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ABSTRACT OF THE DISSERTATION

Mechanisms of Calcium Phosphate Mineralization on Biological Interfaces and their

Engineering Applications

By
Doyoon Kim

Doctor of Philosophy in Energy, Environmental & Chemical Engineering
Washington University in St. Louis, 2018

Professor Young-Shin Jun, Chair

All living organisms utilize phosphorus (P) as an essential component of their cell membranes,
DNA and RNA, and adenosine triphosphate. Bones, in addition to bearing loads, play an important
role in balancing P levels in our bodies. In bones, a network of collagen templates and calcium
phosphate (CaP) nanocrystals builds hierarchical levels, from nano- to macroscale. Within this
architecture, the thermodynamic properties of CaP minerals are influential. Despite the importance
of nucleation, growth, and crystallization in collagen structures for tissue development, little
kinetic study of these processes has been conducted due to the limited in situ techniques for
monitoring these nanoscale reactions in organic templates. In this dissertation, utilizing
synchrotron-based in situ measurement techniques, kinetic aspects of collagen mineralization (i.e.,
nucleation, growth, and crystallization of CaP) were evaluated at multiple-length scales. Based on
the kinetic observations, | sought a better understanding of the physicochemical properties of

bones, and how they provide thermodynamic advantages for CaP mineralization.

Xi



First, I evaluated the nucleation kinetics and pathways for CaP minerals in collagen and their
phase transformation from amorphous species to crystalline plates, using in situ small-angle X-ray
scattering (SAXS). Collagen mineralization without an extrafibrillar nucleation inhibitor,
polyaspartic acid (pAsp), led initially to spherical aggregates of CaP in the entire extrafibrillar
space (extrafibrillar mineralization, EM). With time, the spherical aggregates transformed into
plates at the outermost surface of the collagen matrices, preventing intrafibrillar mineralization
(IM). However, mineralization with pAsp led directly to the formation of intrafibrillar CaP plates
with a spatial distribution gradient through the depth of the matrix. We also experimentally
obtained nucleation energy barriers to IM and EM by combining in situ SAXS observations and
the modified classical nucleation theory. The addition of pAsp increases interfacial energies
between nuclei and mineralization fluids. In contrast, the confined gap spaces inside collagen
fibrils lower the energy barrier by reducing the reactive surface area of nuclei, decreasing the
surface energy penalty for IM. The confined gap geometry, therefore, guides the 2D morphology
and structure of bioapatite and changes the nucleation pathway by reducing the total energy barrier.

Next, we examined the influence of nanoscale nucleation on microscale CaP distribution in
highly organized collagen matrices extracted from chicken tibia bones, and consequently on the
matrices’ mechanical properties. The matrices were mechanically loaded during mineralization to
understand the physicochemical responses of collagen, which are different from biological
responses. We found that cyclic strain increased acellular nucleation rates by 33% compared to
nucleation under static strain. The enhanced transport of mineralization fluids under cyclic strain
delivers more nucleation precursors into the matrices, increasing the elastic modulus, strength, and
resilience. To easily mimic the microenvironment generated by cyclic strain for engineering

applications, we also applied pulsed electric stimulations. Low amplitude pulsed stimulation

Xii



through the cathode enhanced the transport of ionic body fluid components, leading to successful
mineralization of the inner surface of tube-like collagen scaffolds through a microscale channel.

Finally, we expanded our knowledge obtained from the biomineralization studies to an
environmental remediation strategy. We proposed a sustainable P management strategy for
nutrient-rich aqueous environments, inspired by bones’ ability to balance P in the human body. By
seeding reactive CaP nuclei with an engineered crystalline structure in calcium alginate beads, we
were able to control the energy barriers to CaP nucleation and manage an environmental aqueous
P concentration as a function of pH. The CaP seeded beads effectively immobilized aqueous P in
their macroscale organic/mineral networks, which have the potential to be reused as a slow-release
fertilizer.

Our findings illuminate the importance of nanoscale nucleation reactions, macroscale mineral
distributions, and macroscale mechanical properties. The findings also provide new insights into
designing biomaterials with hierarchical structures. By improving the engineered control of
properties of highly organized collagen matrices, and using cyclic strain condition and pulsed
electrical stimulations, we can improve bone-fracture healing. Furthermore, designing CaP—
organic composites provides promising solutions for environmental remediation. We expect that
the bioinspired principles can also be applied to other fields of engineering requiring knowledge

of chemistry at organic—mineral interfaces.
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Chapter 1. Introduction

Phosphorus (P), one of the most essential elements of all living organisms, is a main
component of cell membranes, DNA and RNA, and adenosine triphosphate (ATP), which is a
central molecule in the energy system.! About 80 wt % of P in the human body is stored in bones,
mainly as a calcium phosphate (CaP) mineral called bioapatite, which is a biologically produced
analog of hydroxyapatite (HA, Cas(PO4)s0OH).23 Bones mainly function as structural supports by
building networks of collagen templates and bioapatite nanocrystals with different hierarchical
levels of organization, from nano- to macroscale.* CaP nucleation is an initial stage of collagen
mineralization, and the kinetics of nucleation, and consequent growth, and crystallization are
determined by many biological and physicochemical factors in bones.>” The thermodynamic
properties of bioapatite, controlled by this hierarchical architecture, are responsible for maintaining
the P balance in body fluid.? Therefore, evaluating the kinetics and thermodynamic properties of
bioapatite mineralization within collagen templates at multiple-length scales is essential to
understanding the mechanisms of bone formation, preventing bone-related diseases, and
developing new biomaterials.®1°

This study evaluates the nucleation, growth, and crystallization of CaP during collagen
mineralization, and explores the chemical and mechanical properties of CaP mineral/organic
composites for use in engineering applications. Recent advances in in situ analytical methods,
including synchrotron-based in situ X-ray analyses, can be used as non-destructive approaches to
characterize newly formed particles in soft organic templates.!? Collagen mineralization is
examined as a process of building the hierarchical structure of bones, connecting nanoscale
nucleation to microscale mineral distribution to macroscale properties. This study also extends
what we learned from fundamental studies to engineering applications. For example, the principles

1



of collagen mineralization will be practically useful in designing better biomaterials with enhanced
mechanical properties and biocompatibility. They can also contribute to developing new strategies
for faster bone fracture healing. Furthermore, principles underlying biomineralization are
practically helpful in other fields of research. For example, by learning how bioapatite maintains
P balance in human body, we will be able to better manage P-abundant aqueous systems to prevent
eutrophication and to recover P as a renewable resource.

In the Introduction, recent studies on CaP biomineralization are reviewed to understand
the nucleation, growth, and crystallization pathways of CaP minerals (Chapter 1.1). The role of
collagen structure on CaP biomineralization is then discussed (Chapter 1.2). Next, the influence
of nanoscale CaP nucleation on macroscale properties of tissue-level constructs is considered
(Chapter 1.3). Lastly, the specific research objectives and tasks of this study are described in

Chapter 1.4.

1.1 Nucleation, Growth, and Crystallization of Calcium Phosphate Minerals

1.1.1 Classical Nucleation Theory

The formation of solids by crystallization from aqueous solution is an essential process in
many natural phenomena, including bone mineralization, and its principles are widely used in
various industrial applications, such as the synthesis of nanoparticles and pharmaceutical
compounds.t*® The most fundamental step of crystallization, nucleation, is the formation of the
first nuclei from solute precursors, such as atoms, ions, or (macro-)molecules, in aqueous
systems.* Since the 1930s when its first concept was derived by Becker and Déring,*® classical
nucleation theory (CNT) has been widely used as the theoretical framework to describe nucleation

processes during biomineralization.’>* CNT assumes that nucleation through monomer-by



monomer attachment is thermodynamically driven by the free energy change per molecule (AG),
which is the sum of the bulk (-AGp) and surface (AGs) terms (Figure 1.1). A typical AG profile

shows a maximum (i.e., an energy barrier, AGy) at a critical radius (rc), then decreases with

increasing radius (r).

-
>

Surfaceenergy, AG,

Freeenergy,AG

Energy barrier
AG= AG, +AG;

V ey
critical

radius, r

l11f

radius,

Bulkenergy, AG,

Figure 1.1 Schematic illustration of the size-dependent energetics of nuclei

within the framework of classical nucleation theory. Adapted from Ref. 13.

The nucleation rate (J) can be expressed with AGy in its exponential term, as written in Eq.
1.1, where kg is the Boltzmann constant, T is the Kelvin temperature, and A is the kinetic factor.
The kinetic factor A can be expressed in more complicated terms, including its activated energy,
which is critically determined by the temperature. Because most bone mineralization studies were
conducted a constant temperature around 37°C, A is considered as an incorporated pre-exponential

factor in this study. More consideration of the kinetic factors in CNT can be found elsewhere.'®



J = Aexp (—,%’;) Eq. 1.1

For the formation of a spherical nucleus, AG, and AGs are defined in Eqg. 1.2, deriving

1. (r at d;—TG = 0) and 4G,(4G at r = r, ) as written Eqg. 1.3 and 1.4, respectively. By applying Eq.

1.4 to Eq. 1.1, J can be expressed as a function of the supersaturation (¢) and interfacial energy
between a nucleus and mineralization solution («) as written in Eq. 1.5. Here, o is given as
In(IAP/Ksp), where AP is the ion activity product and Ksp is the solubility product. Additionally,

vm is the volume per molecule of nucleus.

(E)mr]
4G = —AGy + 4G = — P2k, To + 4mrla Eq. 1.2
2vpa
r, = 2t Eq. 1.3
16mvia’
4G, = 32 Eq. L4
— 4 _ 16mvé,a’ Eq 15
] - eXp( 3kgT30'2) q '

From Eq. 1.5, a linear relationship between In(J) and 1/¢? is derived (Eq. 1.6). The fitting of the
linear slope (B) can provide « values from experimentally obtained J at different o values (Eq.

17) _13,17—19

2 -3
In(J) = In(A) — (12’,’(?;;" )% =In(4) — B% Eq. 1.6
3Bk3T3 L
a= (16;;%1 )3 Eq. 1.7



1.1.2 Non-Classical Nucleation Pathways via Formation of Prenucleation Clusters

In recent studies of biomineralization, researchers have reported nucleation pathways
which cannot be fully described by CNT. One of the most noticeable findings regarding non-
classical nucleation pathways is the existence of prenucleation clusters (PNCs), which are known
as solute precursors to phases forming from both under- and supersaturated homogeneous
solution.’®?® The difference between classical and non-classical nucleation pathways is illustrated
in Figure 1.2, showing that the aggregation and condensation of PNCs often leads to nucleation of

an amorphous phase which can later transform to crystalline phases.?%?

CLASSICAL PATHWAY
Reversible addition {J

of ions 10 H__N_ucleatlon ’
prenucleation ?ﬁ}* / | Growth
Supersaturated sclution Final crystal
_ Mucleation of
\ Aggregation crystalline phase
& Nucleation Growth
— I
Formation of j

stable prenucleation cluster
NON-CLASSICAL PATHWAY

Figure 1.2 Schematic illustration of classical and non-classical pathways of calcium

carbonate nucleation suggested by Gebauer et al.?® Adapted from Ref. 21.

Even before the importance of these clusters in nucleation was highlighted about a decade
ago,?*? nucleation of ACP had been reported in the 1970’s by Posner and co-workers.???% Based
on analyses of ACP using radial distribution functions based on X-ray diffraction (XRD) and
chemical analyses, they suggested clusters of Cag(POa)s, later named Posner’s clusters, would form

in solution and aggregate to nucleate ACP. This suggested pathway was well-consistent with the
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non-classical pathway via the aggregation of PNCs, as shown in Figure 1.2. Posner’s clusters were
further supported by experimental evidence from later studies,?*?® observing small clusters whose
sizes are comparable to the theoretical values of Posner’s clusters (9.5 A). For example, small
clusters of 0.7—1.0 nm were detected by an intensity-enhanced dynamic light scattering technique?®*
and by dynamic light scattering photometry? in different types of simulated body fluids (SBFs).
The hydrodynamic diameter of CaP clusters was relatively stable at ~1 nm, unlike other types of
clusters. For example, the size of calcium carbonate clusters ranges between 10 and 30 nm, and
their size changes easily over time in SBFs.?®

Using high-resolution cryogenic temperature transmission electron microscopy (cryo-
TEM), recent studies have successfully visualized stable PNCs during the early stage of CaP
nucleation.®% Dey et al. showed cryo-TEM images captured at five nucleation stages of crystalline
apatite, beginning with loose aggregation of PNCs in an SBF solution (stage 1).2° They estimated
the averaged diameter of PNCs as 0.9 £ 0.2 nm. The PNCs were further aggregated at a monolayer
surface as an organic substrate (stage 2) and then densified (stage 3) to nucleate spherical ACP
particles (stage 4) before crystallization (stage 5).

More recently, from cryo-TEM observations, Habraken et al. reported the same nucleation
pathway of CaP in an SBF with excess tris-buffer (2-amino-2-hydroxymethylpropane-1,3-diol).8
Supported by analyses using in situ atomic force microscopy (AFM), and computational results
from ab initio calculation, they concluded that the PNC are soluble ion association complexes
[Ca(HPO4)s]*. The aggregated form of these complexes takes up Ca?* ions from solution to be
precipitated as ACP. The combination of the complexes was revealed to significantly lower the

nucleation energy barrier. The authors introduced a term, the elimination of excess free energy,



AGEx to incorporate this decrease in AG, which can be expressed as an extended CNT model as

described in Eq. 1.8, where N is the number of complexes forming the particle.

AG = —AGy, + AG; — NAGgy Eq. 1.8

1.1.3 Elongated Growth of CaP for the Development of Biomaterials

Many CaP biomineralization studies show that amorphous and spherical CaP nuclei
transform to plate-like CaP crystals in both biomimetic conditions®2%?” and animal samples.®?
Recent molecular dynamics simulations have introduced interesting results showing how organic
molecules in body fluid solutions, such as non-collagenous proteins, control the morphology and
crystallinity.?®3! For example, Yang et al., suggested that the preferential crystal growth directions of
HA can be determined by changes in the interfacial energy of the (001), (100), and (110) faces of HA,
accomplished by the adsorption of two phosphorylated acidic amino sequences in bone sialoprotein.?
Similarly, adsorption of small acidic molecules, such as phosphoserine and citrate,*>3! or even
carbonate ions,*? were suggested to mediate the growth of apatite to form bone-like apatite minerals.
Therefore, to better understand how the morphology of bioapatite is controlled in physiologic

conditions, more tissue observations and kinetic studies in biomimetic conditions are needed.

1.2 Collagen as a Biological Template for Heterogeneous CaP nucleation

1.2.1 Fibrillar Collagen Structures as Biological Templates for Bone Mineralization
The recent findings about nucleation, growth, and crystallization described in Chapter 1.1
have broadened our understanding of the formation of CaP minerals in biomimetic solutions, such

as SBFs. However, these mineralization behaviors are different when CaP forms within the fibrillar



collagen structure, which serves as a biological template. We poorly understand how the
physicochemical properties of collagen are related to CaP mineralization.

The Hodge—Petruska model offers a relatively simple but widely accepted description for
the packing of collagen molecules in bone.3*** Briefly, triple helix type I collagen molecules pack
together in a quarter stagger array to form microfibrils. The molecules are stacked end-to-end, with
approximately 40 nm of space between them and approximately 27 nm of overlapped area. This
arrangement forms a regular pattern of gap channels within which mineral can nucleate for
intrafibrillar mineralization (IM). Orgel and colleagues demonstrated a three-dimensional super-
twist and a more complex collagen packing structure, a finding supported by a synchrotron-based
electron density map.3>2¢ Alexander et al. developed a steric model to describe the three-
dimensional arrangements of apatite relative to collagen, based on a scanning transmission electron
microscopy (STEM) analysis of Ca and C distribution in bone tissues.*® Their model was
effectively used to estimate the packing density of bioapatite within the collagen gap region, which
is an important parameter in predicting the mechanical properties of collagen fibrils in the
mineralization process. Collagen fibrils consist of collagen molecules self-assembled in a
hierarchical manner to form a matrix, which becomes a hierarchical structure with several levels.
In this section, we mostly focus on nucleation at this microfibril level to gain a nanometer-scale
view of collagen mineralization. Its consequences for higher level structures will be discussed in

Chapter 1.3.

1.2.2 Collagen as a Substrate for Heterogeneous CaP Nucleation
To explain how the interfacial energy and nucleation barrier decrease in the presence of a
substrate, a heterogeneous nucleation model in CNT has often been adopted.'*'® With an

assumption of hemispherical particle formation on a flat substrate, AG in Eq. 1.2 can be modified
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as below,® where a;., ay., and a;; are the interfacial energies between the liquid-substrate,
substrate-crystal, and liquid-substrate, respectively.

2

AG=—{M}I< To + nr?QRay, + as — aig) Eq. 1.9
B lc sc ls q. 1.

Um

We can simplify the terms in the brackets by defining the effective interfacial energy, a’:

@ = ap (1 — =%y Eq. 1.10

2aqc

Then, we can utilize the CNT relationships in Eq. 1.3-1.7 as they are, by simply replacing « with
a'. The morphology (or contact angle) of a nucleus is highly influenced by the structural match
between the nucleus and the substrate. This influence can be incorporated into CNT by using an
interfacial correlation function, whose information can be found in a recent study by Jung et al.*’

Collagen has also been reported to serve as a substrate promoting heterogeneous CaP
nucleation.®%° For example, Koutsoukos and Nancollas reported o’ = 105 mJ m?2 for
heterogenous HA nucleation on collagen.*® With an improved measurement technique using in
situ AFM, Habraken et al. also reported a similar value of a’ = 90 mJ m 2 which is about one half
of the value for homogeneous nucleation in bulk solution (« = 180 mJ m2).** Although these
studies provided meaningful information, limitations still exist for evaluating nucleation behaviors
in the complex collagen structure. For example, AFM is a surface characterization tool, thus it
cannot not fully analyze CaP particles embedded in the collagen structure. In addition, a more
careful consideration of collagen geometry than the flat substrate assumption is needed to properly
account for the influence of the confinement of nuclei in gap regions. These aspects will be further

discussed in the following chapters.



1.2.3 Intrafibrillar Mineralization versus Extrafibrillar Mineralization

Non-collagenous proteins (NCPs), which are abundant in circulating body fluids, are
known to mediate IM in physiological systems. The mechanisms of 1M, designed to successfully
mimic the biomineralization process, are the subject of a number of hypotheses. These include
processes involving a polymer-induced liquid-precursor (PILP), in which stable pre-nucleation
clusters (PNCs) form and penetrate the gap regions.*? Using polyaspartic acid (pAsp) as a
replacement for NCP, in vitro studies have supported this hypothesis.****> Nudelman et al. captured
important moments, using cryo-TEM, during intrafibrillar CaP formation within a single collagen
fibril. Their images show that amorphous calcium phosphate (ACP) particles transport into the gap
channels in the presence of pAsp.2’ However, the authors suggested that the role of NCP may be
limited to the inhibition of EM, because a similar process was observed using one of the NCPs,
fetuin, which is too large to diffuse into the gap region.*® The role of C-terminal ends at the border
between the overlap and gap regions can be important because their net negative charges can attract
ACP. However, this cannot fully explain how ACP can be transported into the central areas of the
collagen fibrils, rather than accumulating near the entry of the C-terminus. A more likely
mechanism to explain this phenomenon is the transport of PILP-initiated ACP by capillary
action, 344

While the role of NCPs in IM is still controversial, a recent study emphasized the role of
collagen structure over NCP.%" Mineralization of intrafibrillar spaces of dense collagen matrices
was achieved in the absence of any NCP, by seeding calcium phosphate nuclei within the collagen
fibrils during the preparation of the matrix. Even so, a number of unresolved questions remain. For
example, if PILP formation is not the dominant mechanism for IM, how can NCP control this

process? How are ACP nuclei, formed at the edge of the collagen fibril, transported into the central
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area of the fibrils? How does the mineralization process of a single collagen fibril differ from that
of a dense collagen matrix? How do fibrillar structures of collagen influence mineralization
behaviors? To properly answer these questions, more nanoscale evaluation of CaP nucleation in
collagen is required.

Although IM has been highlighted in recent studies about nanoscale collagen
mineralization, CaP crystals are also found in the unconfined extrafibrillar spaces of collagen
(extrafibrillar mineralization, EM) as an aggregate without a specific orientation.*®% It is
interesting to note that two clearly distinct mineralization behaviors occur in the same body fluid
condition, which emphasizes the importance of fibrillar collagen structure in controlling mineral
distribution. By evaluating the different nucleation behaviors of CaP during EM and IM, we will
be able to understand the role of collagen in CaP nucleation for the construction of bones and how
EM and IM compete for calcium and phosphate precursors in body fluids.

The difficulty of performing in situ measurements makes an accurate examination of CaP
nucleation and growth within collagen matrix challenging. Conventional techniques, such as high-
resolution TEM (HRTEM), Raman spectroscopy, and X-ray diffraction (XRD), require ex situ
sample preparation that likely alters the physiochemical properties of the collagen and nanometer-
scale inorganic nuclei. Moreover, real-time measurements and matrix-level observations are not
possible with these techniques due to the sample treatment procedures and regulated environment
needed in the instrument for cryogenic imaging. Synchrotron-based in situ X-ray scattering
techniques can be a promising option to overcome the difficulties. In aqueous system, these
techniques can provide time-resolved information about newly formed particles, such as their

morphologies, nucleation rates, and crystallinities, minimizing the physicochemical properties of
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particles and substrates. More discussion on heterogeneous nucleation of nanoparticles in an

aqueous system using in situ observation tools (Figure 1.3) can be found in our review article.*

Figure 1.3 In situ experimental approaches for nanoparticle observations in real-time:
X-ray scattering and atomic force microscopy.!* Copyright 2016 American Chemical

Society.

