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Abstract

We revealed that nucleation sites within collagen fibrils determined pathways for calcium
phosphate (CaP) nucleation and its transformation, from amorphous species to crystalline plates,
during the biomineralization process. Using /n situ small-angle X-ray scattering (SAXS), we
examined the nucleation and growth of CaP within collagen matrices and elucidated how a
nucleation inhibitor, polyaspartic acid (pAsp), governs mineralization kinetics and pathways at
multiple length scales. Mineralization without pAsp led initially to spherical aggregates of CaP in
the entire extrafibrillar spaces. With time, the spherical aggregates transformed into plates at the
outermost surface of the collagen matrix, preventing intrafibrillar mineralization inside. However,
mineralization with pAsp led directly to the formation of intrafibrillar CaP plates with a spatial
distribution gradient through the depth of the matrix. The results illuminate mineral nucleation
kinetics and real-time nanoparticle distributions within organic matrices in solutions containing
body fluid components. Because the macroscale mechanical properties of collagen matrices
depend on their mineral content, phase, and arrangement at the nanoscale, this study contributes to
better design and fabrication of biomaterials for regenerative medicine.
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INTRODUCTION

Mammalian mineralized tissues are natural composites of fibrillar collagen proteins!-2 and
calcium phosphate (CaP) nanocrystals.3-> The combination of a compliant component
(collagen) with relatively stiff inclusions (CaP crystals) provides a wide range of tissue-level
mechanical properties.5—8 This range includes stiff (but brittle) tooth enamel, made mostly of
mineral 35 and partially mineralized tendon-to-bone attachments with high toughness.’-9:10
Type | collagen molecules self-assemble into a fibril with a periodic 67 nm banded
pattern.1:2 There are 40 nm gap zones between neighboring collagen molecules, providing
nucleation sites for intrafibrillar mineralization (IM).#11:12 Stabilization of prenucleation
clusters (PNCs) is essential to IM by inhibiting CaP nucleation in extrafibrillar spaces
(extrafibrillar mineralization, EM).11.13-15 |n addition to physiologically existing
noncollagenous proteins (NCPs), such as fetuin,11:13 polyaspartic acid (pAsp) has been
shown to promote IM during the in vitro mimicking of collagen mineralization.11:12.16
Controlling the nucleation sites and kinetics using EM inhibitors, such as pAsp, can be an
effective approach to achieving targeted mechanical properties of both individual collagen
fibrils at the nanometer scale and tissue constructs at the millimeter scale.

Previous nanoscale observations relied on snapshot images of debris!® or selected cross
sections from matrices’ or individual fibrils,} typically focusing on late in vitro
mineralization events. These studies required extensive sample preparation procedures prior
to imaging or were limited to cryogenic sample environments,1116.17 and so could not fully
explore the /n situ kinetics of nucleation and growth of CaP, which involve a dynamic
sequence of morphological changes with phase transformations. The phase transformations
include amorphous CaP phases as important intermediate products.15-18-22 To understand
the mineralization of tissue-level scaffolds, the spatial distribution of CaP within millimeter-
sized collagen matrices needs to be evaluated from the nanoscale, as mineral crystals
nucleate and grow within collagen fibrils,1 through the macroscale, where mineral crystals
are widely distributed in the extrafibrillar spaces between collagen fibrils arranged within the
matrix.1723 Prior approaches have not provided continuous real-time information on the
spatial distribution of CaP within a collagen matrix over these length scales. Without /n situ
kinetic evaluation of mineral nucleation and growth, and of the spatial distribution of the
mineral crystals at multiple length scales, a precise design of CaP-stiffened collagen
matrices cannot be achieved.

Studies utilizing synchrotron X-ray techniques have revealed important aspects of bone and
bioengineered materials.18:24-28 Recent studies have provided full three-dimensional
reconstruction of collagen fiber orientation in a human trabecula bone and tooth, using
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small-angle X-ray scattering (SAXS) with tensor tomography.2%39 However, in situ
nucleation kinetics during collagen mineralization have not been evaluated despite their
importance in governing the chemical and mechanical properties of organic-nanocrystal
composites. Here, using SAXS, we provide 7 situ investigations31:32 of CaP development
(i.e., its morphology and distribution) within reconstituted collagen matrices under the
influence of pAsp, which controls the nucleation kinetics of CaP in extrafibrillar
space.11:12:33 This evaluation of the temporal development of CaP demonstrates different
pathways for intra- and extrafibrillar mineralization. The macroscale spatial distributions of
CaP nanocrystals in different stages emphasize the role of the extrafibrillar spaces of the
collagen matrices in transport of nucleation and growth precursors during tissue
mineralization.

