm. Before the analysis, unmineralized collagen 

matrices were stored overnight in 3×SBF solutions with no Ca2+ ions. There was little difference 

in SAXS intensities for unmineralized collagen at different z-positions. The net intensity (green 

dotted line) indicates the scattering from collagen, and was obtained by subtracting scattering of 

solution and frames (Frame with solution) from unmineralized collagen matrix (Average). (b) The 

addition of 10 mg l-1 pAsp in SBF did not affect the intensities of the unmineralized matrix. The 

averaged values of intensities from unmineralized collagen at z = 0–1.5 mm (a) were used as the 

background intensity for all analyses of SAXS intensities in the subsequent experiments. 
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Figure S3. SAXS intensities from mineralized collagen matrices and their fittings. SAXS 

intensities from MC0p (a) and MC10p (b) at z = 0–1.5 mm at 15 h of mineralization. (c, d) 

Examples of fittings for SAXS intensities at z = 0.3 mm at 15 h (thick blue lines) using a model of 
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two populations of plates and spheres. (c) The fitting of SAXS pattern from MC0p (the red dotted 

line overlaps with the raw intensity indicated by the blue line) indicated that CaP particles were 

aggregated spheres (the power-law scattering exponent, P = 3.05) with Rg = 22.2 nm. The 

contribution of the platy CaP population was minimal. (d) The fitting of the SAXS pattern from 

MC10p shows that populations of plates and spheres co-exist. The SAXS intensity at large q fits 

1.5 nm thick plates with a diameter of 40 nm (standard deviation of 0.15 in log-normal distribution). 

The obtained morphology of plates closely approximates known bone crystalline dimensions.21,22 

These morphologies were used for fitting the total particle volume fractions of the plate population 

from other SAXS patterns at different depths and time. Another population of spheres of Rg = 70.1 

nm appears at small q, with a P fitting to 3.99, which indicates that particles were typical surface 

scatter, not formed from aggregation of primary particles or nucleation precursors. (e, f) P and Rg 

values for the spherical population fitted from SAXS intensities from MC0p and MC10p at z = 0–

0.6 mm over time. 
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Figure S4. WAXS patterns from mineralized collagen matrices at z = 0–0.3 mm and from 

synthetic hydroxyapatite (HA). Until 10–12 h, a peak of WAXS intensity appeared only at q ~ 

18.25 nm-1, which corresponds to the (002) face of HA (d-spacing: 3.442 Å, indicated as *) from 

both MC0p and MC10p. After 20 h, more peaks matching with HA appeared distinctively only 

from MC10p, including one at q ~ 22.5 nm-1 for the (211) and (112) faces of HA (d-spacing: 2.813 

and 2.778 Å, respectively, indicated as #).  
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Figure S5. TEM images of stained thin sections of MC0p (a-c) and MC10p (d-f) at a late 

stage of mineralization. Samples were prepared after 15 h of mineralization for in situ SAXS 

analysis, followed by an additional 23 h incubation in 3×SBF to evaluate how changes in diffusion 

of nucleation and growth precursors influence CaP distribution in the extrafibrillar space at the 

later stage (See also Figure 7).  Insets are high resolution images corresponding to features in a-

f. Scale bars in a-f are 5 µm, and those in insets are 100 nm. The * symbols indicate that images 

were taken at an acceleration voltage of 200 kV. Other images were taken at 100 kV. The 
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indicated z-positions are approximate because collagen matrices lost their original forms owing 

to dehydration during the thin section preparation. Near the area of the solution–collagen matrix 

interface, for MC10p samples, banding patterns are nearly absent from collagen fibrils due to 

intrafibrillar mineralization (the inset in d). Banding is still visible in MC0p samples (the inset in b). 

In the interior of the matrices (z > 0.5 mm), where few extrafibrillar particles present, collagen 

fibrils appear similar in both groups, with ambiguity between CaP particles and precipitations of 

staining molecules (the insets in c and f).  
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Ex situ analyses of CaP distribution within the collagen matrices at a late stage of 

mineralization 

To better evaluate the CaP distribution within the collagen matrices at a late stage of mineralization, 

sections cut along the z-direction of MC0p and MC10p (Figure S6a) were analyzed using SEM-

EDS and Raman spectroscopy. The surface of the MC0p section was mostly covered with a layer 

of CaP minerals, and collagen matrix was located below and slightly visible through narrow gaps 

in the mineral layer (Figure S6b). Possibly, the collagen fibrils had shrunk to the bottom during 

dehydration for sample preparation, while relatively mobile extrafibrillar CaP particles were more 

densely aggregated on top. The EDS analyses of MC0p sections (Table S2) showed distinctly 

different characteristics for the mineral layer (Figure S6d,g) and the surface of the collagen matrix 

without visible particles (Figure S6f). Ca/P ratios from the mineral layer were 1.2–1.38, which are 

close to that of OCP (1.33). This range is expected to appear during the early stage apatite (Ca/P 

= 1.67) development process.12 However, Ca and P were not detected on the surface of the collagen 

matrix at z = 0.3 mm, where no extrafibrillar particles were visible (Figure S6f). This demonstrates 

that intrafibrillar mineralization was not achieved, even after the additional 23 h of reaction after 

the initial 15 h experiment. 