1.2.4 Confined Nucleation of CaP minerals in Collagen

One of the noticeable differences between IM and EM is the nanoscale confinement effect
resulting from the dimensions of the collagen gap region. The confined nucleation and growth of
mineral phases, such as mineral formation in porous structures, are of interest in many biological
and geochemical processes and engineering applications.>*>® Minerals formed under confinement
exhibit physicochemical properties, such as their melting point or crystal polymorphism, which
are distinct from their bulk phase counterparts.>>°° For example, the solubilities of the minerals
can be altered by the curvature of edge surfaces created by confinement. To predict solubility

changes from confinement, the modified Kelvin equation has been used (Eq. 1.11).%°
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Sr 2av.
5= exp(RTr) Eqg. 1.11

In this equation, Sy and Sp are the solubilities in confined space and the solubility of bulk,
respectively. V is the molecular volume in m® mol?, and R is the gas constant. Depending on the
wettability or chemical affinity, the sign of r can be either positive (convex nucleus) or negative
(concave nucleus), leading to increased or decreased solubility, respectively.>">

Because the collagen gap spaces provide confined nucleation sites (~40 nm long and 2 nm
high), many researchers have evaluated CaP nucleation in the confined porous structure. For
example, HA crystals nucleated in 25-300 nm pores showed a higher degree of orientation than
those formed in bulk solution,>*®® as commonly observed in bioapatite in bones and teeth.®
However, we know little about how nanoscale confinement affects the nucleation of calcium
phosphate minerals (CaP) in more physiologically relevant systems, leaving open the question of

why nature chose confined collagen gap spaces for bone mineralization.

1.3 Macroscale Mechanical Properties Controlled by Nucleation at Nanoscale

1.3.1 Hierarchical Structures of Bone

In bone, the combination of a relatively compliant component (collagen) with relatively
stiff inclusions (mineral crystals) provides a wide range of tissue-level mechanical properties.
Investigating CaP crystal formation on collagen at the nanoscale (i.e., at the earliest stages of
nucleation) is crucial for understanding how the mineral stiffens collagen while exhibiting a
remarkable range of mechanical properties, such as elastic modulus and toughness. Bone’s
excellent mechanical properties are related to its hierarchical structures and nanoscale organization
of bioapatite minerals and protein templates. Nanomechanical heterogeneities are produced by this

hierarchical arrangement produces, enabling high energy dissipation and resistance to fracture.5?
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The structural hierarchy of bone was firstly suggested to have five levels, and nowadays, it was
extended to even nine levels.%® Reznikov et al. introduced a scheme showing the hierarchical
organization of bone, from level | (components: collagen, bioapatite, NCPs, and etc.) to level X
(organ: whole bone) as shown in Figure 1.4.* With the advances in technologies, more structural

information will become available.
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Figure 1.4 Hierarchical organization of bone, suggested by Reznikov et al. Adapted
from Ref. 4. Materials in level 11-V can be divided into ordered material (green dotted
box) and the disordered material (blue dashed box). At level VI, these two materials
combine (Solid box).

1.3.2 Multiscale Analyses: From Nanoscale Nucleation to Macroscale Mechanical Properties

Traditionally, bulk parameters, such as the total Ca contents or porosities, have been used
as parameters to predict the strength and elastic modulus of bone.54> However, recent studies have
emphasized that the specific arrangements of minerals relative to collagen strongly determine
mechanical properties at the tissue-level, such the strength and toughness.®®%” Therefore, multi-
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scale analyses are important to fully understand bone’s hierarchical structure, from nanoscale
nucleation to mechanical properties at macroscale. Reznikov et al. emphasized the importance of
the association of the mineral phase with collagen in bones’ paradoxical increase of both stiffness and
toughness with mineralization.’ They observed, based on 3D reconstruction of STEM images, that
curved nanocrystal rods merge laterally to form platelets, which further organize into stacks with
approximately 2 nm of separation. These stacks of platelets, single platelets, and single rods coalesce
into larger polycrystalline aggregates, ultimately spanning adjacent fibrils continuously to achieve
cross-fibrillar mineralization. The fractal-like organization is self-assembled to form a hierarchical
structure, yet we do not fully understand the contributions of individual components to the mechanical
properties of bones.

Recently, full-atomistic calculations of the 3D molecular structure of collagen were performed
by Nair et al., simulating the mechanical properties of mineralized collagen matrix at different mineral
densities.'® Under tensile loading, the mineral crystals within collagen gap regions carried up to four
times the stress of the collagen fibrils. Collagen, on the other hand, predominantly determined
matrices’ deformation response. These findings revealed that the combination of collagen and mineral
was able to able to achieve superior energy dissipation and fracture resistance characteristics beyond
the simple summation of individual components.

Liu et al. successfully simulated stiffening of collagen fibril along the mineralization (a lower
hierarchical level), and connected this fibril-level model with higher hierarchical levels to estimate
mineralization-dependent mechanics at the tissue-level. Interestingly, the nucleation site, whether in
the gap region or on the external surface, was revealed as an important factor governing the stiffness
of collagen, highlighting the importance of the interaction between nanoscale reactions and

macroscale mechanical properties. These articles clearly show that nanoscale nucleation needs to be
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understood as a process of building a hierarchical structure. More experimental studies, utilizing
multi-scale analytical tools, are required to connect nanoscale nucleation and macroscale mechanical

properties.

1.4 Research Objectives and Hypothesis

As discussed in Chapter 1.1-1.3, CaP biomineralization has been evaluated by researchers
from many disciplines, including chemistry, geochemistry, mineralogy, materials science, and
mechanical and biomedical engineering. Thanks to their efforts, significant advances have been
achieved during recent decades. However, the complexity of hierarchical nano/organic composite
systems still makes it challenging to fully understand the mechanisms of CaP nucleation and
crystallization and their practical applications.

The purposes of this study were to provide new thermodynamic and kinetic information
about CaP nucleation, growth, and phase transformation in organic matrices, and to provide
engineering solutions, using the obtained information, to biomedical and environmental problems.
To achieve these goals, we importantly utilized multidisciplinary approaches, including
synchrotron based in situ X-ray analyses for nanoscale observation and tensile mechanical testing.
In addition to suggesting practical application of the findings from fundamental aspects of CaP
biomineralization, in a leap of scale, the obtained knowledge was applied to develop a new
environmental remediation strategy. The ability of CaP minerals to balance aqueous P
concentrations will inspire better management of P balances in aqueous systems disrupted by the
excessive inflow of P from human activities. To achieve these research goals, five specific

objectives were established, as described below, followed by their significances and hypotheses.
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Objective 1: Investigate kinetics and pathways of calcium phosphate nucleation for collagen

mineralization

Significance & Hypothesis: Non-classical nucleation pathways were suggested for CaP
biomineralization in agqueous environments simulating body fluid conditions. However, CaP
nucleation pathways within collagen fibrils have not been fully understood due to the complexity
of collagen/CaP composites and the lack of proper analytical tools to monitor the nucleation
kinetics. To achieve Objective 1, | utilized state of the art synchrotron-based X-ray analyses for
collagen matrices, which could overcome the limitations of conventional ex situ measurements.
Using in situ measurements in real-time, X-ray analyses better illuminated the effects of solution
chemistries on CaP mineralization on/in collagen matrices, with minimal alterations of sample
properties. We hypothesized that we could separately evaluate the nucleation behaviors during IM
and EM utilizing pAsp. | determined the nucleation and growth rates of CaP during the
development of IM and EM, in addition to the kinetics of phase transformation. The kinetic
information revealed the mechanisms behind bone mineralization by illuminating the factors

controlling the spatial and temporal distribution of CaP during IM and EM.

Objective 2: Examine the thermodynamics of confined nucleation in collagen gap regions during

intrafibrillar mineralization

Hypothesis & Significance: Collagen matrices have hierarchical pore-structures consisting of
micrometer scale extrafibrillar pore structures and nanoscale gap channels within the fibrils. Both
extrafibrillar and intrafibrillar mineralization behaviors have been reported in different
environments. However, it is not fully understood how intrafibrillar mineralization is achieved.

From Objective 1, we evaluated the different pathways for IM and EM. The different nucleation
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pathways indicated that different nucleation energy barriers exist for the pathways. To achieve
Objective 2, | evaluated J at different o of SBF solutions during IM and EM separately. Then,
utilizing CNT as described in Egs. 1.1-1.7, the a and AG, values for CaP mineralization of
collagen were evaluated. We hypothesized that 2D growth enforced in the confined gap spaces
would provide less surface energy penalty. However, a proper model still needs to be developed

to address this aspect.

Objective 3: Evaluate the influence of mechanical bonding applied to collagen during CaP
nucleation and analyze the resulting mechanical properties of the structure at the

tissue-level.

Hypothesis & Significance: After understanding the kinetic and thermodynamic properties of
CaP nucleation in collagen, we evaluated how nucleation influences mechanical properties at the
tissue-level. To achieve Objective 3, collagen matrices with different extents of IM and EM were
examined. The contribution of IM to elastic modulus increase would be more significant than that
of EM due to a better contact with porous surfaces. Cyclic strain, which mimics human walking
motion, was applied as an efficient approach to increase the extent of IM. Based on the
observations, a better structure-functional relationship model was developed. A more accurate
prediction of the mechanical effects of biomineralization on collagen matrices will guide tissue

engineering efforts for mineralized tissue substitutes.

Objective 4: Utilize pulsed electric stimulation to enhance collagen mineralization

Hypothesis & Significance: Development of a faster bone regeneration strategy is still
challenging. One difficulty is that the dense fibrillar structure of collagen limits diffusion of

precursor molecules into the inner matrix zones. To overcome this problem, | applied electrical
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stimulation, which is known to improve in vivo development of skeletal muscles and bone fracture
healing in the clinical setting. However, the mechanism of action remains unclear, inhibiting its
practical application. In particular, how the electric fields interact with the CaP nuclei formed
inside the gap regions is unknown. | hypothesized that pulsed stimulation could enhance diffusion
of precursor molecules within the dense fibrillar matrix. The research findings provide new insight

for the study of IM, beyond the chemical and biological components.

Objective 5: Develop a sustainable environmental P management strategy utilizing

biomineralization principles

Hypothesis & Significance: The global P cycle has been interrupted significantly during recent
decades due to the increasing anthropogenic sources. To recover P from eutrophic environments
and re-use it as a valuable resource, it is essential to develop a better P management plan. To
achieve Objective 5, | utilized bioinspired principles of bone mineralization to control P levels in
aqueous environments. Although CaP minerals, such as hydroxyapatite, show very low solubility
at neutral pH, a huge nucleation barrier inhibits their precipitation, keeping the P concentration
higher than its equilibrium condition. | hypothesized that the nucleation barrier can overcome by
embedding reactive seed CaP nuclei in calcium alginate beads, which simulates CaP

mineralization in collagen proteins.

1.5 Dissertation Overview

To realize the five objectives described above, five tasks were completed, with each task
corresponding to an objective. The dissertation and five tasks are illustrated in Figure 1.5.
Task 1, regarding evaluation of nucleation kinetics and pathways, is addressed in Chapter

2. To evaluate the kinetics and pathways of CaP nucleation during EM and IM, we conducted in
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situ small-angle X-ray scattering (SAXS) and wide-angle X-ray diffraction (WAXD) analyses. To
separately evaluate EM and IM, we added 10 mg L™ pAsp in SBF solution. Task 1 is addressed
in Chapter 2.

Task 2, regarding confined nucleation in collagen gap regions for IM, is addressed in
Chapter 3. To evaluate interfacial energies between nuclei and SBF solutions and their consequent
nucleation energy barriers, we evaluated nucleation rates at different supersaturation indices of
SBFs with respect to CaP minerals. In this task, a modified CNT model was developed to better
evaluate thermodynamic parameters from experimental data. Task 2 is addressed in Chapter 3.

Task 3, regarding the relationship between nanoscale nucleation and macroscale
mechanical properties, is addressed in Chapter 4. Collagen samples demineralized from chicken
tibia bones were re-mineralized under different mechanical loading conditions. The mechanical
properties of re-mineralized collagen samples were evaluated for elastic modulus by a uniaxial
tensile test. The correlation between nucleation behaviors and elastic modulus increase was
evaluated using a tissue-level model. Task 3 is addressed in Chapter 4.

Task 4, regarding enhancing collagen mineralization using pulsed electric stimulation, is
addressed in Chapter 5. We applied pulsed electric stimulation, which mimics bioelectricity
generated in human body. The stimulation was applied either through a cathode or an anode. The
results were compared with continuous electric stimulation. The potential damage of pulsed
application was also examined. Task 4 is addressed in Chapter 5.

Task 5, regarding the development of a sustainable environmental P management plan, is
addressed in Chapter 6. To reduce the nucleation energy barrier for CaP mineralization in P-rich
aqueous environments, we embedded reactive nuclei in calcium alginate beads. Then the beads

were utilized for P removal, and the beads after P recovery were evaluated for use as a slow-release
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fertilizer. We explored the crystalline degree of seed minerals and P removal and release efficiency.
Task 5 is addressed in Chapter 6.
In Chapter 7, the major conclusions and implications of the current work are summarized,

and future directions are recommended.

Task 1 Task 2 Task 3
Nucleation Energetics of Nanoscale nucleation and
Kinetics and pathways confined mineralization macroscale properties
Nucleation Growth & i
Precursors I P PosEe
on substrates crystallization materials

Y

— Sustainable P Cycle

Task 5 Task 4
Environmental Enhanced bone
applications mineralization

Figure 1.5 Overview and tasks of the dissertation.
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Reprinted with permission from [Doyoon Kim, Byeongdu Lee, Stavros Thomopoulos, and Young-
Shin Jun, In Situ Evaluation of Calcium Phosphate Nucleation Kinetics and Pathways during Intra-
and Extrafibrillar Mineralization of Collagen Matrices. Crystal Growth & Design, 2016, 16(9),

5359-5366. DOI: 10.1021/acs.cgd.6b00864]. Copyright [2016] American Chemical Society.
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Chapter 2. Investigation of Calcium Phosphate
Nucleation Kinetics and Pathways for Collagen

Mineralization

Portions of this chapter have been published in Crystal Growth & Design in 2016, DOI:

10.1021/acs.cgd.6b00864.

2.1 Overview

New pathways for CaP biomineralization, which are distinct from the classical view of
nucleation, have been suggested recently. However, CaP nucleation pathways within collagen
fibrils have not been fully understood owing to the complexity of collagen/CaP composites.
Moreover, the lack of proper analytical tools to monitor the nucleation in situ has limited the
thorough evaluation of kinetics for the pathways. Using in situ SAXS, we examined the nucleation
and growth of CaP within collagen matrices. We revealed that nucleation sites within collagen
fibrils determined the kinetics and pathways for CaP nucleation and its phase transformation, from
amorphous species to crystalline plates, during the biomineralization process. Further, we
elucidated how a nucleation inhibitor, pAsp, governs mineralization kinetics and pathways at
multiple length scales. Mineralization without pAsp led initially to spherical aggregates of CaP in
the entire extrafibrillar space. 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

23



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.

2.2 Introduction

Mammalian mineralized tissues are natural composites of fibrillar collagen proteins®*%
and CaP nanocrystals.?®% The combination of a compliant component (collagen) with relatively
stiff inclusions (CaP crystals) provides a wide range of tissue-level mechanical properties.®1%33
This range includes stiff (but brittle) tooth enamel, made mostly of mineral,>® and partially
mineralized tendon-to-bone attachments with high toughness.®° Type I collagen molecules self-
assemble into a fibril with a periodic 67 nm banded pattern.*3 There are 40 nm gap zones between
neighboring collagen molecules, providing nucleation sites for IM.?"8." Stabilization of PNCs is
essential to IM by inhibiting CaP nucleation in extrafibrillar spaces (EM).82"727 |n addition to
physiologically existing NCPs, such as fetuin,?”:’? pAsp has been shown to promote IM during the
in vitro mimicking of collagen mineralization.?”*>"t 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,?”*347 and so could not fully explore the in 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
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8,23,26.28,74.75 To ynderstand the mineralization of tissue-level

important intermediate products.
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,?’
through the macroscale, where mineral crystals are widely distributed in the extrafibrillar spaces
between collagen fibrils arranged within the matrix.*’*® Prior approaches have not provided
continuous real-time information on the spatial distribution of CaP within a collagen matrix over
these length scales. Without in 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.?>’%% Recent studies have provided full 3D reconstruction of
collagen fiber orientation in human trabecular bone and tooth, using SAXS with tensor
tomography.8-82 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 in situ investigations'’®® 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.?”4>"
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.
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2.3 Materials and Methods

2.3.1 Preparation of Samples

Collagen matrices were reconstituted based on a previously published method.®* Type |
collagen (C857, calf skin lyophilized, Elastin Products Company, Inc.) was dissolved in 0.5 mM
HCI (12 mg mlY) by magnetic stirring, followed by degassing under vacuum for 4 days. Collagen
samples were maintained at 4°C during this process. Then the collagen solution was placed in a
specially designed PTFE 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 I"* of TES, NaCl, and Na;HPO4, in deionized
water, pH 7.5 at 37°C). 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 SBF to prevent
collagen dehydration during the X-ray scattering analysis (Figure 2.1a). 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* 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 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*
of collagen in 0.5 mM HCI) was evenly dispersed on a glass slide (1x1 cm?) using a spin coater

(Laurell WS-650MZ-23NPP, 5000 rpm for 30 s). Then the slide was placed in the TES buffered
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saline for an hour to polymerize collagen fibrils. The prepared film on glass was 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™).

(a) (b)
Handle Handle
-w=10mm
-t=2mm t
20 z=0-1.5mm
f
Cover glass (0.3 mm steps)
Well for solution Y > —
- depth: -3 mm X-ray [ T—
; scattering Incident
Polymerized collagen K, X-ray, k;

-depth : 5 mm

Figure 2.1 (a) Design of custom-made sample frame containing collagen matrix between two
cover glasses, with an indication of the z-direction. (b) Experimental setup for SAXS
measurements. k; and ks 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.

2.3.2 Simulated Body Fluid and the Flow-through Reactor

Simulated body fluid and the flow-through reactor. A simulated body fluid proposed by
Kokubo et al. (1xSBF) is commonly used because of its similarity in ionic components to human
body plasma.®>® To conduct our experiments within a reasonable time, we used an SBF with three
times higher concentrations of calcium and phosphate ions (3xSBF) as an experimental solution.
The ionic compositions of 1xSBF, 3xSBF, and human blood plasma are listed in Table 2.1.

American Chemical Society grades of NaCl (7.996 g, BDH Chemicals), NaHCO3 (0.350 g, BDH
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Chemicals), KCI (0.224 g, BDH Chemicals), MgCl2-6H20 (0.305 g, EMD Millipore), 1 M HCI
(40 ml, BDH Chemicals), Na,SO4 (0.071 g, Alfa Aesar), tris(hydroxymethyl)aminomethane (Tris,
6.057 g, Alfa Aesar) were added to 900 ml of deionized water (18.2 MQ-cm). 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 K;HPO4-3H,0 (Alfa Aesar) or 0.834 g of CaCl; (Alfa
Aesar) was added to each bottle. Both solutions were adjusted to pH 7.25 using 1 N HCI, and the

volumes of the solutions were adjusted to 500 ml with deionized water.

Table 2.1. lonic components of simulated body fluids and human blood plasma.

Solution Na* Kt Mg® Ca** ClIF HCO* HPOsZ S04
1xSBF? 142.0 5.0 1.5 25 1478 4.2 1.0 0.5
3xSBF 142.0 9.0 1.5 75 1578 4.2 3.0 0.5

Human blood plasma® | 142.0 5.0 1.5 25 1030 27.0 1.0 0.5

* The pH of the 3xSBF was adjusted to 7.25 with 50 mM of Tris ((CH2OH)sCNH,) and 1 N HCI.

For the collagen mineralization, the two solutions, separately contained in 60 mL syringes,
were continuously flowed into reactor at 0.11 ml min™ per syringe, using a syringe pump. To
prevent any precipitation prior to the experiment, the two solutions were combined just before the
reaction (Figure 2-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°C. Homogeneous nucleation in 3xSBF
containing either 0 or 10 mg I"* 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
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system to use one type and concentration of pAsp (10 mg 1" of 5,000 Da pAsp). The addition of
10 mg It 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 I was used in a study by Nudelman et al. for their cryogenic
observations of collagen fibrils;?” 50 mg It was used by studies by Jee et al. on the biomimetic
mineralization of collagen utilizing the PILP process;** 1-100 mg It was used by Cantaert et
al., to study the effect of pAsp on CaP precipitation in confined structures utilizing track-etch (TE)
membrane pores.®® Furthermore, we did test 100 mg It 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 IM, while simultaneously forming extrafibrillar
CaP.?" Therefore, the use of the fetuin would not provide separate CaP nucleation pathways for
IM and EM. In addition, we expect that changes in concentration and molecular 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.

2.3.3 In Situ X-ray Scattering Data Collection and Analysis

SAXS data were collected at the Advanced Photon Source (APS, Sector 12-1D-B, Figure
2-S1b) at Argonne National Laboratory (Argonne, IL, USA).1"# At intervals of 5, 9.5, and 15 h,
frames were immediately moved to the SAXS sample stage and scanned from z = 0—1.5 mm depth

of the matrix (Figure 2.1b). The distance from the sample to the SAXS detector was 3.6 m, which
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provided a range of 0.0017—0.53 A~ 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
z-direction) 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 2-S2). Similarly, in situ WAXD analysis was
conducted at APS sector 11-1D-B to identify the CaP phases during collagen mineralization (q >
0.6 A™1). Samples were exposed to a 58.66 keV X-ray beam (size: 300 pm x 300 um) for 5 min
for the data collection. The detailed procedures for the SAXS/WAXD data analyses are described

in Section 2.7.1 Additional Experimental Section.