EXPERIMENTAL SECTION

The Experimental Section in the Supporting Information (SI) provides full details of the
preparation of samples and simulated body fluid, and descriptions of the flow-through
reactor, /n situ X-ray scattering data collection and analysis, and ex situ analyses of collagen
mineralization.

Preparation of Samples

Collagen matrices were reconstituted from Type | collagen3* (C857, calf skin lyophilized,
Elastin Products Company, Inc.) in a specially designed polytetrafluoroethylene (PTFE)
frame (Figure 1a). The cover glass on both sides of the frame held the solution and collagen,
and also allowed X-ray penetration during the SAXS analysis. The frame was 2 mm thick in
the direction of the X-ray path. 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 were prepared on glass slides to simulate the reactions at the outermost
surface of collagen matrices. CaP structures formed during collagen mineralization were
compared with synthetic hydroxyapatite (ACROS Organics).

Simulated Body Fluid and the Flow-through Reactor

To simulate physiologically relevant conditions, while conducting our experiments within a
reasonable time, a simulated body fluid (SBF)3°:3¢ with three times higher concentrations of
calcium and phosphate ions (3xSBF, pH 7.25) was used as an experimental solution (Table
S1). Either 0 or 10 mg L™ of polyaspartic acid, pAsp (sodium salt, M4,: 5000 Da,
LANXES) was added to the solution, depending on the experimental condition. To prevent
any precipitation prior to the experiment, the 3xSBF solutions containing either Ca or P
sources were prepared separately and then combined just before the reaction, using a syringe
pump (Figure S1a). The reactor was maintained at 37 £ 1 °C.

In Situ X-ray Scattering Data Collection and Analysis

SAXS data were collected at the Advanced Photon Source (APS, Sector 12 ID-B, Figure
S1b) at Argonne National Laboratory (Argonne, 1L, USA).31:32 At intervals of 5, 9.5, and 15
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h, frames were immediately moved to the SAXS sample stage and scanned from z= 0-1.5
mm depth of the matrix (Figure 1b). The distance from the sample to the SAXS detector was
3.6 m, which provided a range of 0.0017-0.53 A1 for the scattering vector, g. For each
scan, the sample was exposed to a 14 keV X-ray beam for 1 s. The size of the beam was 150
um (perpendicular to the zdirection) x 40 um (parallel to the z-direction). 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. Control SAXS intensities
were acquired for unmineralized scenarios and used to define the background intensity
(Figure S2). The procedures for the data analysis are described in the SI Experimental
Section in detail.37-41

Similarly, /n situwide-angle X-ray scattering (WAXS) analysis was conducted at APS sector
11-1D-B to identify the CaP phases during collagen mineralization (¢ > 0.6 A~1). Samples
were exposed to a 58.66 keV X-ray beam (size: 300 gm x 300 xm) for 5 min for the data
collection.

Ex Situ Analyses of Collagen Mineralization

Thin sections (100 nm) of the collagen matrices were prepared for TEM analysis. Matrices
were fixed in 100 mM cacodylate buffer containing 2% paraformaldehyde and 2.5%
glutaraldehyde, followed by dehydration in successive ethanol baths. Then samples were
embedded in epoxy resin, and thin sections were prepared using an ultramicrotome (EM
UC7, Leica). Osmium tetroxide, uranyl acetate, and Reynold’s lead citrate were used for
staining for TEM imaging if needed. Two different instruments were used for TEM imaging.
A JEOL 1200 EX Il was operated at 100 kV, and a JEOL JEM-2100F was operated at 200
kV for higher resolution images.

Collagen matrices and films were analyzed by Raman spectroscopy (inVia Raman
spectrometer, Renishaw plc) and scanning electron microscopy (SEM) equipped with
energy-dispersive X-ray spectroscopy (EDS) (FEI Nova NanoSEM 2300). Samples were
stored in an ethanol bath for more than 5 h to remove excess ions after mineralization. The
matrices were then frozen in liquid nitrogen and cut into ~1 mm thick sections (Figure S6a).