 Unlike the MC0p samples, the surfaces of the MC10p were clearly exposed, rather than 

entirely covered by a mineral layer (Figure S6c), due to the inhibition of extrafibrillar CaP 

formation by pAsp. The MC10p surfaces without extrafibrillar CaP particles (indicated as ‘IM’ in 

Figures S6e,h) clearly showed Ca and P signals, proving that the addition of pAsp promoted 

intrafibrillar mineralization. There would be little chance that extrafibrillar CaP particles were 

hidden below the collagen fibrils and detected by the surface sensitive SEM-EDS because most 

collagen fibrils located below the extrafibrillar CaP layers as shown in Figure 6b. Even with more 

extrafibrillar CaP particles during the mineralization without pAsp, no Ca and P signal was 

detected from exposed collagen surfaces (Figure 6f). The Ca/P ratios from mineralized collagen 

matrices (Ca/P = 0.84–1.0) were lower than that of OCP, but similar to that of the amorphous 

phase (typically less than 112). However, we did not conclude that CaP crystals embedded inside 

the collagen fibrils are amorphous. SEM-EDS has a low resolution compared to the size of 

nanoscale intrafibrillar CaP plates, raising the possibility that Ca and P signals were detected from 

other parts of the collagen matrices. In sum, we found that the Ca/P ratios of the extrafibrillar 
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particles were close to those of OCP or apatite. In the presence of pAsp, the Ca/P ratio in collagen 

matrices reflected mineralization, while in the absence of pAsp, neither Ca nor P was detected 

from the collagen surface without extrafibrillar particles (Figure S6f). Thus, it is evident that IM 

was promoted only with the addition of pAsp.  

 Raman spectra analyzed from multiple spots throughout the MC10p surface at z = 0.3 mm 

(Figure S6h) showed a regular pattern characteristic of phosphate peaks at ∆960 cm-1 (the P–O 

band for apatite in the solid box in Figures S6i, j) and collagen peaks at ∆2,941cm-1 (the C–H band 

for collagen in the dotted box in Figure S6i). These spectral patterns are consistent with 

mineralized tendons or bone samples.23,24 However, Raman spectra from the exposed collagen area 

from the MC0p sample (Figure S6f) did not have peaks at ∆960 cm-1 (Figures S6i,j), indicating no 

apatite was formed within the collagen fibrils without extrafibrillar particles. Instead, these areas 

showed distinct collagen signatures, with higher intensities at ∆2,941cm-1 and clear minor peaks 

at ∆1,451cm-1 (the C–H band for collagen) and at ∆1,667cm-1 (the C=O band for collagen). The 

Raman spectra analyses also confirmed that IM was facilitated only with the presence of pAsp.  

Ex situ evaluations using Raman spectra (by providing the development of P–O banding) 

and SEM-EDS (by providing Ca/P ratio; estimation of elemental composition in macroscale) in 

this study can help to identify the CaP phases. However, the direct comparison of the above 

information with in situ WAXS analysis should take a careful approach because the WAXS 

analysis can provide additional information about the development of each lattice structure of 

specific mineral (i.e., both short- and long- range order information). As shown in Figure S4, only 

amorphous status of extrafibrillar CaP was observed from MC0p, thus, we conclude that 

extrafibrillar CaP aggregates, developed during the in situ mineralization without pAsp, are mostly 

amorphous, but they can transform into apatite minerals when further mineralized.    
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Figure S6. SEM images and corresponding Raman spectra of collagen matrices. Samples 

were analyzed after 15 h of mineralization for in situ SAXS analysis, followed by an additional 23 

h incubation in 3×SBF. (a) Schematic illustration of sample preparation for evaluating the cross 
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section of the matrices. Samples were frozen in liquid nitrogen before cutting sections. SEM low 

resolution images of a section of (b) MC0p and (c) MC10p. (d-h) High resolution SEM images of 

selected areas indicated in b and c. Ca/P ratios were evaluated by SEM-EDS. (d) A layer of 

aggregated CaP plates on MC0p at z = 0 mm. (e) Mineralized collagen of MC10p at z = 0 mm 

with scattered extrafibrillar CaP. (f) Unmineralized collagen matrix of MC0p at z = 0.3 mm (circle 

in b). (g) A layer of aggregated CaP plates on MC0p at z = 0.3 mm (square in b). (h) Mineralized 

collagen of MC10p at z = 0.3 mm, with a few scattered extrafibrillar CaP (triangle in c). EM and 

IM indicate the extrafibrillar CaP and the surface of mineralized collagen matrix, respectively. (i) 

Raman spectra of selected positions indicated in b and c. The black and red lines correspond to 

f (circle in b) and h (triangle in c), respectively. (j) Enlarged area of Raman spectra (left box in i) 

showing phosphate-specific peaks at ∆960 cm-1.  
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Table S2. Atomic ratios of mineralized collagen at different positions on cross sections, from 

SEM-EDS. 

Sample MC0p MC10p 

z (mm), Fig. S6* 0, d 0.3, f 0.3, g 0, e-EM 0, e-IM 0.3, h-EM 0.3, h-IM 

C 35.5 69.1 34.3 42.0 64.2 42.4 62.8 

N - 13.3 - 7.4 16.0 9.4 12.9 

O 29.4 15.5 36 30.6 16.1 31.6 18.5 

Na 10.1 0.7 5.8 2.0 0.6 1.7 1.0 

Cl 9.6 1.4 5.7 2.0 1.3 1.6 1.3 

Ca 8.4 - 10.5 9.2 1.0 7.6 1.6 

P 7.0 - 7.6 6.8 1.0 5.7 1.9 

Ca/P** 1.20 N/A 1.38 1.35 1.0 1.33 0.84 

* Figure labels in Fig. S6 

** Ca/P for OCP and apatite are 1.33 and 1.67, respectively.  
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