2.3.4 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 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 x 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
Il was operated at 100 kV, and a JEOL JEM-2100F was operated at 200 kV for higher resolution

images.
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Collagen matrices and films were placed in an ethanol bath for 5 h to remove excess ions,
then stored at 4°C until ex situ analyses by Raman spectroscopy and SEM equipped with energy-
dispersive X-ray spectroscopy (EDX). Additionally, matrices were frozen in liquid nitrogen and
cut into ~1 mm thick sections for the analysis along the z-direction (Figure 2-S5a). 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 50x 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 Acm™ was used, and simultaneously detected with a spectral
resolution of 1.13 Acm, 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 230).

Fluorescence correlation spectroscopy (FCS) was used to evaluate the extrafibrillar pore
structures of the matrices by measuring the diffusion time of rhodamine 6G (R6G).8” 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, 7o, was evaluated by analyzing correlation curves.®® The
procedures for the FCS data analyses are also described in Section 2.7.1 Additional Experimental

Section.

2.4 Results and Discussion

2.4.1 SAXS Analysis of CaP Development within Collagen Matrices
An overview of the influence of pAsp on CaP development can be seen from invariant

values, Q, which are proportional to the total volume of newly formed CaP particles with the same
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morphology and structure at a given time.838° Q is expressed as Q = (#) [ q*1(q)dq, where 1(q)

is the scattering intensity at the scattering vector, ¢.%° As shown in Figure 2.2a, 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 (z = 0) showed Q values at 15 h more than twice as high as those of other positions, with a
statistically significant difference (Figures 2.2b and 2-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.?”® 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 2.2c and 2-S3b).

The intensities at high q for 15 h of mineralization showed typical SAXS patterns for plate-
like objects (the slope at g around 0.01—0.1 A is about —2, Porod scattering appears at ¢ above
0.2 A™%),292 poth for samples mineralized with pAsp (at all z—positions) and without pAsp (only at
z = 0). These data can be fit using a specific form factor and size distribution function (Supporting
Information eqs. 2-S4-7). In the MCOP system, a population of plates was observed only at the
SBF—MCOp interface (z = 0) at 15 h (Figure 2.3a), showing a sudden, but significant, volume
fraction of plates at that location (Vpi, Figure 2.4b). Contrarily, populations of plates developed at
all z-positions of the MC10p samples at 15 h, with decreasing Vp along the z-direction (Figures
2.3b and 2.4b). 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 nm?3).%73
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Figure 2.2 (a) Spatiotemporal development of CaP within collagen matrix, observed from
the SAXS invariant, Q. The background intensity from unmineralized collagen matrices
was subtracted from the SAXS intensities. (b, ¢) Statistical analysis of Q 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 Q has a significant difference (p <0.05)
compared to the next and second next z-positions, respectively. A sharp symbol # indicates

a significant difference compared to a measurement at previous time interval.
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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),*> and most bone
crystals observed were less than 2 nm thick.>% In our observations, CaP plates developed from
both MCOp and MC10p had almost identical thicknesses, and the thickness of plates was
uniform along the z-directions of MC10p. Another population of spheres, following Porod’s law
(P = 4), 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 2.3b and 2-S3d,e).
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Figure 2.3 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 (Rqg = 22.2 nm
and P = 3.05), and the corresponding pattern of MC10p fits a combination of compact spheres (Rq
=70.1 nmand P = 3.99, at small q) and plates (diameter = 40 nm with a standard deviation of 0.15

in lognormal distributions and thickness = 1.5 nm, at large q).
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In addition, Vsp 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
2.4a). The three different populations of particles with dissimilar morphologies and size ranges
observed by in 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.
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Figure 2.4 (a) Volume fractions of CaP populations with spherical morphologies, Vs, at 5-15 h
and (b) volume fractions of plate-like shapes, Vp, at 15 h, determined from fittings of SAXS
patterns. No plate-like shape particles were identified from MCOp below 0.3 mm. The volume
fractions of each particle population were estimated by calibrating 1(g) using a glassy carbon

reference sample.

35



2.4.2 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 2.5a) were imaged near z = 0, around unmineralized collagen fibrils (black arrow
in Figure 2.5a) showing brighter contrast than the embedding epoxy resin. On the other hand, CaP
development with 10 mg L™ pAsp (MC10p) represents an IM-dominant system, showing darker
contrasts from collagen fibrils than the surrounding epoxy resin (white arrow in Figure 2.5b). The
different mineralization patterns resulting from pAsp were also evaluated from the thin collagen
films on glass slides after 15 h of mineralization (Figure 2.6). This process simulated reactions at
the outermost surface of the matrices (z = 0), which were not imaged from thin sections cut along
the z-direction. In the absence of pAsp, the collagen surface was mostly covered with micrometer
scale spheres, consisting of a number of nanoscale plates (Figure 2.6a).

The Raman spectra from these spheres is similar to that of synthetic hydroxyapatite, with
a clear phosphate peak at A960 cm™* (the P—O band for apatite, Figure 2.6d). This peak indicates
CaP formed during the mineralization without pAsp (Figure 2.6a), 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 L™! pAsp (Figure 2—6b, the atomic percentages of Ca and P by SEM-
EDX were 21.4% and 16.6%, respectively) losing their periodic patterns shown in the
unmineralized fibrils (Figures 2.5¢ and 2.6¢). In Raman spectra, peaks indicating both apatite (at
A960 cm™! for the P—O band) and collagen (at A2941 cm™* for the C—H band) clearly appeared
(Figure 2.6d). Similar Raman spectra have been frequently reported from partially mineralized

tendons or bone samples.®®’® Ca/P molar ratios of EM and IM in this study were 1.19 and 1.29.
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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.®

Figure 2.5 TEM images of thin sections of collagen matrices. (a) Near the outer surface 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 image of extrafibrillar CaP plates,
corresponding to the features in the circle. (b) Near the outer surface of the MC10p at 15 h. The higher
magnification inset is taken from a neighboring area. 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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Figure 2.6 (a—c) SEM images of collagen films on glass. (a) Mineralized for 15 h in 3xSBF
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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On the basis of ex situ observations (Figures 2.5 and 2.6), we concluded that the addition
of 10 mg L! 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
in situ SAXS observations. 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™t of 5000 Da pAsp).

From the SAXS analyses during EM (MCOp), we found a CaP population of spherical
aggregates (Figure 2.3a, 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.®?® 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,®?® consistent with the SAXS results of the current study (Rg = 20.5-32.3
nm, equivalent to a diameter = 52.9—83.4 nm, Figure 2-S3f). A decreasing pattern in Rq 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 2.3b), 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 2.3a). Therefore, the

inhibition of CaP nucleation at the extrafibrillar spaces by pAsp allows the nucleation in the
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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, in situ WAXD data show that crystalline structure of CaP developed faster in
MC10p than in MCOp (Figure 2.7). The WAXD 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 (Rg=47-71 nm,
Figure 2-S3f) and much lower Vs, than Vp (Figure 2.4a,b). Instead, CaP spheres might develop
from aqueous Ca-pAsp complexation in the extrafibrillar space.”?> However, the SAXS patterns
that are fitted to compact spheres had minimal influence on the fitting of plate-like crystals (Figure
2-S3d), validating that plate-like CaP developed without any intermediate products.

In situ SAXS and WAXD observations indicate that nanoscale evaluations of amorphous
CaP phase are critical to thoroughly understand the kinetics and pathways of CaP nucleation and
its phase transformation. This study highlights the importance of in situ X-ray scattering

applications for future studies on the early stage collagen mineralization.
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Figure 2.7 WAXD patterns from mineralized collagen matrices at z = 0-0.3 mm and from
synthetic HA. Until 10-12 h, a peak of WAXD intensity appeared only at q ~ 18.25 nm?,
which corresponds to the (002) face of HA (d-spacing: 3.442 A, indicated as *) from both
MCOp and MC10p. After 20 h, more peaks matching with HA appeared distinctively only
from MC10p, including one at g ~ 22.5 nm™ for the (211) and (112) faces of HA (d-spacing:
2.813 and 2.778 A, respectively, indicated as #).
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2.4.3 Macroscale Spatial Distribution of CaP Nanocrystals

Despite the importance of collagen fibrillar structure on tissue mineralization, as suggested
in recent studies,*”%% 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 in vitro findings to those found in 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
Ca?" ions, are delivered from the SBF to the inside of the matrix to form CaP plates. The occupation
of extrafibrillar pores with CaP (Figures 2.5a and 2.6a) could influence the transport of those
molecules within the matrix by limiting their diffusion.®’

To examine this possibility, the diffusion time, zp, of rhodamine 6g (R6G) was evaluated
using fluorescence correlation spectroscopy (Figure 2.8a). zp at z = 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 2.2a). 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 2.8b and 2-S4a,b,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 z-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 2—S5 and Table 2-S1).
42



On the other hand, the increase in zp after mineralization in MC10p was relatively low
compared to MCOp (Figure 2.8a), 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 relatively steep slopes at low z positions
of MC10p (Figure 2.2a). Therefore, CaP plates can form more deeply in the matrices even at z =
1.5 mm (Figure 2.4b). The extrafibrillar CaP crystals in MC10p were visible only at the later stage,
showing elongated morphologies in the micrometer scale (Figures 2.8c and 2-S4d,e,f). Unlike in
MCOp, extrafibrillar CaP crystals were not severely aggregated (corresponding to different P
values for spherical populations in MCOp and MC10p, Figure 2-S3e) and did not significantly

occupy the extrafibrillar spaces except for a few areas at z = 0 (Figure 2.8c).
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Figure 2.8 Reduced diffusion of R6G during the early stage (within 15 h) of EM results in a nucleation
barrier in a later stage of mineralization (after additional 23 h). (a) Diffusion times of R6G into MCOp
and MC10p at different depths after 15 h. 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 SBF 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 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 in situ SAXS analysis, TEM images were taken after an additional 23 h incubation

in 3xSBF. Scale bars are 5 pm.
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2.4.4 Kinetic Control of CaP Nucleation for Tissue-Level

The proposed mechanisms of CaP development in collagen matrices are described in
Figure 2.9. In the absence of a nucleation inhibitor, spherical aggregates form in extrafibrillar
spaces, in a fashion similar to CaP developing in solution.®?® 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 z-position 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 continuously bond with Ca?* from the solution and transform into crystalline plates,*®
but this dominantly occurs only at the solution—matrix interface (Figure 2.4b). These aggregated
plates eventually become dense enough to create a diffusion barrier at the later stage (Figure 2.7b),
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
Ca?* 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 high)?333 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.® Therefore,

about 9.5 h of induction time was required before the initial development of CaP plates. Once
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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
2.3) and crystallization (Figure 2—-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.
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Figure 2.9 Mechanisms of (a) EM within collagen matrices in the absence of pAsp (MCOp) and
(b) IM of collagen fibrils in the presence of pAsp (MC10P).
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2.5 Conclusions

In summary, we evaluated the kinetics of mineralization of collagen matrices at nano-
through macroscales, using in 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 into the
extrafibrillar spaces. This highlights the importance of including nucleation inhibitors for
recreating physiologically relevant mineralization of collagen-based matrices.?”"*

In situ SAXS measurement at the different z-positions 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 z-positions 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 mineral relative to collagen, at both nano
and macroscales, dictates the mechanics of the tissue,”® the current results provide guidance for
proper mineralization of scaffolds for creating in vitro model systems and for developing

constructs for regenerative medicine.
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2.7 Supporting information for Chapter 2

2.7.1 Additional Experimental Section

In situ X-ray scattering data collection and analysis. SAXS data were collected at the
APS, Sector 12-ID-B at Argonne National Laboratory (Argonne, IL, USA).1"#3 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 2-S1b). The distance from the sample to the SAXS detector was 3.6 m, which provided a
range of 0.0017-0.53 A for the scattering vector, ¢. 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 z-axis) x 40
um (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.

(b)

Figure 2-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 2.1b).
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The 2D scattering intensity counted by the detector (2M Pilatus) was averaged over the g
range along the radial direction to produce 1-dimensional scattering intensities 1(q). Silver
behenate powder was used as the q calibration standard. 1(qg) 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 2-S2).
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Figure 2-S2 Background SAXS intensities (a) SAXS intensities were measured for an empty frame
with cover glass, a frame filled with 3xSBF solution with no Ca?* 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 3xSBF solutions with no Ca?* 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 I"* 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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Total particle volume was estimated from the linear relationship with invariant values, Q,
as shown in eq. 2-S1. Integration was conducted within a limited g range of 0.0017-0.2 A, due

to the relatively high noise in larger g regions.

Q = (=) [ ¢*1(q)dq eq. 2-S1

2m2

The Modelling 1l 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.®* Absolute
volume fractions of CaP particles in collagen matrices were obtained by the fitting of 1(q)
calibrated on an absolute scale using a reference glassy carbon standard sample.®® The structural
factor was assumed to be 1. Using a two-population model of this Modelling 11 in the IRENA
package, 1(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.®?® 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 Il. First, spherical
populations with fractal dimensions can represent the aggregation behavior during particle

formation. In this model, 1(q) can be expressed as eq. 2-52.90%

2p2
1(q) = G exp (— T39) + B eq. 2-S2
where, g* = ot ng)]S , Rg is the radius of gyration, and B is the constant prefactor specific to the
erf(—==
NG

type of power-law scattering. A power-law scattering exponent P can be evaluated from the slope
of log(l) 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, Dy, equal
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to P. Spherical aggregates typically show Ds ~ 3.%%9 The exponential prefactor, G, can provide
volume fractions of the particles from the eq. 2-S3.
G = nr2Ap?V?, eg. 2-S3

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

(2,000 w?
243

1
R3)2). reand Ap 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.

For fitting the plate CaP population with thickness, t, another fitting tool using a built-in

form factor (a unified disk, eq. 2-S4)% and a size distribution function in the Modelling 1l package

was used.
quglz B1
|F(q,R)|?=A+Glexp ~ 3 +3 eq. 2-S4
q%Rg2? ) (1.1Rg1)%q?
where R is the radius of the plate, A=exp™ ™ 3 +———=e 3 q*= —gr—,
R?Qsv [erf( \/%q 3

t+R

Bl =4 1=22  R1="% andR2= [B+5Z) . Then, SAXS intensi
=45 Gl=2-—5, Rjl=—-,and Rj2 = [(+) . Then, intensity was

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

1(q) = 2|8pI? E; |F(q,R)IPV(R)f (R)AR; eqg. 2-S5
In eq. S5, the subscript i includes all bins in the size distribution, and AR; 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

f(R) =V(R)nP(R), eq. 2-S6
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where P(R) is the probability of occurrence of a scatter of radius R. For the lognormal distribution,

1 _(n(R-p)?

P(R) = prwerid 202 eq. 2-S7

where [ is the mean radius in number size distribution, and ¢ is the standard deviation. For the
fitting, Y, o, and n were first fitted, and then the particle volume fractions of platy CaP population,
Vpi was obtained by Y,; V(R;)nP(R)AR,;.

The scattering contrast, Ap, was estimated from difference between the electron densities,
p, of CaP and water, (pcar — pwater). p = ). C,f, for all elements, where, C,is the atomic
concentration and f; is the scattering factor, which is equivalent to the atomic number for SAXS
analysis. For the spherical population, CaP was assumed to be amorphous (Cag(POa)s , known as a
Posner’s cluster, with a specific gravity of 1.75,2"* yielding Ap = 1.89 x 10% cm™. A recent study
by Habraken et al.? estimates the structure of post-nucleation clusters as [Caz(HPO4)3]*, which
provides an almost similar Ap (1.93 x 102 cm™). For the CaP platy population, the structure of
CaP is assumed to be a hydroxyapatite crystal (Cas(PO4)30OH with a specific gravity of 3.16),
yielding Ap = 6.12 x 10?2 cm™. 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.® The assumption that platy particles are OCP (CagH2(PQa4)s-5H20, with a specific gravity
of 3.16) also provides little change in Ap (6.22 x 10?2 cm®). Therefore, the errors resulting from
assumptions of the structure of spherical and platy particles are expected to be about 4%.

Similarly, in situ WAXD data was collected at APS sector 11-1D-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 x 150 times) during flow-through mineralization reaction. The beam size was 300

um in both the lateral and vertical dimensions. The 2-dimensional WAXD intensities were counted
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by a Perkin EImer amorphous silicon detector, which was 20 cm away from the sample, providing
information at g higher than 0.6 A%, Then the 2D intensities were averaged over the g range along
the radial direction to produce 1D scattering intensities 1(q), using FIT2D software provided by

the European Synchrotron Radiation Facility. Cerium dioxide was used as the calibration standard.

Fluorescence correlation spectroscopy (FCS) analysis. FCS analysis 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™), photostability, and high
fluorescence quantum yield. FCS measurement was performed using an inverted design confocal
laser scanning microscope (Zeiss Axiovert 200M) equipped with a 40x water immersion lens. R6G
molecules were excited by a 514 nm argon laser. Fluorescence intensities were collected for 30 s
x 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 T 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 + 7, and then averaging over the whole trace. Finally, the

correlation function, G(t), was normalized to the squared average signal "8

<I®)I(t+1)> _
<I(t)>2

G(t) = 1 eq. 2-S8

The diffusion time, 7, and number of fluorescent molecules in the detection volume, N,

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

1 T N—-1 WoN2 T 1
(D) =25 0(1+-) M1+ (22?2, eq. 2-59
D,i 0 D,i
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where @i characterizes the fraction of molecules of the component, and w,, and z, are Gaussian
profiles of the detected volumes in the x-y directions. T, can be correlated with the diffusion

coefficient, D, using the following equation:

=9 eq. 2-S10
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Figure 2-S3 SAXS intensities from mineralized collagen matrices and their fittings. SAXS intensities
from MCOp (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 two populations of plates
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and spheres. (c) The fitting of SAXS pattern from MCOp (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 Ry = 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 g 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. 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 Ry = 70.1 nm appears at small g, 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 Ry values for the spherical population fitted from SAXS intensities

from MCOp and MC10p at z = 0-0.6 mm over time.
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MCOp MCI10p

z > 0.5 mm

Figure 2-S4 TEM images of stained thin sections of MCOp (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 3xSBF. Insets are high resolution images corresponding to features
in a-f. Scale bars in a-f are 5 um, 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. 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 MCOp
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 ¢ and f).
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2.7.2 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 MCOp and MC10p (Figure 2—-S5a) were
analyzed using SEM-EDX and Raman spectroscopy. The surface of the MCOp 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 2—S5b). 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 EDX analyses of MCOp sections (Table 2-S1)
showed distinctly different characteristics for the mineral layer (Figure 2—-S5d,g) and the surface
of the collagen matrix without visible particles (Figure 2—S5f). 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.® 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 2-S5f). This demonstrates that intrafibrillar mineralization was not achieved, even after
the additional 23 h of reaction after the initial 15 h experiment.

Unlike the MCOp samples, the surfaces of the MC10p were clearly exposed, rather than
entirely covered by a mineral layer (Figure 2-S5c), due to the inhibition of extrafibrillar CaP
formation by pAsp. The MC10p surfaces without extrafibrillar CaP particles (indicated as ‘IM’ in
Figures 2-S5e,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-EDX because most
collagen fibrils located below the extrafibrillar CaP layers as shown in Figure 2—6b. Even with

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

58



detected from exposed collagen surfaces (Figure 2-S5f). 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 1).2 However, we did not conclude that CaP crystals
embedded inside the collagen fibrils are amorphous. SEM-EDX 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 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 2-S5f). 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 2-S5h) showed a regular pattern characteristic of phosphate peaks at A960 cm™ (the P-O
band for apatite in the solid box in Figures 2-S5i, j) and collagen peaks at A2,941cm™ (the C—H
band for collagen in the dotted box in Figure 2—S5i). These spectral patterns are consistent with
Ex situ evaluations using Raman spectra (by providing the development of P-O banding) and
SEM-EDX (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 WAXD analysis should take a careful approach because the WAXD
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 2.7, only
amorphous status of extrafibrillar CaP was observed from MCOp, 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 2-S5 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 3xSBF.
(a) Schematic illustration of sample preparation for evaluating the cross section of the matrices. Samples
were frozen in liquid nitrogen before cutting sections. SEM low resolution images of a section of (b) MCOp
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and (c) MC10p. (d-h) High-resolution SEM images of selected areas indicated in b and c. Ca/P ratios were
evaluated by SEM-EDX. (d) A layer of aggregated CaP plates on MCOp at z = 0 mm. (e) Mineralized
collagen of MC10p at z = 0 mm with scattered extrafibrillar CaP. (f) Unmineralized collagen matrix of
MCOp at z = 0.3 mm (circle in b). (g) A layer of aggregated CaP plates on MCOp 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 ¢. 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 A960 cm™.
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Table 2-S1 Atomic ratios of mineralized collagen at different positions on cross sections, from

SEM-EDX.
Sample MCOp MC10p
z (mm), Fig. 2-85" | 0,d 03,f 03,9 | 0,e-<EM 0,e-IM 03,h-EM 0.3, h-IM

C 355 69.1 34.3 42.0 64.2 42.4 62.8
N - 13.3 - 7.4 16.0 94 12.9
O 294 155 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. 2-S5
“* Ca/P for OCP and apatite are 1.33 and 1.67, respectively.
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Reprinted with permission from [Doyoon Kim, Byeongdu Lee, Stavros Thomopoulos, and Young-
Shin Jun, The role of confined collagen geometry in decreasing nucleation energy barriers to
intrafibrillar mineralization. Nature Communications, 2018, 9, 962. DOI: 10.1038/s41467-018-

03041-1]. Copyright [2018] Nature Publishing Group.
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Chapter 3. Evaluation of Confined Collagen

Structure as a Biological Template

Portions of this chapter have been published in Nature Communications in 2018, DOI:

10.1038/s41467-018-03041-1.