Fluorescence correlation spectroscopy (FCS) was used to evaluate the extrafibrillar pore
structures of the matrices by measuring the diffusion time of rhodamine 6G (R6G).42 We
used an inverted design confocal laser scanning microscope (Zeiss Axiovert 200M)
equipped with a 40x water immersion lens and a 514 nm argon laser. Fluorescence
intensities were collected for 30 s x 10 times, and then the diffusion time, tp, was evaluated
by analyzing correlation curves.*3

RESULTS AND DISCUSSION

SAXS Analysis of CaP Development within Collagen Matrices

An overview of the influence of pAsp on CaP development can be seen from invariant
values which are proportional to the total volume of newly formed CaP particles with the
same morphology and structure at a given time.31:44 Invariant values, Q, are expressed as Q
= (1272 ¢?/(g) dg, where /(g) is the scattering intensity at the scattering vector, .37 As
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shown in Figure 2a, for mineralized collagen matrices without pAsp (MCOp), Q increased
monotonically up to 15 h, without any variation in the spatial distribution at z=0.3-1.5 mm.
However, the outermost surface of the matrix (2= 0) showed Q values at 15 h more than
twice as high as those of other positions, with a statistically significant difference (Figures
2b and S3a). In contrast, CaP formation was strongly hindered until 9.5 h in the matrices
mineralized with the addition of 10 mg L= pAsp (MC10p) as a nucleation inhibitor.11:45
With pAsp, interestingly, a clear gradient in CaP distribution, with statistically significant
differences, was observed throughout the depth of the matrix at 15 h, demonstrating a direct
relationship between the proximity of the SBF—matrix interfaces and CaP formation (Figures
2c and S3b).

The analysis of individual SAXS patterns provided detailed information on the evolution of
CaP population and morphology.37:38 All SAXS profiles at 5-9.5 h, regardless of the spatial
position or inclusion of pAsp, had similar patterns with short plateaus at small g, followed
by a linear decrease in intensity (Figure 3). Those SAXS patterns can be fit using the global
unified scattering function, /g) = G exp(—qZRg2/3) + Bg” to estimate the radius of
gyration, £y, from Guinier’s law, and the power-law scattering exponent, 7, from the slope
at linear power-law regimes.3” In the absence of pAsp (MCOp), the power-law scattering
with an exponent of P~ 3 is observed, which indicates the existence of fractal structures.
For mass fractal structures, such as loosely packed aggregates, P equals the fractal
dimension D6 The power-law is terminated at the lower g side by the Guinier type of
scattering, indicating that the fractal structure is finite in size. Combining these observations,
we modeled this structure as a spherical (isometric shape, D¢ = 3) aggregate with a fractal
inner structure. Nonisometric objects, such as cylinder or disk, would show a power-law
slope less steep than —3, and a fractal nature (either mass or surface) or surface roughness
would reduce the slope further. From the model, the size and population of the aggregates
can be determined. The scattering intensity from this population increased with time at all z
positions, which resulted in a clear increase in the volume fraction of spherical aggregates
within the matrix (Vgp, Figure 4a).

The intensities at high g for 15 h of mineralization showed typical SAXS patterns for plate-
like objects (the slope at garound 0.01-0.1 A=1 is about —2, Porod scattering appears at g
above 0.2 A~1),15:38 hoth for samples mineralized with pAsp (at all zpositions) and without
pAsp (only at z= 0). These data can be fit using a specific form factor and size distribution
function (SI Experimental Section eqs S4-S7). In the MCOP system, a population of plates
was observed only at the SBF— MCOp interface (z= 0) at 15 h (Figure 3a), showing a
sudden, but significant, volume fraction of plates at that location (V4 Figure 4b). Contrarily,
populations of plates developed at all zpositions of the MC10p samples at 15 h, with
decreasing V; along the z-direction (Figures 3b and 4b). The morphology of these plates (a
thickness of 1.5 nm and mean diameter of 40 nm) was comparable to widely accepted
dimensions for apatite crystals in mature bone (~2.1 x 30 x 40 nm3).”14 A similar thickness,
though slightly thinner than that of crystals in mature bone, was reported from a SAXS
pattern of octacalcium phosphate-like plates (~1.4 nm),1> and most bone crystals observed
were less than 2 nm thick.>47 In our observations, CaP plates developed from both MCOp
and MC10p had almost identical thicknesses, and the thickness of plates was uniform along
the zdirections of MC10p. Another population of spheres, following Porod’s law (P ~ 4),
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was also observed in MC10p samples, demonstrating that this population was not formed by
aggregation of smaller precursors but consisted of individual compact spherical particles
(Figures 3b and S3d,e). In addition, Vg, was significantly lower in MC10p samples than in
MCOp samples, without showing a clear increasing trend over time until the development of
plate-like crystals (Figure 4a).