3.1 Overview

In Chapter 2, we evaluated how calcium phosphate (CaP) nucleation in collagenous
structures follows distinctly different patterns in highly confined gap regions (nanoscale
confinement) than in less confined extrafibrillar spaces (microscale confinement). The differences
in nucleation pathways and kinetics imply that the nucleation energy barriers differ in intrafibrillar
and extrafibrillar spaces. Although the mechanism(s) driving these differences are still largely
unknown, differences in the free energy for nucleation may explain these two mineralization
behaviors. Here, we report experimentally obtained values for the nucleation energy barriers to
intra- and extrafibrillar mineralization, using in situ X-ray scattering observations and classical
nucleation theory. Polyaspartic acid (pAsp), an extrafibrillar nucleation inhibitor, increases
interfacial energies between nuclei and mineralization fluids. In contrast, the confined gap spaces
inside collagen fibrils lower the energy barrier by reducing the reactive surface area of nuclei,
decreasing the surface energy penalty. The confined gap geometry, therefore, guides the two-
dimensional morphology and structure of bioapatite and changes the nucleation pathway by

reducing the total energy barrier.
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3.2 Introduction

The nucleation and growth of mineral phases in porous media are critical for many biologic
processes and engineering applications.®®® Recent studies have investigated nucleation in
confined nanoscale pore spaces,®>*** where the physicochemical properties, such as the melting
point or crystal polymorphism,® of the minerals formed in the pores are clearly distinct from their
bulk phase counterparts. These findings provide a better understanding of biominerals. For
example, HA crystals nucleated in the 25-300 nm pores showed stronger orientation than in bulk
solution,> as commonly observed in bioapatite in bones and teeth.2®! However, we know little
about how nanoscale confinement affects the nucleation of CaP minerals in more physiologically
relevant systems.

Mineralization of the skeleton relies on the nucleation and growth of mineral crystals in
both unconfined and confined spaces.*’%® CaP mineralization takes place in nanoscale porous
structures created by a unique arrangement of collagen molecules.®** Narrow channel-like gap
regions (~40 nm long and ~2 nm high)*®33873 in type I collagen molecules are known to provide
appropriate spaces for IM, forming oriented bioapatite.3*’%” Thus, in addition to NCPs in the
extracellular matrix,’">% the collagen fibrillar structure itself has been emphasized as another
major factor in IM. Recently, Wang et al. reported bonelike bioapatite formation in collagen in
vitro within a collagen structure during fibrillogenesis, even without NCPs.*” Nudelman et al.
showed that a specific band position in the gap region of collagen with a net positive charge can
attract net negatively charged ACP nuclei in the presence of pAsp, which is a well-known
substitute for NCPs in biomimetic experiments.?’

Bioapatite crystals are also found in the unconfined extrafibrillar spaces of collagen (EM)
as aggregate without a specific orientation.*®4% Our previous work showed that the pathways and

kinetics of bioapatite formation during IM and EM were distinct from each other.*® The nucleation
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pathway for EM included aggregation and densification of prenucleation clusters to form spherical
ACP as an intermediate product. A similar pathway was reported to occur in biomimetic
environments, but without confinement.®1426 On the other hand, such an intermediate stage did
not appear in the IM pathway for in vitro collagen mineralization, suggesting a direct formation of
plate-like particles, as reported in our previous study.®® Despite the absence of an intermediate step,
the kinetics for IM were, however, slower than for EM, due to the nucleation inhibiting effect of
pAsp.8%°

Despite experimental evidence of different nucleation patterns in IM and to EM, the
mechanism(s) behind these processes remain unclear. The differences in nucleation pathways and
kinetics imply that the nucleation energy barriers differ in EM and IM. For example, the formation
of prenucleation clusters. which was observed only during EM,* reduces the energy barrier to
ACP nucleation,® while the intermediate stage did not appear during IM. Therefore, a higher
nucleation barrier is expected for IM than EM. However, in most in vitro collagen mineralization
studies, IM is more favored than EM in the presence of nucleation inhibitors.?”#4% Thus far, no
study has separately evaluated the nucleation energy barriers for the two mineralization patterns
to the best of our knowledge, so it is unclear how the confined collagen gap region contributes to
overcoming the high nucleation energy barrier to IM.

Here, we present experiments using SAXS analysis to examine CaP nucleation rates during
EM and IM in simulated body fluids (SBF) with or without pAsp (Figure 3.1 and Table 3.1). These
data allow us to evaluate the nucleation energy barriers for IM and EM separately by applying the
principles of classical nucleation theory (CNT).!113171928-31 Tq petter determine nucleation
patterns in the confined gap region, a new model was developed with an assumption of plate-like

nuclei formation. Based on the CNT analysis, EM occurs initially in SBF solutions, due to their
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lowest nucleation energy barrier. The addition of pAsp kinetically inhibits EM formation; instead,
it leads nucleation to occur dominantly in the narrow collagen gap regions, despite the increased
interfacial energy there. In these highly confined spaces, nuclei grow in 2D, limiting the reactive
surface area for nucleation and decreasing the surface energy contribution to the barrier. With this
observation, we provide an explanation for how the highly confined spaces of the fibrillar collagen

structure foster biomineralization.

(a) Extrafibrillar mineralization (b) Intrafibrillar mineralization
(Unconfined nucleation) (Confined nucleation)
PASP —( _ 1l Y
Prenucleation L A
stage . il
/ distance <2 nm — "= P =
Nucleation ! /‘
precursor ;
l Gap regions (40 nm) Collagen molecules
% .__Aggregation of
: spherical ACP ox V.I,JL;
Nucleation ; nuclei of radius, r vorko® h w00l

l

Aggregated ; 5
1\
Growth & % apatite (EM) Oriented apatite (IM)
Crystallization \

c. Confined ACP nuclei in the gap region
Confined face

Effective faces
(Area=h xr x2)

Two-dimensional growth
- length, r, grows up to 40 nm.
- height, h, is assumed to be constant.

Figure 3.1 Schematic illustration of two different nucleation models for collagen mineralization.
(a) Extrafibrillar nucleation in unconfined space. (b) intrafibrillar nucleation in a confined gap

region. (c) Geometry of confined amorphous calcium phosphate (ACP) nuclei in the gap region.
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3.3 Materials and Methods

3.3.1 Preparation of Collagen Matrices

Type | collagen (C857, calf skin lyophilized, Elastin Products Company, Inc.) was used to
reconstitute collagen matrices.*% Collagen was carefully dissolved in 0.5 mM HCI (12 mg mlIY)
at 4°C with magnetic stirring, followed by degassing under vacuum at 4°C for 4 days. The
dissolved collagen solution was placed in two holes (3 mm in diameter) in a specially designed
PTFE frame with a thickness of 2.38 mm (Figure 3.2a). A #1 cover glass was attached on one side
of the frame to support the collagen solution during polymerization in TES buffered saline (5.5,
6.32, and 3.4 g I'* of TES, NaCl, and Na;HPO4, in deionized water, pH 7.5) at 37+1°C. The frame
was then stored in deionized water overnight to remove excess salt. Based on our previous study
described in Chapter 2, the reconstituted collagen with a fibrillar density of 12 mg ml* was optimal
for observing both intrafibrillar and extrafibrillar mineralization with SAXS. AFM imaging
revealed ~67 nm periodicity of the collagen, confirming that the nanoscale confinement
distribution in the fibrils was comparable to native type I collagen (Figure 3—-S2a,b). In addition,
the well-controlled shape and uniform thickness of the collagen matrix allowed for quantification

of the nucleation rates using in situ SAXS at different time intervals.

3.3.2 Preparation of Simulated Body Fluid Solutions

SBF solutions were prepared using the method proposed by Kokubo et al.&® to mimic major
ionic compounds in human body plasma.8> American Chemical Society grades of NaCl (7.996 g,
BDH Chemicals), NaHCO3z (0.350 g, BDH Chemicals), KCI (0.224 g, BDH Chemicals),
MgCl;-6H20 (0.305 g, EMD Millipore), 1 M HCI (40 ml, BDH Chemicals), Na;SOa4 (0.071 g,
Alfa Aesar), and tris(hydroxymethyl)aminomethane (Tris, 6.057 g, Alfa Aesar) were added to 900

ml of deionized water (18.2 MQ-cm). Either 0 or 10 mg of pAsp (sodium salt, Mw: 5,000 Da,
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LANXES) was added to the solution, depending on the experimental condition. Then the solution
was equally separated into two 500 ml polyethylene bottles, and either 0.604-0.684 g of
K2HPO4-3H20 (Alfa Aesar) or 0.974-1.103 g of CaCl2-2H,0 (Alfa Aesar) was added to each
bottle. The pH of the solutions was adjusted to 7.25 with 1 M HCI, followed by filling up the
volume with water to 500 mL. To prevent any precipitation of calcium phosphate minerals prior
to the start of the experiment, the two stable solutions containing either Ca* or HPO4?* precursors
(SBF-Ca or SBF-P) were prepared separately and mixed just before the reaction (Figure 3.2b). The
concentrations of Ca and P in the reactor after the two solutions were mixed were 2.65 to 3.0 times
higher than in the SBF solution by Kokubo’s method (2.65-3.0xSBF). However, the Ca/P molar
ratio was constantly fixed to 2.5. The continuous flow-through reaction system (Figure 3.2)
allowed maintaining constant concentrations of ionic components and pH in the reactor for each
set of experiments (details listed in Table 3.1). The addition of 10 mg It pAsp, a nucleation
inhibitor for EM, effectively promoted IM for up to 15 h during the mineralization of collagen
matrices in the 3.0xSBF%. The use of a buffer in the SBF solution was unavoidable in order to
maintain the desired pH. This buffer allowed us to use a constant supersaturation value for each
SBF solution for the application of CNT. In this study, tris-buffer was used because it has been
widely and effectively used for biomimetic CaP synthesis and intrafibrillar collagen
mineralization.?3°891%° More details about the potential influence of buffers in physiological
solutions were summarized in a recent review paper.®*

Supersaturation (o) values of the SBF solutions were calculated for both HA (ona) and
ACP (oacp). The ion activity product of hydroxyapatite (IAPHa) was defined as
(@cq2+)*(@po3-)* (aoy-)-'* The activity of an ionic compound i, ;, is the product of its activity

coefficient, y;, and concentration, C;. We calculated y; values at 37°C from the modified Debye—
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1
Hiickel equation, logy; = —0.5211 z2[—— — 0.31],%°1°% where 1 is the total ionic strength (1 =
1+12

%Z C;z;) and z; is the charge number. To calculate C; of all the ionic components in SBF solutions,

MINEQL+ was used, with consideration of pAsp based on its dissociation and calcium binding
constants as reported by Wu and Grant.1%? Using values from the literature,931% we set Ksp (HA)
= 2.35 x 10 and set the molecular volume, vm (HA) = 2.63 x 10?? cm®. oace Was calculated
based on Caz(HPO4)s* (IAPAce = (@cq2+)? (@yppz-)*) with an estimated Ksp (ACP) value of (6.04
X 10%° and vm (ACP) = 5.0 x 10 cm?, as recently suggested by Habraken et al.® The

concentrations of ionic compounds and calculated o values are summarized in Table 3.1.

Table 3.1 Concentrations (mM) of ionic components in SBF and human blood plasma.

Solution Na* K* | Mg* | Ca>* | CI HCO®* | HPO4#* SO4* OACP OHA
Reference values
SBFS6 1420 | 50 | 15 | 250 | 1478 | 42 | 1.00 05 389 | 2332
H”pT;r;ng'g‘QOd 1420 | 50 | 15 | 250 | 1030 | 270 | 1.00 0.5 410 | 2270
Without pAsp
265xSBF | 1420 | 83 | 15 |6.63 | 1561 | 42 | 265 0.5 0.60 30.57
275xSBF | 1420 | 85 | 15 | 688 | 1566 | 42 | 275 0.5 0.74 30.84
285xSBF | 1420 | 87 | 15 | 713 | 1571 | 42 | 285 0.5 0.91 31.09
30xSBF | 1420 | 90 | 15 | 75 | 1578 | 4.2 3.0 0.5 1.13 31.47
With 10 mg L pAsp
265xSBF | 1420 | 83 | 15 | 663 | 1561 | 42 | 265 0.5 0.59 30.56
27xSBF | 1420 | 84 | 15 | 675 | 1563 | 42 | 270 0.5 0.68 30.69
2.75xSBF | 1420 | 85 | 15 | 6.88 | 1566 | 42 | 275 0.5 0.74 30.84
2.85xSBF | 1420 | 87 | 15 | 713 | 1571 | 42 | 285 0.5 0.91 31.09

* pH adjusted to 7.25 with 50 mM of Tris ((CH2OH)sCNH>) and HCI.
** g, values of the SBF solutions were calculated for ACP and HA using MINEQL+ (Ver. 4.6). NCPs and
other small acidic molecules exist in human blood plasma, and would influence the o values. However,

in this proof of concept calculation, we limited the input parameters to the major ionic compounds.
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3.3.3 In situ X-ray Scattering Data Collection and Analysis

In situ SAXS data were collected during the mineralization of collagen at the APS, Sector
12 ID-B. For the collagen mineralization, SBF-Ca and SBF-P were separately placed in 60 ml
syringes, then continuously flowed into the reactor at 0.11 ml min per syringe, using a syringe
pump. The volume of the solution in the reactor was 12.5 ml, giving 57 min of residence time, and
maintaining the solution at a pH of 7.25 + 0.05. A hot plate maintained the reactor at 37 = 1°C
(Figure 3.2b). Two frames holding two collagen matrices (a total of four samples in a reactor) were
placed in the reactor for mineralization and temporarily (~2 min) moved to the SAXS sample stage
for analysis (Figure 3.2c). Samples were measured at intervals of 1-3 h during the mineralization,
up to 15 h. The distance from the sample to the SAXS detector was 3.6 m, which provided a range
of 0.0017-0.53 A for the scattering vector, g. For each scan, the sample was exposed to a 14 keV
X-ray beam for 0.1 s. With this experimental setup, we confirmed that homogeneous nucleation in
3xSBF containing either 0 or 10 mg I'* pAsp was not significant enough to be detectable by SAXS
for up to 15 h.% Therefore, we concluded that the stability of the SBF solution was well maintained
during the entire period of in situ measurements. The 2D scattering intensity counted by the
detector (2M Pilatus) was averaged over the q range along the radial direction to produce 1D
scattering intensities 1(g). Each obtained I(g) was normalized by the incident beam intensity and
calibrated on an absolute scale, using a reference glassy carbon standard sample,* and thus SAXS
intensities collected from different measurements could be compared. Three different positions of
each sample were analyzed, and their average 1D values were used for further analysis. The
Modelling 11 tool of the IRENA package, written in IGOR Pro (WaveMetrics Inc.), was provided

by APS and used to fit the SAXS pattern.®*
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In addition to SAXS, in situ WAXD analysis was conducted at APS sector 11-ID-B to
identify the phases of calcium phosphate minerals formed during collagen mineralization (g > 0.6
A™). For the data collection, five different positions of samples were exposed to a 58.66 keV X-

ray beam for 2 min each.

a PTFE frame (20 mm % 45 mm)

Collagen matrix

(t=2.38 mm, d = 3 mm)
b

- SBF-Ca
SBF-P
c
X-ray
scattering, &y Incident

X-ray, k;

a
%

Synchrotron X-ray source at APS

Figure 3.2 Experimental setup for in situ SAXS measurements during collagen mineralization. (a)
Design of a custom-made sample PTFE frame containing two collagen matrices (thickness, t = 2.38
mm; diameter, d = 3 mm). t was chosen to collect enough scattering intensity signals, and d was
chosen to scan multiple positions for averaging the data. (b) Mineralization of collagen matrices held
in the frame, using a flow-through reaction system on a hot-plate maintaining the reactor at 37+1C.
(c) Experimental setup for SAXS measurements. ki and ks are the incident and scattered wave vectors,

respectively. The scattering vector, g, is given by ki - ki, and 26k is the exit angle of the X-rays.
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3.3.4 Ex situ Sample Analysis

For ex situ imaging of the mineralization, thin collagen films were prepared on glass slides
to simulate the reaction occurring at the outermost surface of collagen matrices. To prepare a film,
a droplet (0.1 ml) of dissolved collagen (12 mg ml? of collagen in 0.5 mM HCI) was evenly
dispersed on a glass slide (1x1 cm?) using a spin coater (Laurell WS-650MZ-23NPP, 5000 rpm
for 30 s). Then the slide was placed in TES buffered saline for an hour to polymerize collagen
fibrils. The mineralization of collagen films was also conducted in SBF solutions using the flow-
through reaction system, as was done for in situ SAXS analysis. After the mineralization, these
thin films were fixed in 100 mM cacodylate buffer containing 2% paraformaldehyde and 2.5%
glutaraldehyde. The films were then rinsed in a cacodylate buffer solution and dehydrated in
successive ethanol baths (30, 50, 70, 90, and 100 % for 15 min each). For SEM imaging and EDX
analysis, films were placed in SEM stubs and 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 230). EDX was calibrated by using Cu and

Al standards with a measurement error of +1 %.

3.4 Results

3.4.1 CNT Application to Extra and Intrafibrillar Mineralization

CNT has often been adopted to evaluate the interfacial energy between nuclei and a
mineralization solution, and to evaluate the nucleation energy barrier.*>'1° CNT has provided
fundamental knowledge about the nucleation and growth of biominerals, and recent studies have
expanded its scope to interpret non-classical nucleation behaviors.®4211% A heterogeneous

nucleation model in CNT has also been adopted to explain how the interfacial energy and
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nucleation barrier decrease in the presence of collagen, by assuming the collagen is a flat substrate
for hemispherical particle formation.®8-% However, without a proper evaluation of the differences
between EM and IM, the role of collagen in nucleation remains elusive. In addition, a careful
consideration of collagen geometry is needed to properly account for the influence of the
confinement of nuclei in the gap regions on IM.

According to CNT, nucleation through monomer-by-monomer attachment is assumed to
be thermodynamically driven by the free energy change per molecule, AG. For the formation of a
nucleus from a solution, AG is given by the sum of the bulk (-AGp) and surface (AGs) terms. A
typical AG profile shows a maximum (i.e., an energy barrier, AGy) at a critical radius (rc), then

decreases with increasing radius (r). The nucleation rate (J) can be expressed with AGy in its

exponential term, ] = Aexp (— ii;ﬁ) where kg is the Boltzmann constant, T is the Kelvin
B

temperature, and A is a kinetic factor. For the formation of a spherical nucleus, In(J) shows a linear
relationship with 1/¢%. Here, the supersaturation (o) of the solution is given as In(IAP/Ksp), where
IAP is the ion activity product and Ksp is the solubility product. In this linear relationship, the fitting
of the slope (B), as listed in Table 3.2, can provide the interfacial energy (o) between nuclei and
the mineralization solution. We applied this relationship to evaluate « for EM, where nucleation
occurs in relatively unconfined macroscale spaces, with the assumption of spherical nuclei
formation (Figure 3.1a). This assumption is reasonable because the EM pathway forms spherical
ACP nuclei 8%

On the other hand, we previously found that plate-like CaP formed in the confined gap
region without intermediate spherical ACP.% Similar 2D crystallization can occur by the
preferential adsorption of small acidic molecules, such as phosphoserine and citrate, on specific

faces of apatite nuclei.®*3! To quantitatively evaluate nucleation in the confined gap region (IM),
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we developed a model of nucleation in which 2D crystals grow only in the lateral directions with
a uniform height (Figure 3.1b). The relevant equations are given in Table 3.2. A plate-like
morphology was assumed to better reflect the CNT precept that the nucleus and final crystal have
the same crystalline structure. In this model, the surfaces of nuclei confined in the collagen gap
region do not allow monomer-by-monomer attachments of precursor molecules for nucleation.
Only the exposed surfaces can affect the calculation of AGs (Figure 3.1c).1% To simulate the
reported IM nucleation initiated at the specific band positions near C-terminal ends of the gap
region,4204127.68.107 \ye assumed that nuclei formed at a corner of the collagen gap region (two
edge surface exposure). The nuclei then thermodynamically benefit by minimizing their surface
area to form a solid phase in an aqueous solution. In this model, In(J) shows a linear relationship
with 1/o, which also provides a (between the edge surfaces of nuclei and the solution) from the
fitting of the slope B (Table 3.2). When the confinement effect is considered, the different
assumptions about the morphology and effective surfaces of nuclei do not change this linear
relationship and consequent AGn values (Section 3.7.1). Therefore, in this study, we mainly
evaluated the comparison between confined and unconfined models, instead of exploring other

possible scenarios of nucleation occurring in this confined space.
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Table 3.2. Derivation of the nucleation energy barrier (AGy) and interfacial energy (o) of the unconfined

nucleation model for extrafibrillar mineralization (EM) and the confined nucleation model for intrafibrillar

mineralization in the collagen gap region (IM), based on classical nucleation theory.

Extrafibrillar mineralization Intrafibrillar mineralization
(Unconfined nucleation) Confined nucleation
Morphology of nucleus Sphere Plate (constant h)
Effective surface area 2
. 41r 2rh (two edge surfaces)
exposed to solution
4
Volume §Rr3 r2h
4
(3)m* [r2h]
AG = AGp + AGs {22 kpTo + 4nra — kgTo + 2rha
Um m
2V, U
re (at dAG/dr = 0 n
C( ) kBTO' kBTO'
16 2.3 h 2
AGh(atr=r) % Vmd
3kgT%02 kgTo
_ 16mvza hvy, a?
J=Aexp (-AGn/ kgT) Aexp(— 33T 02 Aexp(— kﬁTza)
1 1
ll'l(A) — B? ll’l(A) — B;
In(9) _16nvja’ B - hvmaz)
" 3kT3 = ( k2T2
3BK3T3 1 BKAT? 1
a (——)3 ( )2
16mv2 hvp,

* The effect of confinement on the shape and growth of nuclei for the confined nucleation model is
illustrated in Figure 3.1. The morphology of the nucleus changes the parameters in the bulk and surface
energy terms (AGy and AGs, respectively). As a result, In(J) shows a linear relationship with 1/¢? for

unconfined nucleation, but with 1/ for fully confined nucleation.

** rand h are the radius (or length for the confined nucleation model) and height of nuclei. For the volume
per molecule of nucleus, vm, 5 x 102 cm?® and 2.63 x 1022 cm?® are used for ACP® and for HA,*%
respectively. kg is the Boltzmann constant (1.38 x 102 J K'). T is the temperature of the reactor (310 K).
o is the supersaturation (In(1AP/Ksp), where IAP is the ion activity product and Ks, is the solubility product.

o, 1s the interfacial energy between nuclei and solution.
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3.4.2 Extra and Intrafibrillar Mineralization Controlled by pAsp

To evaluate the differences in a and AGn between IM and EM, nucleation rates must be
separately measured. The two mineralization behaviors were controlled using pAsp. Our previous
study also utilized pAsp in 3xSBF and showed how it controlled these two mineralization
behaviors.® In the current study, SEM images revealed that the addition of 10 mg It pAsp
successfully separated EM and IM patterns in a wide range of o, using 2.65-3.0xSBF solutions
(Section 3.7.2).

The differences in nucleation behaviors between EM and IM controlled by pAsp were also
apparent in SAXS patterns (Figures 3.3a,b). For example, SAXS intensities in the small g region
(< 0.01 A™) continuously increased during EM without pAsp over time. The intensity increases
in the small q region were mainly caused by the formation of particles larger than 62.8 nm in
diameter (d = 2n/q). Without pAsp, such large particles were observed only as an aggregated form
of CaP in the extrafibrillar space (Figure 3-S2c,d). The SAXS patterns in the large g region (>
0.01 A%, Figure 3.3a at after 280 min) fit well with plate-like particles with a uniform height of
1.5 nm. The negative slope of 2 between the two extreme regions, at q around 0.01-0.2 A%, is
evidence of the 2D structure of a plate-like particle.?2°+1% Thus, we concluded that these patterns
represent aggregates of thin apatite crystals, as commonly observed during EM (Figure 3-S2d).
On the other hand, during IM with 10 mg It pAsp, similar plate-like particles (1.5 nm height)
developed without forming an aggregate (little increases of SAXS intensities at small g, Figure
3.3b). This observation indicates that individual plates are separately arranged within the collagen,
as expected from IM. Evidence of aggregation during EM can also be found from the negative
slope, P, of the Porod regime, q > 0.2 A, at the induction period before plate-like particle

development. During EM without pAsp, a P value close to 3 (at 192 min, Figure 3.3a) indicates
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an isometric mass fractal structure, such as a spherical aggregate. This slope is clearly distinct from
that of a typical compact object (P = 4), such as appeared during the induction period of IM (at
179 min, Figure 3.3b).%9:108

Wide-angle X-ray diffraction (WAXD) of samples indicated that very little crystalline
structure developed, either because the structure was mostly amorphous or because the nuclei were
few and small, at the beginning of both intrafibrillar and extrafibrillar mineralization (Figure 3.3c,
< 240 min). However, these patterns developed to HA-like, yet poorly crystalline, crystals at a
later stage (> 900 min). In the presence of pAsp (IM case), from the beginning, a slightly higher
crystallinity developed from nucleated minerals. In other words, with pAsp, enhanced intensities
were observed at g = 1.83, 2.23, and 2.26 A (corresponding to (002), (211) and (112) reflections,
respectively), while only a smooth hump appeared around q =1.83 A without pAsp (EM case).
These data show that the crystallinity of nuclei developed more slowly during EM than IM, even
though the total particle volume in this period, as quantified from the absolute SAXS intensity,*
was slightly higher for EM. EM essentially undergoes a phase transformation pathway involving
an amorphous intermediate product, delaying the transformation to HA-like crystals.*®

Because amorphous phases were dominant in WAXD patterns at the early stage of
mineralization, we assumed that nuclei were amorphous in further studies exploring the interfacial
energy relationship. Many previous studies have also hypothesized ACP as a precursor phase of
bioapatite in bones.®2327:2875 However, there remains a possibility of direct formation of crystalline
apatite during IM, because a sudden formation of plate-like particles was observed in our recent
report.®® Indeed, the absence of ACP has been reported in studies of young bones'®® and
biomimetic nanocrystalline HA.X° Therefore, we also provided the relationship based on the
assumption of HA nuclei, which is comparable to previous reports examining the interfacial energy

for HA nucleation.83940
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Figure 3.3 In situ SAXS/WAXD patterns from collagen matrices during mineralization. Data collected
from unmineralized collagen was used for background subtraction. (a,b) Small-angle X-ray scattering
(SAXS) patterns collected during mineralization without pAsp for extrafibrillar mineralization (EM, a) and
with pAsp for intrafibrillar mineralization (IM, b) in the 2.85 x SBF solution. Red solid lines fit plate-like
particles (height: 1.5 nm and length: 40 nm). P values are the slopes of the Porod regime at 179 and 192
min, in red dotted lines (I(q) < ). The solid light blue lines show negative slopes of 2 in the log-log plot
after the induction time, indicating the 2-dimensional morphology of nuclei. (c) Wide-angle X-ray

diffraction (WAXD) patterns of CaP formed in collagen matrices at early (240 min) and later (900 min)
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stages of mineralization. Synthetic HA was analyzed for comparison.
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3.4.3 Nucleation Rates Measured by In situ SAXS Analysis

SAXS patterns collected at the nucleation stage suggest the formation of plate-like particles
for both EM and IM. The invariant value, Q = #f q*1(q)dq, is a quantity proportional to the

total particle volume.''® Therefore, J was determined from the slope of Q vs. time plots during
mineralization in different SBF solutions (Figure 3.4a,b), with the assumption of constant
morphology and electron density of the nuclei. During EM development without pAsp (Figure
3.4a), Q values increased after 160-290 min of induction (x-intercepts), then reached a plateau
around Q = 4 x 10 for all SBF solutions. At the SBF—collagen matrix interface, a thin layer of
calcium phosphate crystals formed, acting as a diffusion barrier to the molecules required for the
mineralization of the inner side of the matrix.%® Therefore, only the outer surfaces of the collagen
matrices could serve as nucleation sites. On the other hand, during IM with pAsp, the milder slopes
of Q and longer induction times (230-500 min) than for EM indicate that nucleation was inhibited
by pAsp at the early stage.®® However, the Q values pass through the maximum plateau value
obtained from EM, showing continuous and linear increases of Q over 900 min (Figure 3.4b).
Because no diffusion barrier formed during IM, the entire volume of the collagen matrices could

be mineralized.
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Figure 3.4 Interfacial energy relationships during the nucleation of calcium phosphate within collagen
fibrils. (a,b) Evolution of the invariant, Q, from in situ SAXS measurements of collagen matrices in
different simulated body fluid (SBF) solutions without pAsp (a, representing extrafibrillar mineralization,
EM) and with pAsp (b, representing intrafibrillar mineralization, IM). The slopes of the dotted lines indicate
the nucleation rate, J. For the EM case, the initial J values were taken from the maximum slopes between
two time intervals. Only Q within the range of g = 0.05-0.3 A~ (corresponding to plate-like particles) were
calculated. (c,d) Interfacial energies for ACP nucleation (aacr) during EM and IM, calculated from the

relationship between J and supersaturation with respect to ACP, aace (see Table 3.1 for the equations).

Error bars in the symbols indicating In(J) are standard errors of the estimates, obtained from the regressions

between Q and time (from a, b). Error ranges for a ACP values for EM and IM are standard errors of the

estimates for regressions between In(J) and 1/6%, and between In(J) and 1/, respectively.

81



3.4.4 Interfacial Energies and Energy Barriers for EM and IM

Separately obtained J values for EM and IM were applied to our CNT models for EM (In(J)
x 1/ ¢, Figure 3.4c) and IM (In(J) o 1/ ¢, Figure 3.4d). In this way, we could quantify the
interfacial energies between CaP nuclei and SBF solutions in unconfined extrafibrillar space and
confined gap regions. The « value for IM was calculated to be about four times higher than that
for EM with respect to ACP (aace = 19 =1 mJ m?2for IM vs. 5+ 1 mJ m? for EM). Due to this
significant difference in «, a small concentration of pAsp could effectively control the nucleation
behavior, while not significantly decreasing the o of the bulk SBF solutions. The amount of pAsp
used (10 mg I'Y) was equivalent to only 0.072 mM of aspartyl residue;'%? therefore the change in &
by complexation between ionic calcium species and pAsp was less than 5% (Table 3.1). Due to
the increased a, AGn for ACP nucleation is typically higher for IM than for EM over a wide range
of o (Table 3.1 and Figure 3.5a, red and blue lines), including our experimental range (cacp = 0.60—

1.13, Table 3.1). The ratio of the AGyn for IM over the AG, for EM, however, decreases with

2
decreasing supersaturation (AGn,m/ AGnem = %6 = 18.80). Eventually, at oacr < 0.05,
m“EM

AGn,m becomes lower than AGnem (Figure 3.5b), making IM more favorable than EM in this ¢
range. The low supersaturation degree of the body fluid with respect to ACP, therefore, could be
an important factor guiding nucleation in the confined gap regions.

Although human blood plasma is highly supersaturated with respect to HA, our
thermodynamic calculation shows that it is undersaturated with ACP (¢ <0, Table 3.1). However,
it has been suggested that the concentrations of ionic components, such as Ca?* and HPO4>", can
increase during fibrillogenesis of the collagen scaffold.*” The extracellular pH might be higher
near the bone-forming zone than in body fluids, because bone serves as a massive reservoir of

alkaline materials.? Therefore, body fluids might be locally saturated to form ACP. Indeed,
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aggregated ACP particles were more abundant on the surface of newly forming bones than in other
areas in the extracellular space of embryonic chickens.!'! Thus, we expect the actual ¢ value with

respect to ACP near bone-forming zones is slightly higher than zero.
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Figure 3.5 Energy barriers to ACP nucleation at different oacr. (a) AG, for three different nucleation models:
unconfined nucleation without pAsp (representing extrafibrillar mineralization, EM), confined nucleation
with pAsp (representing intrafibrillar mineralization, IM), and unconfined nucleation with pAsp (IM with
no confined effect). (b,c) AG profiles at oacp = 0.05 and 0.1 (yellow box in Figure 3.5a)

When the plate-like CaP nucleus is confined to finite thickness, h, its edge surfaces can

have a convex curvature, r = g The increased solubility of the confined CaP mineral compared to

its bulk property can be calculated using the modified Kelvin equation, ? = exp(%),% where S;
0

and So are the solubility in confined space and the solubility of bulk, respectively. V is the
molecular volume in m® mol?, and R is the gas constant. With a strong wettability of the nucleus

or chemical affinity toward the confining walls, the nucleus would have concave edges.>”*'? Then,

the Kelvin equation reads j—r = exp( — %) for negative curvature -r. According to the Kelvin
0

equation, the confinement increases solubility by 3% with a convex curvature and decreases it by
2% with a concave curvature (Figure 3.6). The decreased solubility of CaP with a concave edge

contributes to reducing AGn and facilitating 2D crystallization in the confined space (Figure 3.7).
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For convex edges, the contribution of increased solubility to AG; is not significant, and therefore,

confined nucleation is still preferred over nucleation without confinement.
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Figure 3.6 Exposed surface model to evaluate the solubility of plate-like CaP nucleus in a confined
space, using the Kelvin equation. The model assumes that the Kelvin effects on the overall
solubility of the nucleus is proportional to the fraction of the plate-like nucleus’ surface exposed to
the SBF solution. In addition, the two exposed edge surfaces of the plate-like CaP nucleus (red
faces of plate; also refer to our confined model in Figure 3.1b) are affected by the Kelvin effect,
and because of the curvature created on these surfaces by the confinements (either convex or

concave), we can utilize the Kelvin equation for spherical particles.
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Figure 3.7 Energy barrier, AGn to amorphous calcium phosphate (ACP) nucleation for
intrafibrillar mineralization (IM) at different & under the influence of the Kelvin effect. The

blue highlighted box indicates the experimental range of oacr (See also Table 3.1).

By evaluating an IM model with no confined effect, we clearly demonstrate that the
confined collagen structure contributes further to reducing the nucleation energy barrier. We
assumed that nucleation occurs in the presence of pAsp (using aace for IM), but without
consideration of the confined collagen geometry (unconfined model). AGn,im was smaller than AGy

for the unconfined IM model (AGnunconf) OVer the entire oace range, and the difference became

larger at lower o (AGn,uncont/ AGn,im = % = 2.5/a, Figure 3.5a). We also evaluated a values
b

based on the HA nuclei assumption (ana = 267 + 27 (IM) vs. 58 + 8 (EM) mJ m2, Figure 3-S4).

AG profiles for the three cases (EM, IM, and unconfined IM) are shown in Figure 3—-S5.

3.5 Discussion
In previous studies, collagen has been examined as a substrate promoting the formation of
calcium phosphate crystals via heterogeneous nucleation.®1:26 However, the promoted nucleation
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by collagen is somewhat contradictory to other studies, which suggest that a nucleation inhibitor
is required for in vitro mineralization in gap regions.?”*® Our evaluation of AGy for three different
scenarios provides a thermodynamic explanation for how the nucleation inhibitor and confined
collagen gap combine to drive IM. Without pAsp, EM is the preferred pathway for CaP nucleation
over a wide o range. pAsp is a strong regulator, preventing undesirable nucleation in the
extrafibrillar space by increasing «. In an environment where pAsp (or other nucleation inhibitors)
are present, nuclei seek nucleation sites with a lower energy barrier. The confined collagen gap
region provides such sites for nuclei because the space effectively reduces AGs by minimizing the
effective surface area of nuclei.

By separately evaluating the a values for EM and IM, for the first time, we report that this
value varies significantly depending on the nucleation site. The ana values provided by previous
studies (90 mJ m by Habraken et al.2 and 105 mJ m by Koutsoukos and Nancollas,*° with no
distinction between EM and IM) were approximately in the middle of the range of values that we
obtained (58 and 267 mJ m for EM and IM). Thus, the current approach can be used to identify
the contributions of EM and IM in different biomimetic environments, providing new insights into
biomaterials with multi-scale pore structures.

The findings can also help identify important mechanisms governing biomineralization,
although with significant uncertainties due to the complexity of physiologic systems. The
uncertainty is exaggerated for ACP, whose physicochemical properties remain unclear. The aacp
values evaluated in this study are lower (5 and 19 mJ m for EM and IM) than in the previous
study by Habraken et al.8 (40 mJ m™ for heterogeneous nucleation on a collagen-coated substrate,
assuming hemispherical nuclei). Their study used in situ atomic force microscopy (AFM) to

determine nucleation rates, which could not distinguish between IM and EM, and thus did not
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account for the confinement in collagen structures. Because AFM is a surface technique, this study
might probe mainly the EM on the surface. The complexities of the ionic compounds found in SBF
solutions (which would notably be even more complex in physiologic systems) can also influence
a. lonic components, such as Mg?* and HCO3", can make SBF solutions more favorable to forming
ACP, although they do not change the ¢ of the solutions significantly.®*

To better evaluate the complexity of the physiological system, the roles of NCPs in
collagen mineralization should be also carefully examined in future studies. For example,
mineralization of collagen may be decreased when NCPs are removed.!® A recent
immunocytochemistry study showed that osteocalcin was present in both gap and overlap regions,
while bone sialoprotein was located only at the surface of or outside type | collagen of
gastrocnemius tendons extracted from turkeys.*® Therefore, the type(s) of NCPs and their spatial
distributions within or near collagen fibrils may influence calcium phosphate deposition by
altering the sequence of amino acid side changes at the nucleation sites.'®” A better understanding
of the NCP distributions would provide important insight into how organisms control mineral
deposition to meet the specific requirements of mineralized tissues while using the same template,
type | collagen. In the current study, we used an idealized model system to simulate one specific
role of NCPs: pAsp was added to prevent nucleation of mineral in the bulk solution and allow
nucleation of mineral in the confined collagen fibril spaces. This approach allowed us to determine
the interfacial energy relationship of the IM-dominant system without the complications that
would arise from the use of NCPs, which may have multiple functions during mineralization.

In this study, we evaluate CaP nucleation in the collagen gap regions where the equilibrium
CaP solubility is influenced by the confinement. The confinement can also affect other

physicochemical properties of CaP and fluid. Based on the literature, these potential differences in
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the materials’ properties in the confined spaces are expected to make the energy barrier for IM
even smaller than we estimated.®4"107114 For example, the value of a might be particle size-
dependent, and the height of plate-like nuclei is more likely in a range where « is decreasing from
the value at its bulk phase.®!* Therefore, a smaller AGy is expected if the particle size-dependency
is properly considered. It is known that decreasing particle size influences « through two opposing
factors: The presence of high-energy sites can increase «, but the structural similarity of the surface
and interiors of nanoparticles may decrease it.!** Although not experimentally proven yet for
bioapatite, Habraken et al. suggested that a decreasing pattern of « would be valid for nuclei
smaller than 3 nm in radius.® In our study, the height of plate-like nuclei measured by SAXS was
1.5 nm, and the critical nucleus size for HA nuclei was calculated as less than 1 nm at ona = 22.7
(body plasma condition, Figure 3—-S4). Another recent study calculated that the water density in
the collagen gap regions was only about 0.7 g cm3, which would similarly benefit CaP nucleation
in this region by reducing the enthalpic penalty for ion desolvation.%’

By combining in situ SAXS measurement and thermodynamic evaluation using CNT, this
study clearly shows that collagen fibrils provide nucleation sites for IM with a reduced nucleation
energy barrier. These findings provide new insight into bone mineralization occurring in the
complex fibrillar collagen structure within a confined space and driven by extracellular proteins.
Collagen fibrils were confirmed to play a significant role in biomineralization by controlling

nucleation pathways and energy barriers; they do not therefore serve as passive templates.
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3.7 Supporting information for Chapter 3

3.7.1. Comparison of different confined nucleation models

To evaluate the nucleation energy barrier to intrafibrillar mineralization, classical
nucleation theory was applied to the confined nucleation (Table 3.1 and Figure 3.1 in the main
text). In this model, we assumed a plate-like nucleus initiated at a corner of the confined gap region
of the collagen (two surfaces exposure model, 2M). By comparing this model with other possible
scenarios, we found that nucleation energy barrier (AGy) is independent of the morphology nucleus
or the effective surface area exposed to the solution, if the top and bottom of the surfaces are
confined. As shown in Figure 3-S1, we considered two other possible models: a plate-like nucleus
with three surfaces exposed to the mineralization solution (3M), and a disc-like nucleus with a
rounded surface (RM). Due to the different geometries of nuclei, AGn for each model has different
terms. However, all three models are built based on the confined system leading to a two-
dimensional growth, and they show the same relationship between nucleation rate (J) and
supersaturation (o): In(J) = In(A) — B/o. In this linear relationship, the difference in the morphology
and effective surface area of the nucleus are incorporated in the slope term, B. The interfacial
energy between the effective surfaces and solution, «, for the three models were reversely related

to their effective surface area (ESA).ESAzv : ESAsm : ESArMm =1:3/2: 7
oam: osm Corm =1 (4/9)Y2: (1/ m)Y?=1:0.667 : 0.564

However, the decrease in o values was fully compensated for by the increased ESA. Consequently,

AG, for the three models has the same value.