The three different populations of particles with dissimilar morphologies and size ranges
observed by /7n situ SAXS analysis in this study show that CaP developments in intra- and
extrafibrillar spaces undergo different pathways, although both pathways include 1.5 mm
thick plates at 15 h. The following discussion describes how those pathways are determined
by the nucleation inhibitor, pAsp, and how they consequently influence the mineralization
patterns of tissue-level constructs.

Distinctively Different Pathways for CaP Mineralization in the Intra- and Extrafibrillar
Spaces of Collagen Matrices

A TEM image of thin sections of MCOp indicated that CaP developed primarily in
extrafibrillar spaces. At 15 h of mineralization, aggregated thin plates (dashed circle and
inset image in Figure 5a) were imaged near z= 0, around unmineralized collagen fibrils
(black arrow in Figure 5a) showing brighter contrast than the embedding epoxy resin. On the
other hand, CaP development with 10 mg L1 pAsp (MC10p) represents an IM-dominant
system, showing darker contrasts from collagen fibrils than the surrounding epoxy resin
(white arrow in Figure 5b). The different mineralization patterns resulting from pAsp were
also evaluated from the thin collagen films on glass slides after 15 h of mineralization
(Figure 6). This process simulated reactions at the outermost surface of the matrices (z=0),
which were not imaged from thin sections cut along the zdirection. In the absence of pAsp,
the collagen surface was mostly covered with micrometer scale spheres, consisting of a
number of nanoscale plates (Figure 6a). The Raman spectra from these spheres is similar to
that of synthetic hydroxyapatite, with a clear phosphate peak at A960 cm~1 (the P-O band
for apatite, Figure 6d). This peak indicates CaP formed during the mineralization without
pAsp (Figure 6a), but the spectrum does not include peaks from collagen fibrils. On the
other hand, individual fibrils were clearly mineralized by the addition of 10 mg L1 pAsp
(Figure 6b, the atomic percentages of Ca and P by SEM-EDS were 21.4 and 16.6,
respectively) losing their periodic patterns shown in the unmineralized fibrils (Figures 5¢
and 6¢). In Raman spectra, peaks indicating both apatite (at A960 cm™1 for the P-O band)
and collagen (at A2941 cm™1 for the C-H band) clearly appeared (Figure 6d). Similar
Raman spectra have been frequently reported from partially mineralized tendons or bone
samples.?10 Ca/P molar ratios of EM and IM in this study were 1.19 and 1.29. Those
numbers are slightly lower than the theoretical value of octacalcium phosphate (1.33), which
are expected to appear during the early stage CaP development process.1®

On the basis of ex situ observations (Figures 5 and 6), we concluded that the addition of 10
mg L~1 pAsp effectively controlled the IM and EM patterns. This control allowed us to
evaluate the nucleation kinetics and pathways for both mineralization processes separately,
using /n situ SAXS observations. To better evaluate the different nucleation kinetics and
pathways during both mineralization processes and to thoroughly investigate this complex
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system, we simplified the system to use one type and concentration of pAsp (10 mg L1 of
5000 Da pAsp).

From the SAXS analyses during EM (MCOp), we found a CaP population of spherical
aggregates (Figure 3a, P~ 3) as intermediate products. This finding is consistent with a CaP
nucleation pathway without collagen fibrils in the absence of nucleation inhibitors, as
observed in recent cryogenic studies of CaP formation.1520 These studies showed that
amorphous CaP spheres formed via aggregation and densification of PNCs before
transformation into plate-like morphologies with increased crystallinity. The diameters of
the densified aggregates in prior reports were 30—80 nm, 1520 consistent with the SAXS
results of the current study (/g = 20.5-32.3 nm, equivalent to a diameter = 52.9-83.4 nm,
Figure S3f). A decreasing pattern in /7, over time can be evidence of the CaP pathway of the
densification of ionic clusters as nucleation precursors.