AGn2m : AGnam : AGprm = (0(2|\/|)2 - 9/4 (0L3|\/|)2 IT (OLR|\/|)2 =1:1:1

90



Two surfaces
exposure model (2M)

i

Three surfaces
exposure model (3M)

A rounded surface
model (RM)

2M M RM

Morphology Plate Plate Disc

of nucleus (constant h) (constant h) (constant h)
Effective surface area 2rh 3rh 2mrh

exposed to solution (two edge surfaces) (three edge surfaces) (one edge surface)
Volume r*h r*h mrih
[r2h] [r*h] [mr?h]
AG = AGp + AGs - kgTo + 2rha | — kgTo +3rha | — kgTo + 2nrha
V@ 3v,a V&
rc(at dAG/r=0) kpTo 2k,To kpTo
hv,,a? 9hv,a’ whv,,a®
AGn(at r=re) — —_— =
kgTa 4kgTa kgTo
J= hv,a? Uy ® v’
A exp (-AGn | kaT) AeXp(=i7r25) Ao o, AeXp(= G2, )
1 1 1
ln(ﬂ) —B; ln(fl) —B; ln(ﬂ) - B;
In(J) hv,,a? 9hv,,a? mhv,,a’
B = (Wn B = () B = (Gapr)
kiT 4k3T kiT

BkiT? 1 4BkET? 1 BKIT? 1

rs (L)z )z ( )z
hayy, 9hv,, who,,

Figure 3-S1 Comparison of interfacial energy relationships for confined nucleation models with

different exposed surfaces. The free energy change per molecule (AG) is the sum of the bulk and
surface energy terms (AGp and AGs, respectively). A typical AG profile shows a maximum (i.e.,

energy barrier, AGy) at a critical radius (rc). r and h are the length and height of nuclei. For the
volume per molecule of nucleus, vm, 5 x 102 cm?® and 2.63 x 10?2 cm? are used for ACP® and for
HA,'% respectively. kg is the Boltzmann constant (1.38 x 102 J K). T is the temperature of the
reactor (310 K). ¢ is the supersaturation (In(IAP/Ksp), where IAP is the ion activity product and K

is the solubility product. « is the interfacial energy between nuclei and solution.
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3.7.2. Intra- and Extrafibrillar Mineralization Controlled by pAsp

Without pAsp, spherical particles at the outer surface of fibrils were observed on collagen
films mineralized in both 2.65x and 2.85xSBF solutions, as shown in scanning electron
microscope (SEM) images (Figure 3-S2c,d). In 2.65xSBF, relatively small spheres (Figure 3-S2c,
radius, r = 67.1 £ 13.4 nm) were observed at extrafibrillar collagen spaces, showing a low Ca/P
molar ratio of around 1.05 as analyzed by energy-dispersive x-ray spectroscopy (EDX). The rough
surface texture also indicated that these spheres were aggregates of smaller primary particles
(Figure 3-S2c, inset). In 2.85xSBF, microscale aggregates of thin crystals were more frequently
observed at the extrafibrillar spaces after 11 hr of mineralization (Figure 3—-S2d). These aggregates
showed an increased Ca/P molar ratio = 1.62 (Figure 3-S2d, inset). These properties of
extrafibrillar spheres formed without pAsp correspond well to an early stage of CaP development
under a pathway involving aggregation of prenucleation clusters, which has been observed in
environments without nanoscale confinement.32% The increase in the Ca/P molar ratio is one
characteristic of this pathway, which shows a transition from 0.67 to 1.67 during the transformation
from amorphous spheres to aggregates of apatite plates.® In all SBF solutions, no P signals were
detected from collagen fibrils surrounding extrafibrillar spheres until 18 h, so we excluded the
possibility of intrafibrillar mineralization during the in situ SAXS measurements for all SBF
solutions in the absence of pAsp.

On the other hand, with 10 mg I* pAsp, collagen fibrils showing clear Ca and P signals
(Ca/P atomic ratio of 1.35 and 1.37) were observed in 2.65x% and 2.85xXSBF solutions, respectively
(Figure 3-S2e,f). The periodic banding patterns (~67 nm, Figure 3-S2a,b) disappeared with
mineralization by the deposition of bioapatite crystals, which aligned perpendicular to the bands

of fibrils.?” The Ca/P molar ratio obtained from intrafibrillar-mineralized fibrils was relatively
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constant, at around 1.35, which is somewhat lower than the theoretical value for hydroxyapatite
(1.67). Similar Ca/P molar ratios, mainly due to CaP phase transformation from amorphous to
crystalline, have been reported for early stage development of intrafibrillar mineralized fibrils.*"%
With 10 mg I* pAsp, we did not observe any aggregated extrafibrillar particles of larger size (as

shown in Figure 3-S2c,d) in all SBF solutions. Therefore, we assumed that the influence of

extrafibrillar mineralization is not significant in the presence of pAsp.

No Ca and P signals

p— % "

~67 nm periodicity

-~

)

1
)
1

1

—

amplitude (mV)
A o s @

~67 nm bands _

a0
o

0 100 200 300
distance (nm)

Ca/P = 1.62

No P sighals

e CalP =1.35

Figure 3-S2 (a) Unmineralized collagen thin film imaged by scanning electron microscopy. (b)
Analysis of unmineralized collagen fibrils using atomic force microscopy. (c-f) Scanning electron
microscopy images of thin collagen films after mineralization. (c) 2.65xSBF without pAsp for 18 h.
(d) 2.85xSBF without pAsp for 11 h. (e) 2.65xSBF with 10 mg 1" pAsp for 14 h. (f) 2.85xSBF with
10 mg I pAsp for 12 hr. Ca/P molar ratios were analyzed with energy-dispersive X-ray spectroscopy.
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Figure 3-S3 Interfacial energies for HA nucleation, ana, during EM (a) and IM (b). Error bars in
the symbols indicating In(J) are standard errors of the estimates, obtained from the regression
between Q and time (from Figure 3.4a,b in the main text). Error ranges for anxa values for EM and
IM are standards errors of the estimates for regressions between In(J) and 1/62, and between In(J)

and 1/o, respectively.
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Figure 3-S4 Energy barriers to HA nucleation at different oua. (a) AG, for three different
nucleation models: Unconfined nucleation without pAsp (representing extrafibrillar mineralization,
blue line), confined nucleation with pAsp (representing intrafibrillar mineralization, red line), and
unconfined nucleation with pAsp (IM calculation with no confinement effect, black line). (b) AG

profiles at ona = 22.7, which corresponds to human blood plasma (yellow bar in Figure 3—S4a).
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Chapter 4. Consequence of Nanoscale Nucleation
In Mechanical Properties: Effects of Cyclic Strain

on Collagen

4.1 Overview

The nucleation and crystallization of CaP in collagen is important for bone mineralization because
these behaviors critically determine mechanical properties of bones, such as its elastic modulus and
toughness. In this chapter, we examine how early stage nucleation behaviors affect mineralization patterns
in collagen matrix, and their consequent influence on mechanical properties. While CaP nucleation is
essential for bone’s mechanical properties, mechanical loading exerted on bone significantly influences
CaP nucleation, due to the adaptive response of bone. Although it is commonly believed that moderate
exercise enhances bone strength, little is known about how cyclic strain from external loading influences
the physicochemical responses of collagen during mineralization.

Here, we show that, compared to the static strain condition, cyclic strain increases acellular
nucleation rates by 33% in highly-organized fibrillar collagen matrices. The transport of mineralization
fluids by cyclic strain delivers nucleation precursors to the inner surface of the matrix effectively. The inner
matrix bioapatite formed under cyclic strain increases the elastic modulus, strength, and resilience more
effectively than minerals poorly bonded to collagen surfaces. The results suggest that the spatial distribution
of minerals determines tissue-level mechanical properties more critically than the total mineral contents,
and that the distribution can be effectively engineered by utilizing cyclic strain. By linking nano- and macro-
scale observations with tissue-level mechanical properties, our findings provide new insights into designing

biomaterials.
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4.2 Introduction

Bones are hierarchical structures that consist mainly of an organic fibrillar template,
inorganic mineral, and cells®. Collagen, the primary extracellular protein in bone, provides the
fibrillar template for bioapatite mineral (an analog of HA).2515 The nanoscale through microscale
organization of collagen fibrils and bioapatite crystals determines the tissue-level mechanical
behavior of bones.2%1%3% For example, bovine leg bones have relatively high concentrations of
mineral to support high body weight, whereas the high porosity in deer antlers makes them
advantageously light and flexible.®#'® The biologic control of collagen mineralization has been
extensively studied, and is largely dictated by, osteoblasts and osteoclasts, which form and resorb
bone, respectively.®® When mineralization is complete, osteoblasts become entrapped by the
mineralized collagen matrix and fully differentiate into mature bone cells called osteocytes; these
cells are then interconnected by channels called canaliculi, allowing them to communicate with
each other to control tissue-level bone properties.®

Physiologic mechanical loads are known drivers of bone formation and remodeling*’. For
example, mechanical loading from physical activity increases bone mineral density in young
children'®, while reduced mechanical loading from microgravity conditions during space flight
decreases the bone mineral density of astronauts*®. Mechanobiology studies have shown that cells
respond to strain-mediated fluid flow under natural cyclic loading environments? to increase
bone formation rates.*?1?2 Piekarski and Munro first suggested that deformations of bones caused
by mechanical loading generate fluid flow, thereby promoting nutrient delivery to the osteocytes
and removing their waste products.?® Later studies showed that bone cells response sensitively to
fluid shear stress,'?° leading to increased intracellular calcium in bone cells*®* and inhibition of

osteoclast formation,*2° and hence to bone formation.

96



In addition to cell-driven mineralization, recent studies have also emphasized
physicochemically-driven mineralization independent of cells.?:3247.99126 Eor example, Wang et
al. showed in vitro formation of bone-like mineral without any cell activity or non-collagenous
proteins*’. Based on in situ observations and a modified version of classical nucleation theory, our
previous study revealed that the physical geometry of the collagen gap regions could significantly
reduce nucleation energy barriers to intrafibrillar mineralization, emphasizing a more active role
for collagen, which previously had underestimated compared to biological factors.'?® Although
these findings illuminated acellular bone mineralization mechanisms, it remains unclear if
mechanical loading also affects acellular strain-induced mineralization, 20127128

In the current study, we investigated the influence of cyclic strain on the mineralization of
densely-packed and highly-organized collagen matrices. We determined the nucleation rates and
changes in crystallization of calcium phosphate (CaP) minerals during in situ mineralization, using
SAXS and WAXD. Our findings showed that, compared to static loading or control (unloaded)
conditions, cyclic strain leads to faster nucleation rates with deeper matrix mineralization through
increased transport of mineralization fluid. These changes in mineralization patterns led to higher
matrix elastic moduli than predicted by a traditional model based on the total mineral volume
fraction, highlighting microscale mineral distribution as a key contributor to mechanical properties
at the tissue-level. By showing enhanced mineralization and elastic moduli of collagen matrices
under cyclic loading, we highlight a new acellular role for physiologic loading in bone health. The
findings underscore the importance of mimicking dynamic human motions in designing improved

hierarchical biomaterials.
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4.3 Materials and Methods

4.3.1 Preparation of Collagen Samples

Tibia bones were separated from fresh chicken legs obtained from local grocery stores. Top
and bottom metaphysis and epiphysis of the bones were removed from the tibia using a diamond
saw. The soft tissues, bone marrow, and blood were also carefully removed, leaving hollow-shaft
like bones. The bone shafts were demineralized in ethylenediaminetetraacetic acid (EDTA)
solution (0.1 M, pH 7.4) for 3 weeks under magnetic stirring (130 rpm) at room temperature. The
solution was replaced every 2 days. After the demineralization process, soft collagen parts of the
bones remained, still in their original shape, and were cut in half longitudinally using scissors. The
half-tubular demineralized bones were sectioned on a freezing stage (Physitemp BFS-30MP) using
a sledge microtome (Leica 1400) to obtain thin and flat collagen samples with thicknesses < 1mm.
Using a razor blade, collagen samples were cut in a uniform shape 0.5 cm wide x 3 cm long for
further experiments. The thickness of each sample was measured accurately using a laser scanner

(LJ-V700-1, Keyence).

4.3.2 Preparation of Mineralization Solution

Deionized water (> 18.2 MQ-cm), obtained from Barnstead Ultrapure Water System
(D11931, Thermo Scientific) and American Chemical Society grade chemicals were used for
mineralization. We prepared two separate solutions, containing either calcium (1.838 g L of
CaCl,-2H20, Alfa Aesar) or phosphate (1.14 g L'* of K;HPO4-3H,0, Alfa Aesar) to prevent any
precipitation of calcium phosphate minerals prior to the start of the experiment. To mimic major
ionic compounds in human body plasma (Gamble, 1967), both solutions contained NaCl (7.996 g
L%, BDH Chemicals), NaHCOj3 (0.350 g L%, BDH Chemicals), KCI (0.224 g L1, BDH Chemicals),

MgCl2-6H20 (0.305 g L™*, EMD Millipore), 1 M HCI (40 ml L1, BDH Chemicals), NazSO4 (0.071
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g L1, Alfa Aesar), and tris(hydroxymethyl)aminomethane (Tris, 6.057 g L™, Alfa Aesar). The
solution pH was adjusted to 7.4. In addition, polyaspartic acid (10 mg L, sodium salt, MW: 5,000
Da, LANXES) and sodium azide (0.2 g L™, Amersco) were added to both solutions. Sodium azide
was used to minimize any influence caused by microbial activities. In our previous studies, 10 mg
Lt pAsp was shown to aid intrafibrillar mineralization of collagen while inhibiting undesirable
extrafibrillar mineralization or homogeneous calcium phosphate nucleation in solution®?6, Equal
volumes of the two solutions were used as the mineralization solution, which provided 2.5% higher
calcium and phosphate concentrations than in human body plasma (2.5x SBF, Table 4-S1)2°. The
increased concentrations of these two nucleation precursors allowed us to conduct the experiments
within a reasonable time and without significant loss by homogeneous nucleation in solution.
Before mixing, the two separate solutions were stored in an incubator at 37°C; after mixing the
mineralization solution was maintained at 37°C using a hot plate during mineralization. Fresh
solutions were replaced every two hours to minimize changes in concentrations of ionic

compounds and pH.

4.3.3 In situ X-ray Data Collection during Collagen Mineralization under Strain Conditions

To mineralize collagen samples under strain conditions, we built a stainless steel holder
(Figure 4-S1a). During mineralization up to 10 hours, the holder, containing two collagen samples,
was placed in 130 mL of the mineralization solution (Figure 4-S1b). This holder was connected
to a customized motor-driven BiSlide module (Velmex, Inc.) to control the strain during
mineralization. A 3% cyclic strain condition at 0.5 Hz was applied to the collagen samples,
mimicking repetitive physiologic weight-bearing forces. In most animal bones, a typical peak
functional strain is about 0.2-0.3% ;'?%!30 however, the mechanical stresses are amplified

significantly in soft-tissue where mineralization is initiated.**! In this environment, approximately
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7% strain can be applied to osteoblasts?®32, Samples under static 3% strain and zero strain were
separately evaluated for comparison. To collect in situ X-ray data, mineralization was conducted
at the Advanced Photon Source (APS) at Argonne National Laboratory (Argonne, IL, USA).1183.133
Every 2 hours during mineralization, the collagen-loaded sample holder was detached from the
BiSlide module and then moved to a specially designed sample stage at Sector 12 ID-B for SAXS
measurements (Figure 4-S1c), after which the holder was promptly re-attached to the module for
further mineralization. During each measurement, the mineralization reaction was interrupted for
less than 5 minutes. The same experiments were repeated for WAXD at Sector 11 ID-B. The

procedures for SAXS/WAXD data collections and analyses are described in Section 4.7.1 in detail.

4.3.4 Ex situ Imaging

Collagen matrices were fixed in 100 mM cacodylate buffer containing 2%
paraformaldehyde and 2.5% glutaraldehyde. The matrices were rinsed in a cacodylate buffer
solution and then fixed with 1% osmium tetroxide in the buffer solution for 1 h. After dehydration
in successive ethanol baths, samples were embedded in epoxy resin and thin sections were
prepared using an ultramicrotome. Uranyl acetate and Reynold’s lead citrate were used for staining
before the analysis. Afterwards, the stained sections were imaged using a transmission electron
microscopy (JEOL 1200 EX I1).

Confocal microscope (ZEISS LSM880) images were obtained from different confocal
sections of collagen matrices with 3 um steps. Samples were exposed to different strain conditions
in phosphate buffer saline (PBS) containing 2% of PicroSirius Red F3BA stain solution

(Polysciences, Inc) for 10 hr, then rinsed with pure PBS before the confocal imaging.
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4.3.5 Mechanical Testing

Uniaxial tensile testing was conducted at the Musculoskeletal Soft Tissue Lab,
Washington University in St. Louis. Collagen matrices mineralized under different strain
conditions for 10 hr were loaded in a custom mechanical testing machine. These samples were
pulled in tension at a rate of 1% elongation per second until failure while tensile stress was
monitored. The elastic moduli of the samples were obtained from linear regions of their strain-

stress curves.

4.3.6 Statistical Analyses

Quantitative data are given as mean + standard deviation, and error bars in the bar graphs
represent standard errors. The variable n indicates the number of samples analyzed. Neither the
experiments nor the outcomes were blinded during the study. Statistical differences were
determined using one-way ANOVA with the Tukey HSD post-hoc test with significance
considered as p < 0.05 (R ver. 3.2.0). We used two-way ANOVA to compare the elastic moduli,
strength, and resilience of collagen matrix mineralized in PBF and SBF under different strain

conditions.

4.4 Results & Discussion

4.4.1 Nucleation and Crystallization Characteristics during In situ Collagen Mineralization
Nucleation and crystallization of CaP minerals in collagen are necessary initial steps for
bone mineralization.?” To provide quantitative kinetic information on nucleation and
crystallization, 183133 SAXS and WAXD data were collected during in situ collagen mineralization.
The setup was designed to test the effect of strain conditions on collagen mineralization in the
following groups: 1) control (0% strain), 2) cyclic strain (3% peak strain applied at 0.5 Hz), and 3)

static strain (3% strain). The peak physiologic strains experienced by typical mature, fully
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mineralized, animal bones range from 0.1 to 0.32%*?°; however, the strain levels in immature
collagenous tissues at the onset of mineralization are likely an order of magnitude higher!3.13,
Therefore, in the current study, 3% cyclic strain was applied to collagen matrices to replicate the
early stages of bone mineralization during development. The collagen matrices were prepared by
demineralizing chicken tibias, thereby mimicking the density and alignment of collagen in
mineralizing cortical bone'®. The matrices were mineralized under three strain conditions using a
modified simulated body fluid (2.5xSBF, Table 4-S1).

From the SAXS data, we observed that the number of newly formed particles increased
over time after 4-6 hours in mineralization solution. The formation of nuclei appeared as increased
SAXS intensities in a g range of 0.02-0.3 A, regardless of the applied strain (Figures 4.1a-c).
The background—unmineralized collagen, intensity at 0 hr—subtracted patterns after this initial
induction time were relatively uniform for all three conditions and fit well with a disc shape with
a thickness of 1.5 nm (Figure 4.1d). This dimension is comparable to bioapatite crystals commonly
observed in nature®’® and during in vitro mineralization.2%°%6 The uniform shape of nuclei over
time indicates that the increasing number of nuclei, not the growth of individual particles, was the
dominant reason for the increasing SAXS intensities.1%

The crystallization of nuclei during in situ collagen mineralization was also observed from
WAXD measurements. A small peak at 1.83 A, indicating the HA (002) face, and a small
shoulder at 2.25 A, indicating (211) and (112) faces of HA, developed in collagen matrices after
8 hr of mineralization (Figure 4.2a), which is slightly later than the induction time observed from
SAXS (4-6 hr). Compared to fresh tibia bones, the development of bioapatite crystallinity,
evidence of the early stage of collagen mineralization, continued to show weak peak intensities

(Figure 4.2a). Background-subtracted WAXD patterns revealed the mineral crystalline structure
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as poorly crystalline hydroxyapatite (Figure 4.2b), typical of bioapatite from most animal
bones.®*3 Therefore, both SAXS and WAXD data confirmed that applied strain (cyclic and static)
did not affect the morphology (plate-like shape) and crystallinity (poorly crystalline

hydroxyapatite) of bioapatite formed during collagen mineralization at this early stage.
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Figure 4.1 SAXS patterns from collagen during mineralization under different strain conditions. (a-c)
Examples of in situ SAXS evolution of collagen samples during 10 hr of mineralization under control
condition (a, with no strain), cyclic condition (b, 3% strain with 0.5 Hz frequency), and static condition
(c, 3% static strain) conditions. (d) Background-(unmineralized collagen, data at O hr) subtracted
SAXS patterns at 10 hr. The background-subtracted patterns (dotted lines) of all conditions are similar

and fit the morphology of bioapatite plates (solid lines, 1.5 nm thick and 40 nm in diameter).
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Figure 4.2 WAXD patterns from collagen during mineralization under different strain conditions.