During the CaP development with pAsp (MC10p), plate-like crystals (akin to the shape of
bone apatite crystals) formed without an intermediate phase of spherical aggregates
(between 9.5 and 15 h, Figure 3b), and this showed that the pathway of CaP development for
IM is clearly distinguished from that for EM. This new finding also indicates that CaP
transformation to plates for IM is much faster (once nucleation occurs) than for EM. In the
absence of pAsp, it took 15 h for the transformation of spherical aggregates to plates in the
extrafibrillar spaces, and this transformation was observed only at the top surface of the
matrix (Figure 3a). Therefore, the inhibition of CaP nucleation at the extrafibrillar spaces by
pAsp allows the nucleation in the intrafibrillar spaces, and during this IM process, CaP takes
a new pathway, which is faster in its transformation but slower in nucleation than EM
process.

Similarly, /n situ WWAXS data show that crystalline structure of CaP developed faster in
MC10p than in MCOp (Figure S4). The WAXS pattern clearly shows peaks (corresponding
to the (002), (211), and (112) faces of hydroxyapatite) developed in MC10p after 20 h.
When CaP developed in the extrafibrillar structure (MCOp), only the (002) peak appeared,
indicating that more amorphous or poorly crystalline states persisted for a longer period.
This finding supports our SAXS observation that the morphological transformation from
spherical aggregates to plates in MCOp was maintained for a relatively longer period
(compared to the direct development of plates after the incubation time in MC10p) and was
limited to only the outermost surface.

On the other hand, the spherical population observed for MC10p (Compact spherical
particles, P~ 4) does not seem to be directly related to plates, due to its large size (Ry = 47—
71 nm, Figure S3f) and much lower Vg, than V4, (Figure 4a,b). Instead, CaP spheres might
develop from aqueous Ca-pAsp complexation in the extrafibrillar space.13 However, the
SAXS patterns that are fitted to compact spheres had minimal influence on the fitting of
plate-like crystals (Figure S3d), validating that plate-like CaP developed without any
intermediate products.

In situ SAXS and WAXS observations indicate that nanoscale evaluations of amorphous CaP
phase are critical to thoroughly understand the kinetics and pathways of CaP nucleation and

Cryst Growth Des. Author manuscript; available in PMC 2017 July 25.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Kim et al. Page 8

its phase transformation. This study highlights the importance of /n situ X-ray scattering
applications for future studies on the early stage collagen mineralization.

Macroscale Spatial Distribution of CaP Nanocrystals

Despite the importance of collagen fibrillar structure on tissue mineralization, as suggested
in recent studies, 174849 the role of extrafibrillar space, which can be an important entryway
for molecules required for the CaP mineralization, has been neglected in most studies.
Therefore, researchers have often not connected the implications from /n vitro findings to
those found /n vivo. The spatial distribution of CaP as a function of the distance from the
SBF-matrix interface explored in this study is especially important for understanding how
molecules, such as PNCs or Ca2* ions, are delivered from the SBF to the inside of the matrix
to form CaP plates. The occupation of extrafibrillar pores with CaP (Figures 5a and 6a)
could influence the transport of those molecules within the matrix by limiting their
diffusion.*2

To examine this possibility, the diffusion time, zp, of rhodamine 6g (R6G) was evaluated
using fluorescence correlation spectroscopy (Figure 7a). zp at 2= 0 was about three times
higher than at other positions in MCOp at 15 h, indicating that a diffusion of molecules
decreased, especially at the SBF—matrix interface, and further prevented nucleation
precursors from penetrating into the deeper positions of the matrix. The increased diffusion
time corresponds to the SAXS observation that the increase in scattering intensity from
MCOp became mild at z=0.3-1.5 mm (Figure 2a). In consequence, a thin layer of
aggregated plates formed on the outer surface of MCOp in a later stage, as clearly imaged
using TEM (Figures 7b and S5a-c). These aggregated plates filled the extrafibrillar space
less than 0.2 mm deep from the top surface, but they were scarcely observed at deeper 2
positions. This layer could be a diffusion barrier for the further nucleation in deeper
positions of MCOp. Ex situ analyses of matrices’ sections using SEM and Raman
spectroscopy demonstrated that IM was not achieved in MCOp even after the additional 23 h
mineralization period, showing clearly distinguishable features between the extrafibrillar
CaP layer and collagen matrix (Figure S6 and Table S2).