Patterns from a synthetic hydroxyapatite (sHA) sample and fresh tibia bone are shown for

comparison. (a) Raw patterns showing diffraction from both collagen and bioapatite nuclei. (b)

Background-subtracted patterns showing diffraction only from both bioapatite nuclei.
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4.4.2 Cyclic Strain Enhances Calcium Phosphate Nucleation Rates and Matrix Elastic
Moduli
Using the morphology and crystalline structure of the calcium phosphate nuclei determined

from SAXS and WAXD data, we calculated the mineral nucleation rates and particle volume
fractions in collagen matrices using the SAXS invariant value, Q = #fl(q)qqu%'"". This
value indicates the total scattering amount, and thus could be considered as proportional to particle

number concentration, N¢ = when the particle morphology is uniform*”%. Here, r. and V

represent the classical electron radius (2.818 fm) and volume of an individual particle, respectively.
Ap is the difference in electron densities between HA and collagen (Ap = 5.02x10%3 ¢cm™, assuming
particles were HA crystals surrounded by collagen molecules’®%). From the linear slopes of N vs.
time plots, nucleation rates normalized to the scanning surface area were obtained for each sample
(Js). Representative results are shown in Figure 4.3a. The results from four different experiments
(8 samples per strain condition, all SAXS data analyses are described in Section 4.7.2) showed
that, compared to the zero strain condition, Js under cyclic strain increased by 17% and Js under
static strain decreased by 13% (the difference in Js between the cyclic and static strain conditions

was statistically significant; Figure 4.3b).
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Figure 4.3 The influence of strain conditions on collagen mineralization. (a) Slopes of
linear regions of number concentrations vs. time plots to evaluate nucleation rates of
bioapatite plates (Js, number of particles per scanning surface area per hour). The data in
each plot were obtained from the one time in situ SAXS measurement shown in Figures
4.1a—c. (b) Mean and standard errors of Js during collagen mineralization under different
strain conditions. Number of samples, n = 8 for each condition. * indicates a statistically
significant difference (p < 0.05, one-way ANOVA with the Tukey HSD post-hoc test) for

comparison under the bar.
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The mechanical properties of collagen matrices mineralized under different strain
conditions in SBF were analyzed and compared to the properties of matrices reacted in phosphate
buffer saline (PBS), where no mineralization occurred (Figure 4.4a). Mineralization for 10 hr
significantly increased the elastic modulus (Em) and strength, as determined by two-way ANOVA
(p < 0.05). Increased resilience by mineralization was also clearly observed (p = 0.052). In PBS,
the differences in these properties by strain condition were not significant, indicating that neither
cyclic nor static strain altered the mechanical properties. Therefore, the combination of
mineralization and specific strain conditions determines the properties. Consistent with the
increase in Js, mineralization under cyclic strain increased the Em of the matrices by 30.9%
compared to matrices reacted in PBS under cyclic strain (Figure 4.4a). On the other hand, Em was
slightly higher after mineralization in SBF than in PBS for the control group. The increase in Em
for the static condition was not easily distinguished from unmineralized matrices. In addition to
Em, samples mineralized under cyclic strain showed the highest strength and resilience, and the
control group also showed noticeable increases in both properties with mineralization (Figures
4.4b,c). However, the static strain condition does not change the strength and resilience during 10
hr of mineralization, unlike in native bones, where En, strength, and resilience all increased with
mineralization.®®

Yield strain was not influenced by either mineralization or strain condition. Because 3%
strain is much lower than the yield strain and the strain was applied for only 10 hr before matrices
became too brittle (i.e., decrease in yield strain),®® there was no statistical difference in yield strain

after 10 hr of reaction in PBS compared to SBF (20 + 5% and 21 + 4%, respectively, Fig. 4d).
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Figure 4.4 Tensile test results of collagen matrices. (a) Elastic modulus, Em, (b) strength (c)
resilience, and (d) yield strain. Collagen matrices experienced different strain conditions for 10
hours in PBS (no mineralization, n = 8 for each condition) and simulated body fluid (SBF, with
mineralization, n = 9 for each condition). * indicates a statistically significant difference compared

to cyclic-SBF system (p < 0.05, two-way ANOVA with the Tukey HSD post-hoc test).

4.4.3 Spatial Distribution of Bioapatite under Strain Conditions

There was no significant difference in the volume fractions of mineral (fv) among the three
strain groups after 10 hr of mineralization. The wide variations in f, were caused by induction time
and sample thickness (Figure 4-S6). These results contrast with the mechanical testing results,
which showed that cyclic strain increased Em more than the other two conditions. The implication
is that mineral crystals formed under cyclic loading had morphologies and distributions within
collagen matrices that differed from those of the other groups.®*3":13 Thus, cyclic strain conditions
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can alter the availability of nucleation sites and subsequent deposition of mineral, leading to more
effective increases in Em, while simultaneously increasing Js.

According to transmission electron microscopy (TEM) images of sample cross-sections
along the long direction (Figure 4.5a), strain conditions affected the spatial distribution of mineral
at the sub-micrometer scale, particularly at the surfaces of collagen matrices (Figure 4.5b—c). With
fv less than 1.4% after 10 hr of mineralization (a level that represents the early stages of bone
mineralization), the mineralization depth from the outer surface was on the order of ~5 um for all
groups. The mineralization depth was highest in the cyclic strain group compared to the control
and static strain groups (mineral demarcated between two dotted lines in bottom row of panels of
Figure 4.5). Furthermore, under the control (unstrained) and static strain conditions, loose
collections of plate-like minerals formed on the outer surfaces of the collagen matrices (noted by
dotted circles in the bottom row of panels of Figure 4.5). Scanning electron microscopy with
energy-dispersive X-ray spectroscopy (SEM-EDX) analyses supported the conclusion that a layer
of minerals formed on the surfaces of collagen matrices in these groups (Section 4.7.3). This
mineral layer is not expected to contribute mechanically to the collagen matrix, but it could act as
a diffusion barrier, preventing mineralization of the inner portion of the matrix®. Notably, the
lowest Js was observed under static strain (Figure 4.3b), and a clearly negative correlation (R? =
0.78) was observed between fv and sample thickness (Figure 4-S6f). The results indicate that the
mineral layer created by static strain conditions acted as a diffusion barrier at the outer surface,
decreasing Js and limiting mineralization of the inner portion of the matrix. In contrast, cyclic
strain shows higher Js for thicker samples which have more interior space to allow mineralization
(Figure 4.6b). Thus, the application of cyclic strain can be beneficial for mineralizing scaled-up

collagen-based biomaterials.*4
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Figure 4.5 Cross-sectional images of collagen matrices. (a) Schematic illustration of sample
geometry direction of cyclic loading and sectioning plane. (b—d) Transmission electron
microscope images of cross sections. Bottom panels are higher magnification images of
selected areas (red rectangles) from top panels. Dotted circles indicate bioapatite crystals at the
outer surface of matrices, and highly mineralized inner matrix areas are indicated between two

dotted lines in bottom figures.

4.4.4 Elastic Moduli Affected by Spatial Distribution of Bioapatite

Using a tissue-level model, we evaluated how effectively the bioapatite particles formed in
collagen matrices under different strain conditions contribute to Em. According to Smith et al. the
relative increase in Em with mineralization can be formulated by the following relation, where Eun

is the elastic modulus of the unmineralized matrix.13°

= exp(A fy (1 - 2f) (Eq. 4.1)

Ey
This equation was derived from Teng’s model describing nonlinear bimodular stiffness
properties!?. The effectiveness of particles in load transfer can be expressed as the fraction of
debonded particles (f4). A debonded particle, unlike an intact particle, poorly contacts the surface

of the pores, and thus cannot transfer load within the matrix, negatively influencing Em. Based on
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the study by Smith et al., showing a decrease in Em with the formation of poorly bonded apatite

mineral in reconstituted collagen®®

, itis assumed that Em decreases when fg in Eq. 4.1 is larger
than 0.5. The constant A is determined by the ratio of the elastic moduli of the particle and the
matrix.

We obtained A and fq values by fitting Eq. 4.1 with reported elastic modulus values for
various animal bones in work previously (Table 4-S2).5455 The fit resulted in A = 15.98, and all
the data points are within £20% of A (Figure 4-S9). We determined fq to be 0.083, indicating that
approximately 92% of bioapatite in bones contributes to increasing Em. Figure 4.6 compares the
experimental data with the model. The data for control samples are located within +20% of A.
Thus, we can expect that their mechanical properties are comparable to those of early-stage animal
bones. Interestingly, the increase in Em by cyclic strain was even higher than the prediction,
indicating that applying cyclic mechanical loading can effectively enhance the mechanical
properties of collagen-based biomaterials. Conversely, under static strain, the increase in En is
significantly lower than for other conditions. This result is caused by the formation of debonded
particles at the outer surface of the matrix (Figure 4.4d). Therefore, an environment that causes
permanent mechanical strain in collagen should be avoided in the synthesis of elastic biomaterials.
The differences in observed mineral stiffening behavior, compared to the levels predicted by the
model, highlight the importance of the microscale distribution of mineral on the surfaces and
within the matrices in defining tissue-level mechanical properties. The results also demonstrate
that the spatial distribution of mineral is more important than fyv in determining the mechanical
strength of bones, even though fv has been commonly used in predictions.®*° In future biomaterial
design studies, fq from Eq. 4.1 can better quantify the influence of particle formation at undesirable

locations.
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Figure 4.6 Relative increase in En by nucleation under different strain conditions. Solid line is
Eg. 4.1 with A = 15.98 and fy = 0.083, based on fitting the equation with data from different
animal bones (Figure 4-S9). Dotted lines show an error range of £ 20% of A, where most data

were located.

4.4.5 Transport of Calcium Phosphate Precursors in Strain-Mediated flow

Bone’s ability to resist fracture is developed by adapting to repeated loading with varying
strain magnitude and frequencies.'?” Many previous studies describe how cells in bone modulate
their activities based on strain-mediated fluid flow in the lacunar-canalicular spaces'?° (e.g., by
enhancing delivery of nutrients or disposing waste products of cell metabolism!?) or generating
strain-generated potentials'#! and fluid shear stress.'*> While these biologic mechanisms have been
studied extensively, the role of strain-mediated fluid flow on the chemistry of biomineralization is
poorly understood. The enhanced transport of body fluids by cyclic strain may directly influence
mineralization, as implied in our cell-free collagen mineralization system. There are many

micropores in the extrafibrillar spaces within collagen matrices, allowing for fluid flow under
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loading that may mimic that seen in lacunar-canalicular spaces.*®® Deformation of these pore

spaces under cyclic strain conditions produces pressure gradients that enhance fluid flow, thereby

potentially enhancing biomineralization processes.!28143

—e— Sample 1
—O— Sample 2

o
o

Control
los = 8.1+0.3 um

Intensity
o
i

o
N

o©
o

o

10 20 30 40 50
12 um Distance (um)

| ..
0 pm 6 pm

b

—e— Sample 1
—0— Sample 2

o
©

Cyclic
[ s =11.5+0.7 ym

o
o

Intensitv
o
iy

o
N

\ 4
10 20 30 40 50

©
o

o

0 um 6 um 12 ym Distance (um)

=
o

—e— Sample 1
—O0— Sample 2

o
©

Static
|0_5 =9.5+0.1 pm

o
o

Intensitv
o
iy

o
N

v
10 20 30 40 50

©
)

o

0 pm 6 pm 12 pm

Distance (um)

Figure 4.7. Transport of Sirius Red fluorescent dye into collagen matrices. (a-c) Microscope
images of confocal sections of collagen matrices at z = 0, 6, 12 um. Samples were experienced
different strain conditions (a, control; b, cyclic strain; and c, static strain) in PBS containing Sirius
Red for 10 hr. Right plots show red fluorescence intensities at different depths. The intensities were
normalized using the intensity at distance = 0 pum to correct for the intensity differences from
different coverage areas of collagen. lgs is the depth position where the intensity reduces to half,
obtained from two samples. Error bars are standard deviations from triplicate measurements at

different positions from one sample.
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Increased fluid flow would increase delivery of precursor molecules, including Ca?",
HPO.%, prenucleation clusters, and/or amorphous calcium phosphate,®2”% to deeper sites in the
collagen matrices. In this study, the transport of body fluid components into collagen matrices
under different strain conditions was evaluated using Sirius Red dye observed under confocal
microscopy. This red fluorescent molecule (MW: 1,373 g mol™; pKais < 2, pKars >13) stains
collagen; therefore, counting fluorescence intensity at different depths of collagen indicates how
actively the molecules have diffused into the matrix'#. The results demonstrated a 40% increase
in the penetration depth of the staining molecule under cyclic strain conditions compared to control
conditions (Figure 4.7). This behavior is consistent with the findings of increased Js and deeper
mineralization depth, which consequently increased the elastic modulus of the matrices after

mineralization.

4.5 Conclusions

In this study we evaluated the influence of cyclic strain on the initial stages of bone
mineralization, nucleation, and crystallization. The cyclic strain condition, simulating mechanical
loading from human walking, increases Js with deeper inner matrix mineralization within the
collagen matrices. These outcomes resulted from the enhanced transport of precursor molecules
by strain-mediated flow of mineralization solution, as illustrated in Figure 4.8. The cyclic strain
condition significantly influenced the spatial distribution of mineral at the microscale, leading to
more inner matrix mineralization. Cyclic mechanical loading effectively overcomes the diffusion
barriers created by the extracellular matrix, delivering nucleation precursor molecules to locations
within the matrix where nuclei formed (e.g., collagen gap regions). Consequently, mineralization

under cyclic strain increased the Em, strength, and resilience of the collagen matrices more
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effectively than unloaded or static strain conditions. Minerals that formed in the inner matrix of
collagen increase Em more effectively than particles that formed at the outer surface of the matrix,
which cannot transfer load efficiently. On the other hand, the morphology (thickness of bioapatite
in nanoscale), crystalline structure (molecular scale), and fv (macroscale) were not influenced by
the cyclic motion, implying the importance of multi-scale analyses for nano-organic composites
for tissue engineering. By showing that enhanced collagen mineralization is a physicochemical
response of collagen structure to cyclic strain, our findings provide insights into new collagen-

based biomaterials.

* Precursor
-2 molecules

-.Micropores

Collagen fibril

Figure 4.8 Mechanisms of collagen mineralization under strain conditions. Deformation of

micropores by cyclic strain generates pressure (P) gradients. Thus, transport of precursor
molecules increases along with the flow of mineralization fluid. The static condition only

rearranges the micropore structures, without producing P gradients.
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4.7 Supporting information for Chapter 4

4.7.1. SAXS and WAXD data Collection and Analysis

SAXS data were collected for collagen matrices during in situ calcium phosphate
mineralization. The sample holder grip module, connected to the BiSlide machine during
mineralization, was designed to be detached easily and loaded on another modularized sample
stage for the SAXS measurement (Figure 4-S1a,b). For each SAXS scan, the sample was exposed
to a 13.3 keV X-ray beam for 1 second. The sample was scanned five times, moving the sample
stage vertically by 0.2 mm per scan. The average intensity value of five scans was taken to
represent one position of the sample. The left half and the right half of each sample (total 10 scans)
were measured at each time interval (Figure 4-S2). From the obtained 2-dimenstional scattering
intensity images, 1-dimensional scattering intensities, 1(q), were extracted by averaging the sector
along the horizontal direction, which was perpendicular to the fibrillar direction (Figure 4-S2).
Therefore, we were able to analyze 1(q) to quantify the nucleation rates and to fit the data for
obtaining the morphology of newly formed particles without interference by peaks caused by the
periodicity (~67 nm) of the collagen gap and hole regions. The distance from the sample to the
SAXS detector was 2 m, which provided a range of 0.003-0.5 A for the scattering vector, g.
Silver behenate powder was used as the q calibration standard, and 1(q) was normalized by the
incident beam intensities and calibrated using a reference glassy carbon standard sample.® In this
way, SAXS intensities collected from different measurements could be compared.

Further SAXS data analyses were conducted using 1-dimensional intensity data. Total

particle volume was estimated from the linear relationship with invariant values, Q =
%fqzl(q)dq. Due to the relatively high noise in larger g regions, integration was conducted

only within a limited g range of 0.005-0.3 A™1. The Modeling Il tool of the IRENA package written
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in IGOR Pro (WaveMetrics Inc.) was provided by APS and used to fit the SAXS pattern to evaluate
the particle morphology and volume fraction. Details about the models used in the package are
well described elsewhere. %

Similarly, to identify CaP phases during collagen mineralization, in situ wide-angle X-ray
diffraction (WAXD) data was collected at APS sector 11-ID-B. Every two hours during the
mineralization, collagen samples were exposed to a 58.66 keV X-ray beam for 10 seconds, with a
95 cm distance between the sample and detector (Perkin EImer amorphous silicon detector). Due
to the larger beam size (500 um x 500 pm) and longer exposure time for WAXD than for SAXS,
a one-time scan was used to collect the data for one spot. The 2-dimensional intensities were then
averaged over the g range along the radial direction to produce 1-dimensional intensities 1(q), using

GSAS-11.1*° Cerium dioxide was used as the calibration standard.
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Figure 4-S1 Experimental setup for in situ collagen mineralization. (a) A custom-made stainless-
steel sample holder to grip two collagen samples (3 cm long, 0.5 cm width, and ~ 1 mm thick). The
initial distance between the two grips was set to 2 cm. (b) A customized BiSlide module to apply
stress to samples during mineralization. (c) The sample holder placed on the stage for small-angle
X-ray scattering measurements at the Advanced Photon Source sector 12-1D-B (Argonne National
Laboratory, IL, USA).
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Figure 4-S2 A schematic of SAXS measurement and an example of 2-dimensional intensity data.
ki and ks are the incident and scattered wave vectors, respectively, and 26 is the exit angle of the
X-rays.

Table 4-S1 Concentrations (mM) of ionic components of simulated body fluids and human blood

plasma.
Solutions Na* K* Mg?* Ca?* (ol § HCOs HPO.Z  SO.*
SBF86 142.0 5.0 1.5 2.5 147.8 4.2 1.0 0.5
2.5xSBF 142.0 8.0 15 6.3 155.3 4.2 25 0.5
Human
blood 142.0 5.0 15 25 103.0 27.0 1.0 0.5
plasma®®

*The pH of 2.5xSBF was adjusted to 7.4 with 50 mM of Tris ((CH20H)sCNH,) and 1 N HCI.
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4.7.2. In situ SAXS data analyses

a
1000 - Control, Exp. 1 1000 - N, Control, Exp, 1
#1, Left #1, Right
_ 100 100 |
E >
o \ %
~ 104 —on 10 __onw ®
= —2n ER -
= — a4l —4hr
11 —é6h 14 —6h
—8nh —3h
— 10hr — 10hr
0.1 0.1
B b @ B4EE z 3 Bl 2 BAEE z 3
001 0.1 001 0.
g/A? q/A"
b C I, Exp. 1 C |, Exp. 1
1000 - ontrol, Exp. 4000 -] ontrol, Exp.
#2, Left #2, Right
~ 100 H 100 |
E
(8]
~ 10 10 -
T
e
1 ol
R 5 T 0 R ) e e P
001 0.1 001 1
g/A" q/A
c .y Cortrol, Exp.2 |, Control, Exp. 2
' #1, Left
_ 100 100 |
£
(&}
-~ 104 10 -
=
L 3
14 1 -
M S o o o i
001 0.1
q/A"
g Control, Exp. 2
1000 |\ 5 EX- 1000 I Control, Exp. 2
#2, Left #2 Right
_ 100 -] 100
E
o
— 10 10 -
=
1 -
0.1 = 0.1

121

45

<

P= J.=682x 10"

%30 R2=0.96

o™

E v

5 Left .

#q45f © &

= ARight SA
0._‘_‘_1'—1_

45

w
o

N,/ # crm?x 1014
=

Time / hr
45

<

b= J =553x 10

x 3.0 R2=094 »

5 A

#45) Olet 3

= ARight

0 ._._._.,—._
3 10

Time / hr

45
3‘___, J,=480x 10"
= R2=098
Nx 3.0 R
g
3 15 oleft ’
= ARight .
0‘_._4'_.'.—‘_
5
Time / hr

Time / hr

J,=504x 101
R2=10.93

#



1000 |3 Control, Exp.3 00 I\, Control, Exp. 3 45
#1, Left : #1, Right -

- - o 4=715x10" &
Tt i 30 R2=095 7
: ;

-~ 104 10 E <
= o eleft R
= # 15 5
2 14 > ARight
i
O A S S g0 @ A
001 0.1 001 " 01 0 5 10
q/A1 q/A1 Time / hr
f Control, Exp. 3 G Control, Exp. 3
1000 - % 42 Loft 1000 #2 Right 3 45

i - o J, =6.90 x 107
E x 3.0 R2=097 .
o NE ..-
= —— 4hr 3 15 2 K )

7 = R

— 10h >

[ i : 01 f 3 0h o 2. 0 n
AN 2 3 486 1 2 & .1 2 oA u

0.01 0.1 0.01 0.1 0 5 10

g/A" q/A Time / hr

g e | Control, Exp.4 | Control, Exp. 4 45
#1 Left #1_Right 2
100 100 o JS =465x 10"
T %30 R2=097 4
o™ K
< o 10 g =
C 55|, ok A"
L Ea = ARight .
O T 0 s £, :
& 001 2 3 4656 01 2 0 5 10
q/A" Time / hr
NG00 Control, Exp. 4 4.5
# Right "
s | ° 4=572x10%
E” 3.0 R2=097 e
10 h E
=5 3 oii 4
, —— 4hr it 15
1 =8 o A Right -
— = &
—_— ?Oh;n @
L] FPR o T R AR O e TR T lp—a @
oo1 © CFfeq 77 oot © T oo 7 0 g 10
q/A" q/A" Time / hr

Figure 4-S3 In situ SAXS data for collagen mineralization under no strain (control). Four experiments
were conducted. Two samples (#1 and #2) were analyzed per experiment, and two positions (left and
right sides) were scanned per sample. The linear slopes of the number concentration vs. time plots

indicate nucleation rates, Js.
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Figure 4-S4 In situ SAXS data for collagen mineralization under cyclic strain. Four experiments were
conducted. Two samples (#1 and #2) were analyzed per experiment, and two positions (left and right
sides) were scanned per sample. The linear slopes of the number concentration vs. time plots indicate

nucleation rates, Js.
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Figure 4-S5 In situ SAXS data for collagen mineralization under static strain. Four experiments were
conducted. Two samples (#1 and #2) were analyzed per experiment, and two positions (left and right
sides) were scanned per sample. The linear slopes of the number concentration vs. time plots indicate

nucleation rates, Js.
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Figure 4-S6 Summary of in situ SAXS analysis. (a) Nucleation rate per scanning surface area (Js). (b)
Nucleation rate per scanning volume (Jy = Js x sample thickness). (c) Volume fraction of bioapatite in

collagen matrix (fv).
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4.7.3. Ex situ SEM-EDX Analyses

0.5cm

Position 1

Position 2

4 6B
Distance (pm) Distance (pm) Distance (pm)

Figure 4-S7 Cross-sectional images of collagen matrices. a, Schematic of the sample geometry,
showing the direction of the cyclic motion. The z-direction indicates the depth of collagen matrices
from the outermost surface. b—c, Scanning electron microscope (SEM) images of cross sections. Line
profiles of elemental composition along the z-direction were obtained from energy-dispersive X-ray
spectroscopy (EDX).
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Figure 4-S8 SEM-EDX mapping of cross-sections of collagen matrices. (a) Unmineralized collagen.
(b) Control. (c) Cyclic strain. (d) Static condition. The z-direction indicates depth direction of the
matrix. Selected areas of SEM images (rectangles in the left panels) were analyzed for C, Ca, and P
distribution maps (right panels).
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4.7.4. Mechanical and Chemical Properties of Animal Bones

Table 4-S2 Mechanical and chemical properties of animal bones.