On the other hand, the increase in zp after mineralization in MC10p was relatively low
compared to MCOp (Figure 7a), demonstrating that neither the occupation of extrafibrillar
spaces by CaP crystals nor the influence of the intrafibrillar CaP plate on the extrafibrillar
space was significant, allowing scattering intensities to increase with a relatively steep
slopes at low z positions of MC10p (Figure 2a). Therefore, CaP plates can form more deeply
in the matrices even at z= 1.5 mm (Figure 4b). The extrafibrillar CaP crystals in MC10p
were visible only at the later stage, showing elongated morphologies in the micrometer scale
(Figures 7c and S5d-f). Unlike in MCOp, extrafibrillar CaP crystals were not severely
aggregated (corresponding to different Pvalues for spherical populations in MCOp and
MC10p, Figure S3e) and did not significantly occupy the extrafibrillar spaces except for a
few areas at 2= 0 (Figure 7c).
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Kinetic Control of CaP Nucleation for Tissue-Level Mineralization

The proposed mechanisms of CaP development in collagen matrices are described in Figure
8. In the absence of a nucleation inhibitor, spherical aggregates form in extrafibrillar spaces,
in a fashion similar to CaP developing in solution.120 Initially, CaP precursors, such as
PNCs or other ionic Ca and P species, move freely within the matrix through the relatively
large extrafibrillar spaces, nucleating in the extrafibrillar spaces with little zposition
dependency. This population of spherical aggregates grows continuously, filling the
extrafibrillar spaces while reducing the diffusion of precursors penetrating deeper into the
matrix. Over time, spherical aggregates require continuously bond with Ca2* from the
solution and transform into crystalline plates,° but this dominantly occurs only at the
solution—matrix interface (Figure 4b). These aggregated plates eventually become dense
enough to create a diffusion barrier at the later stage (Figure 7b), inhibiting the transport of
precursors to the inside of the matrix and preventing further mineralization throughout its
depth.

In the presence of a nucleation inhibitor (representing the physiologically relevant case), the
nucleation of CaP in extrafibrillar spaces is kinetically restricted by aqueous complexation
of Ca2* ions with inhibitors. Thus, PNCs or other CaP precursors can be continuously
supplied to collagen gap channels before they are consumed for EM or blocked by a
diffusion barrier. The confined space of narrow gap channels (40 nm wide, but less than 2
nm high2:>6) does not allow for the formation of large aggregates; hence, nuclei can directly
grow as plates without the intermediate step of spherical aggregates, as observed in MCOP.
When ionic precursors do not form aggregated clusters due to the inhibition by pAsp, the
activation energy barrier for creating new surfaces for nucleation of CaP in extrafibrillar
spaces cannot be overcome easily.1> Therefore, about 9.5 h of induction time was required
before the initial development of CaP plates. Once nucleation occurs within the gap
channels, however, CaP nuclei strongly attract precursors and begin to grow into plates. This
pathway results in a faster morphological transformation (Figure 3) and crystallization
(Figure S4) than the pathway with intermediate spherical aggregates in the absence of pAsp.
The consumption of precursors by nuclei for IM cause the delivery of fewer precursors to
deeper z-positions; therefore, intrafibrillar CaP plates develop with a gradual spatial
distribution.

CONCLUSIONS

In summary, we evaluated the kinetics of mineralization of collagen matrices at nano-
through macroscales, using /n situ SAXS analysis. The evolution of CaP’s morphology and
its volume size distribution were separately determined during nucleation and growth within
intra- and extrafibrillar spaces. The findings of this study revealed that the pathways and
kinetics of CaP development during intrafibrillar mineralization are distinctively different
from those during extrafibrillar CaP mineralization. In the absence of nucleation inhibitors,
improper control of CaP nucleation kinetics brought significant CaP populations of spherical
aggregates in the extrafibrillar spaces. This highlights the importance of including nucleation
inhibitors for recreating physiologically relevant mineralization of collagen-based
matrices.11:12
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In situ SAXS measurement at the different zpositions utilized in this study has a number of
practical benefits. For example, we were able to detect unexpected layers that clearly formed
at the outermost surface (z= 0), which disrupts the preparation of biomaterials with a
uniform mineral distribution in macroscale. The quantitative information showing gradual
development of plate-like crystals along the zpositons can be adapted to evaluate the kinetic
parameters, such as the diffusion coefficients of precursor molecules for the nucleation of
biominerals in biological templates. Furthermore, because the distribution of CaP minerals
relative to collagen, at both nano and macroscales, dictates the mechanics of the tissue,”-8
the current results provide guidance for proper mineralization of scaffolds for creating /n
vitro model systems and for developing constructs for regenerative medicine.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
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(a) Design of custom-made sample frame containing collagen matrix between two cover
glasses, with an indication of the zdirection. (b) Experimental setup for SAXS
measurements. & and Af are the incident and scattered wave vectors, respectively, and 26 is
the exit angle of the X-rays. SAXS measurements were taken at different positions of the
matrix along the z-direction from 0 (the interface between the SBF and collagen matrix) to

1.5 mm, with 0.3 mm steps.
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(a) Spatiotemporal development of CaP within collagen matrix, observed from the invariant,

@, derived from the integration of SAXS intensities. The background intensity from

unmineralized collagen matrices was subtracted from the SAXS intensities. (b, c) Statistical
analysis of @ values from MCOp and MC10p, using a three-factor analysis of variance and
post hoc t tests. The asterisk symbols * and ** indicate that an averaged @ has a significant
difference (p < 0.05) compared to the next and second next zpositions, respectively. A sharp
symbol # indicates a significant difference compared to a measurement at previous time

interval.
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Figure 3.
SAXS patterns from collagen matrices and their fittings. SAXS patterns from MCOp (a) and

MC10p (b) over time at z= 0-0.6 mm, and their fittings. The SAXS patterns fit one or two
CaP populations with morphologies of spherical aggregates, compact spheres, or plates. For
example, the SAXS pattern at z= 0.3 mm of MCOp at 15 h fits spherical aggregates (/g =
22.2 nmand P = 3.05), and the corresponding pattern of MC10p fits a combination of
compact spheres (Ry = 70.1 nm and A= 3.99, at small g) and plates (diameter = 40 nm with
a standard deviation of 0.15 in log-normal distributions and thickness = 1.5 nm, at large g).
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Figure 4.

(a) Volume fractions of CaP populations with spherical morphologies, Vgp, at 5-15 h and (b)
volume fractions of plate-like shapes, V4, at 15 h, determined from fittings of SAXS
patterns. No plate-like shape particles were identified from SAXS patterns of MCOp below
0.3 mm. The volume fractions of each particle population were estimated by calibrating /g)

using a glassy carbon reference sample.
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Figure5.
TEM images of thin sections of collagen matrices. (a) Near the outer surface (z=0) of a

MCOp sample at 15 h. The black arrow indicates an unmineralized collagen fibril. The
dashed circle surrounds an aggregate of extrafibrillar CaP plates. The inset is a high
resolution TEM image of extrafibrillar CaP plates, corresponding to the features in the
circle. (b) Near the outer surface (2= 0) of the MC10p at 15 h. The higher magnification
inset is taken from a neighboring area of the sample. Collagen fibrils, indicated with a white
arrow, are mineralized, showing darker contrast than the surrounding epoxy resin. No
staining was applied to collagen fibrils for (a) and (b) because precipitates from staining
cannot easily be distinguished from CaP particles formed within the matrices. (c) Stained
unmineralized collagen fibrils demonstrated a clear banding pattern of collagen fibrils.
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(a—c) SEM images of collagen films on glass. (a) Mineralized for 15 h in 3 x SBF without
pAsp. (b) Mineralized for 15 h in 3xSBF with 10 mg L™ pAsp. (c) Unmineralized collagen.
(d) Raman spectra of (a—c) and synthetic hydroxyapatite for comparison.
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Figure7.
Reduced diffusion of R6G during the early stage (within 15 h) of extrafibrillar

mineralization results in a nucleation barrier in a later stage of collagen mineralization (after
additional 23 h). (a) Diffusion times of R6G into MCOp and MC10p at different depths after
15 h of mineralization. The average and standard deviation were obtained from 10
measurements at each scanning position. Two different positions were scanned at the same
depth. Diffusion times in unmineralized collagen matrix and simulated body fluid without
Ca?* are also indicated as gray regions for the comparison. (b, ¢) Spatial distributions of CaP
within MCOp (b) and MC10p (c) systems at the late stage of the mineralization were
influenced by the reduced diffusion of molecules required for the CaP mineralization from
SBF solution into the deeper positions of the matrices. After an initial 15 h of
mineralization, for /n situ SAXS analysis, TEM images of thin sections were taken after an
additional 23 h incubation in 3 x SBF. Scale bars are 5 ym.
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Figure8.

Mechanisms of (a) extrafibrillar mineralization within collagen matrices in the absence of
pAsp (MCOp) and (b) intrafibrillar mineralization of collagen fibrils in the presence of pAsp

(MC10P).
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