Species Bone n* (Eg:) (:;SZ) Porosity* 128;;

Alligator Femur 9 13.0 253 0.057 40.1

Avf/'ﬁglgc Rib 7 8.4 253 0.31 29.4

Axis deer Term fetus 4 13.2 242 - 36.5

Mother 3 31.6 274 - 41.3

. Femur (9 yr) 10 24.5 271 0.044 45.4
Bovine -

Tibia (1 yr) 8 20.4 252 - 38.0

Brown bear Femur 3 16.9 255 - 38.4

T-metatarsus 2 23.1 240 - 36.2

Crane Tibiotarsus 5 17.6 224 - 33.8

Ossified tendon 5 22.6 256 - 38.6

Donkey Radius 7 16.2 255 0.066 40.2

Scapula 6 55 258 - 38.9

Dugong Radius 2 7.5 253 - 38.1

Ulna 1 4.9 242 - 36.5

Fallow deer Tibia 9 25.2 260 0.024 43.4

Radius 4 25.0 249 - 37.5

Flamingo Tibiotarsus 4 28.4 257 - 38.7

Femur 10 12.3 244 0.058 37.9

Ggft%?gss Tibia 3 13.0 232 - 35.0

Fibula 5 11.8 230 0.058 34.6

Femur (3 yr) 7 7 227 - 34.2

Man Femur (5 yr) 4 12.8 222 - 335

Femur (35 yr) 4 16.7 249 - 37.5

Horse Femur (7 yr) 7 23.7 263 0.033 43.8

Humerus 4 22.2 266 0.089 42.0

King penguin Radius 2 22.2 265 - 39.9

Ulna 2 21.7 266 - 40.1

Leopard Femur 4 215 254 - 38.3

(Vef§¢gjng) 5 8.1 244 - 36.8

Polar bear  “Femur (Young) | 13 16.1 259 - 39.0

Femur (Adult) 6 22.2 268 - 40.4

Red deer Antler 42 7.1 213 0.134 28.5

Reindeer Antler 14 7.0 217 0.176 27.8

Rhinoceros Hmerus 9 13.1 253 - 38.1

Roe deer Femur 5 17.2 259 0.047 42.1

Wallaby Fe_m_ur 3 22.0 274 0.032 46.8

Tibia 4 25.4 268 - 40.4

Walrus Humerus 5 14.2 245 - 36.9

130



* Number of samples (n), elastic modulus (En in GPa), and calcium contents (mc. in mg g*) were
obtained from Currey et al. (2004)%. Porosity data were obtained from Currey et al. (1988).%*

** \Volume fraction of mineral, fv were calculated based on Ca contents based on eq. 4-S1, if porosity
data were given.

Vapatite
fv = < X (1 — porosity)
v Vapatite + Vcollagen

_ ( Mgpatite/ Papatite

Mgpatite/ PapatitetMcollagen/ Papatite

) X (1 — porosity) eq. 4-S1

Apatite mineral contents (Mapaite iN Mg g*) were calculated by assuming all Ca exist as apatite
(Cas(PO4)sOH) as written in eq. 4-S2.

molecular weight of apatite

m ite =M eg. 4-S2
apatite Ca ™ 5 x molecular weight of calcium q

Collagen contents (Meoiiagen in Mg gt) were calculated to be 1 - Mapaiee. 3.16 and 1.35 g cm were used
as densities of apatite and collagen (papatite and peotiagen) .

When porosity data were not available, fv were obtained from eq. 4-S3 using an approximate density
of bone (poone = 1.9 g cm®), which is relatively constant for most of compact bones.*#

— -3 Pbone
fv = Mapatite X 1077 X —22 eqg. 4-S3
Papatite
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Figure 4-S9 The relationship between En vs. fy in bones. Experimental data (blue dots) obtained from
Table 4-S2. The data were fit to the equation 5—’” =exp(4 fy (1 — 2fy)), where A is a constant related to
the ratio of the elastic moduli of apatite and collagen and f; is the fraction of debonded particles. A = 15.98
and fq = 0.083 were obtained from the least-square error method for fitting (solid line). All the data were

within the range of £ 20% of A (dotted lines). The elastic modulus of unmineralized collagen, Eu, = 79.6

MPa, was obtained from tensile test results of the PBS group in Figure 4.4a.
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Chapter 5. Application I: Enhanced Collagen
Mineralization using Pulsed Electrical Stimulation

5.1 Overview

In Chapter 2, we explored the kinetics of CaP nucleation pathways through (sub)nanoscale
observation. We evaluated how the nano-confined collagen structure provides thermodynamically
stable nucleation sites for CaP intrafibrillar mineralization in Chapter 3. Then, in Chapter 4, we
examined the influence of nanoscale nucleation on microscale mineral distribution and macroscale
mechanical properties. These findings apply to the chemical and mechanical properties of the
collagen/CaP composite system at multiple-length scales. Utilizing the principles that we learned
in Chapters 2-4, we suggest, in this chapter, a biomedical application to enhance bone
mineralization utilizing bioelectricity.

In bones, bioelectricity is generated as a pulsed signal from mechanical loadings such as
walking and running. It is known that bioelectricity contributes to bone mineralization by
enhancing activities of bone-forming cells. However, little is known about the physicochemical
response of collagen to bioelectricity in body fluids, and its consequent influence on mineralization.
Here, we show that applying pulsed electrical stimulation significantly enhances the transport of
ionic body fluid components through a narrow channel (~100-200 pum) between the inner surface
of the tube-like collagen scaffold and the cathode placed inside the scaffolds. The enhanced
transport of ionic precursors increases diffusion of the charged precursor molecules to the inner
collagen surface, where bone mineralization is otherwise restricted without any stimulation. The
results indicate that the pulsed electrical signals can locally speed up the nucleation of bioapatite,

allowing us to better control the spatial distribution of bioapatite at the microscale. The findings
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from this study provide insights into the utilization of bioelectricity for clinical applications for

facilitating bone-fracture healing and designing better biomaterials.

5.2 Introduction

Bones are hierarchical structures with organic matrices and inorganic minerals.%® Triple-
helix of type | collagen molecule is a major extracellular protein. Collagen molecules are
assembled to form a fibrillar structure to serve as a skeletal template.®** The deposition of the
mineral component of bones, known as bioapatite, which is a biologically produced analog of HA,?
increases mechanical strength of bones, while the collagen predominantly responds to deformation
process.!® During their development, bones actively respond to mechanical loading.'*’ As a
response to the mechanical loading, bioelectricity up to a hundred millivolts with short durations
can be generated in many animal tissues including human tibia bones.**-1%° The generated pulsed
electrical signals have been considered an important factor for controlling bone mineralization by
stimulating the activities of bone-forming cells. Indeed, several in vitro studies have reported
increased osteoblastic differentiation and consequently, more collagen synthesis and bone mineral
formation by applying pulsed electrical stimulation.t%1-1%3

Despite the positive outcomes from several in vitro studies utilizing pulsed stimulation of
cellular activities for the bone regeneration,*>¢ its clinical application has been limited owing to
uncertainties in the supporting mechanisms.®" The physicochemical responses of collagen to
pulsed electrical stimulation, which are distinct from biological responses, should be further
evaluated for a more precise control of the application. Furthermore, it is surprising that the
importance of electrostatic interactions has been highly underestimated despite of critical roles of

charged ionic molecules, such as Ca** or HPO4%, as nucleation precursors in bone mineralization.
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Recent findings of collagen mineralization have emphasized the electrostatic interactions between
charged amino acid residues in collagen and precursor molecules in the mineralization
solution.?”%81%8 Hence, the electrostatic interactions between the collagen surface and charged
precursor molecules is expected to be highly influenced by the pulsed electric stimulations.

For the tissue-level fabrication of biomaterials or facilitated bone-fracture healing of
collagen mineralization, the inhibited diffusion of nucleation precursors molecules into a deeper
side of the collagen matrix is challenging.*?° In particular, this is a significant problem for collagen
scaffolds with high collagen fibrillar density, such as ones extracted from native bones or
tendons.***” Not only does the denser collagen structure require a longer time for diffusion of
precursors, but it may form an exterior mineral layer, which acts as an additional diffusion
barrier,® more easily than loosely-packed collagen matrix or single collagen fibrils.

In this study, we investigated how pulsed electrical stimulation can enhance mineralization
of the collagen scaffold. We used collagen scaffolds extracted from chicken fibular bones. The
pulsed electric condition used here is mimicking a bioelectrical condition with moderate frequency
and moderate magnitude, which can be generated by common mechanical loading such as walking
or running.*?’ To better understand how to apply electrodes to collagen, the samples were located
either on the cathode or the anode. Utilizing in situ SAXS and WAXD, we identified the
morphology and crystalline structure of the nuclei and quantified the extent of nucleated CaP
crystals. We observed the enhanced transport of ionic precursor molecules into a narrow channel
(~100-200 um) between the inner surface of a tube-like collagen scaffold and the cathode placed
inside the scaffold. As a consequence, more mineralization was achieved from the inner surface of
the collagen, where mineralization was highly limited without pulsed stimulation. By successfully

controlling spatial distribution of CaP crystals in dense collagen scaffolds, this study provides new
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insight into utilizing pulsed electric stimulation for bone fracture healing and development of better

biomaterials.

5.3 Materials and Methods

5.3.1 Preparation of Collagen Samples

Fibular bones were separated from chicken legs fresh purchased from local grocery stores.
Top heads and bottom tendons of the bones were cut out, and then soft tissues, bone marrow and
blood in the inner side were carefully removed. The remaining tube-shaped bones were thoroughly
demineralized in ethylenediaminetetraacetic acid (EDTA) solution (0.1 M, pH 7.4) for 2 days
under magnetic stirring (130 rpm) at room temperature. After demineralization, tube-shaped soft
collagen matrices were obtained and cut into 0.5 cm long pieces for further mineralization

reactions.

5.3.2 Preparation of Mineralization Solution

Deionized water (18.2 MQ-cm) obtained from Barnstead Ultrapure Water System
(D11931, Thermo Scientific) and American Chemical Society grade chemicals were used to
prepare a modified simulated body fluid (SBF) to mimic major ionic compounds in human body
plasma®>®°1 In this study, to facilitate the reaction to be conducted within a reasonable time
period for in situ beamtime experiments, an SBF solution with 2.5 times higher concentrations in
Caand P is used (2.5xSBF, Table 5.1). To prevent any precipitation prior to the experiment, we
prepared two separate SBF solutions containing either Ca or P sources and these two solutions
were separately fed to a reactor for mineralization. The pH of the solutions was adjusted to 7.4

using tris buffer and hydrochloric acid. In addition, pAsp (10 mg L™, sodium salt, Mw: 5,000 Da,
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LANXES) was added to aid intrafibrillar mineralization of collagen by inhibiting undesirable

extrafibrillar mineralization or homogeneous calcium phosphate nucleation in solution.*®

Table 5.1. Concentrations (mM) of ionic components of simulated body fluids and human blood plasma.

Solutions Na* K* Mg?* Ca®* Cr HCOsz HPOs” S04~
86
1xSBF 0 50 L5 25 1478 42 1.0 05
25xSBF | 1400 8.0 15 63 1553 4.2 25 05
Human
blood 1420 50 15 25 1030  27.0 1.0 0.5
plasma®®

*The pH of the 2.5xSBF was adjusted to 7.4 with 50 mM of Tris ((CH2OH)3sCNH>) and 1 N HCI.

5.3.3 In situ X-ray data Collection during Collagen Mineralization

Two separate SBF solutions were mixed in a flow-through reactor whose temperature was
maintained at 37°C using a hot plate during mineralization (Figure 5.1a). Once the temperature
and flow-rate of the solution in the reactor was stabilized, a custom-designed sample holder
containing two pieces of collagen tubes was placed in the reactor (Figure 5.1b). The holder was
designed to equip two stainless electrodes (dimensions, two wires twisted), and one of them was
used to penetrate the collagen tube to apply electric stimulation to the inner surface (Figure 5.1c).
The electrode, holding two collagen samples, were connected to a pulse generator (Siglent
Technologies SDG800) as either the cathode or anode, and another electrode without samples was
used as a counterpart. This mineralization process was conducted at the APS at Argonne National

Laboratory (Argonne, IL, USA) for in situ X-ray data collection.
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Syringe pump system - A T
Ca?*and PO,* sources are Reactorona hot plate
fed separately. ,/ (37°C)

C

Demineralizedbone
(~0.5 cm long)

Figure 5.1 Experimental setup for collagen mineralization under electrical stimulation. (a) A
photo of the flow-through reactor setup. (b) A frame with two electrodes. Two collagen scaffolds
were placed one of the electrodes. (¢) SEM images of cross-section of collagen. Two orange

circles represent the electrode consists of two wires of stainless steel (200 um in diameter).
For the SAXS measurements, samples were taken off from the electrode and then placed

into a SAXS sample stage. For each SAXS scan, the sample was exposed to a 13.3 keV X-ray

beam for 1 second. The size of the beam was 150 um (horizontal dimension, parallel to the long
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direction of collagen) x 40 um (vertical dimension, perpendicular to the long direction of collagen).
To better represent the sample, it was scanned five times horizontally (along the fibrillar direction
of collagen) by moving sample stage by 0.2 mm per scan (Figure 5.2). Then the average intensity
value of five scans was taken to represent the sample. From the 2-dimenstional scattering intensity
images obtained from the detector (2M Pilatus), 1-dimensional scattering intensities, 1(q), were
extracted by averaging the sector along the vertical lines, which was perpendicular to the fibrillar
direction (Figure 5.2). From the sector averaged 1-dimensional I(g), we better quantify the
increasing intensity from nucleation and better fit the morphology of newly formed particles
without interference by peaks coming from the periodicity (~67 nm) of collagen gap and hole
regions. The distance from the sample to the SAXS detector was 2 m, which provided a range of
0.0017-0.53 A! for the scattering vector, g. Silver behenate powder was used as the q calibration
standard and 1(g) was normalized by the incident beam intensities and calibrated using a reference
glassy carbon standard sample to compare absolute SAXS intensities collected from different
measurements. The SAXS intensities were corrected by subtracting the intensity from air by
scanning the empty sample holder.

Further SAXS data analyses were conducted using the 1-dimensional horizontal cut data.

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

1
2m2

[ q%1(q)dq. Integration was conducted within a limited g range of 0.0017-0.3 A, due to the
relatively high noise in larger g regions. This Q value indicates total scattering amount, thus could

be considered to as proportional to particle number concentration, N¢ = when the particle

r2Ap2V’
morphology is uniform.”%° Here re, and V represent the classical electron radius (2.818 fm) and
the volume a particle, respectively. Ap is the difference in electron densities between particles and

water (Ap = 6.12x10% cm3, particles were assumed to be hydroxyapatite crystals and surrounded
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by water in collagen matrices).® The Modeling 11 tool of the IRENA package written in IGOR Pro
(WaveMetrics Inc.) was provided by APS and used to fit the SAXS pattern to evaluate the particle
morphology. From the morphology of individual particle, V, was calculated. VVolume fraction of
minerals in collagen were obtained by fv = V x N¢. Details about models used in the package is
well described elsewhere 4%

Sector averaging
' % Reflections from the
periodicity (~67 nm) of

collagen gap and hole
regions

X-ray
scattering, k:

Average of five scans
represent one sample
[

Incident ===i== i Scattering pattern captured
X-ray, k; in 2-dimensional detector

Fibrillar direction

Figure 5.2 A schematic of SAXS data collection. k; and ks are the incident and scattered wave
vectors, respectively, and 26 is the exit angle of the X-rays.

Similarly, in situ WAXD data was collected at APS sector 11-1D-B to identify the CaP
phases during collagen mineralization. Every two hours during the mineralization, collagen
samples were exposed to a 58.66 keV X-ray beam for 10 seconds at 95 cm distance between sample
and detector (Perkin Elmer amorphous silicon detector). Due to the larger size of beam (500 pm X
500 um) for WAXD than for SAXS, a one-time scan was used to collect the data for one spot.
Then the 2D intensities were averaged over the g range along the radial direction to produce 1D

intensities 1(g), using GSAS-11.1%° Cerium dioxide was used as the calibration standard.

5.3.4 Ex situ Analyses
Cross-sections of mineralized collagen scaffolds were imaged using optical microscope
and SEM. For the optical microscope imaging (Carl Zeiss Axio Scope Alm), methylmethacrylate
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embedded samples were cut into 5 um sections followed by von Kossa and Goldner's trichrome
staining. The embedding, sectioning, and staining processes were conducted at Musculoskeletal
Research Center (Washington University in St. Louis, MO). For the SEM imaging, mineralized
samples were fixed in 100 mM cacodylate buffer containing 2% paraformaldehyde and 2.5%
glutaraldehyde, followed by dehydration in successive ethanol baths. Samples were sectioned in
20 um on a freezing stage (Physitemp BFS-30MP) using sledge microtome (Leica 1400). EDX
analyses were also conducted to obtained elemental compositions.

To evaluate the diffusion of Sirius Red molecule into collagen, samples were reacted under
pulsed electric stimulation in phosphate buffer saline (PBS, no mineralization occurs) containing
2% of PicroSirius Red F3BA (Polysciences, Inc). The unreacted Sirius Red molecules were
removed by storing samples in wet gauze. For the optical microscope imaging, 20 um sections
were prepared using freezing stage microtome without a fixing process.

To evaluate the collagen damage, collagen scaffolds experienced pulsed electric
stimulation in PBS for 16 hr. For SEM images, samples were fixed and dehydrated as described
above. Then, they were cut into halves along the long direction and placed on SEM stubs with the
inner surface exposed for scanning. The Fourier-transform infrared spectroscopy (FTIR)
absorption spectra were collected (Nicolet iS10, Thermo Scientific) without the fixing and

dehydration processes.

5.4 Results & Discussion

5.4.1 Applying Pulsed Electrical Stimulation through an Electrode within Collagen Scaffolds
Pulsed electrical stimulation was applied to the tube-like collagen scaffolds prepared by

demineralizing chicken fibular bones. The obtained scaffolds were chosen to best represent a dense

and well-organized fibrillar type | collagen structure in compact bones.**® Collagen was placed on
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either side of the cathode or anode, which penetrates inside the scaffold (Figures 5.3a—c). Then the
pulsed stimulation (40 mV peak-to-peak amplitude, 1 Hz frequency, and 100 ms pulse width) was
applied through the cathode to the inner surface. The re-mineralization of the collagen was
conducted in a modified simulated body (SBF) fluid with 2.5 times higher Ca and P concentrations
than body plasma (2.5xSBF, Table 5.1)88:% ysing a flow-through reaction system (Figure 5.1a).
Considering the shapes and sizes of the tube-like collagen scaffold (approximately 500 pm inner
diameter) and electrode (twist of two stainless wires of ~200 um in diameter), inner surfaces were
exposed to the SBF only through a narrow channel (~100-200 um, Figure 5.1c). The size of this
channel is at a scale comparable to a diameter of the central canal (~30 um) in the Haversian
system where blood travels through vessels.* On the other hand, the outer surfaces of collagen in
our reaction system were fully exposed to the bulk SBF, allowing precursor molecules to diffuse
more freely into the collagen than from the inner surfaces.

During the pulsed electrical stimulation, the pulse generator supplies electrons to the
cathode (pulse on), negatively charging the vicinity of cathode for a short duration, attracting
cationic precursors including Ca?*. These attracted ions would diffuse back into the bulk solution
when the cathode loses its negative charge (pulse off) (Figure 5.3a). During this process, anionic
precursors move in the opposite direction. Therefore, the repetition of these processes by pulsed
stimulation through the entire reaction time led to more active transport of these ionic precursor
molecules into the narrow channel between the cathode and the inner surface of the collagen.

In typical electrolysis cells operated at >1.5 V, electron transfer at the anode occurred by
the oxidation of metal components of the electrodes, or any other body fluid components.t®
However, the oxidation reactions at the anode is highly restricted at this low voltage condition (40

mV) in our experimental systems, leading to negligible changes of the anode surface. Therefore,
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the consequent transport of precursor molecules through the channel are expected to be less
significant than at the cathode (Figure 5.3b). The anode could be stably operated during the entire

set of mineralization experiments with 40 mV without significantly damaging the collagen or

releasing metal components into the system.
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Figure 5.3 Collagen mineralization under pulsed electric stimulation. (a—b) Schematic illustration of
collagen mineralization under pulsed electric stimulations applied on the cathode (a) or the anode (b).
Oxidation of electrode (M — M* + €7, M represents the metal components) is limited at the anode due to
the low pulse amplitude. (c) Illustration of collagen tube with electrode in the center. (d—f) 5 um cross-
sections of samples mineralized for 48 hours under the pulsed stimulation were imaged with optical

microscope (d: control, e: cathode, f: anode control). Dotted lines indicate where electrodes were located.

Scale bars are 100 pm.
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5.4.2 Enhanced Inner Surface CaP mineralization of Collagen at the Cathode

Figures 5.3d-f are optical images of cross-sections of collagen after 48 hr of mineralization.
More images are shown in Figure 5.4 in comparison with fresh fibular and fully demineralized
bones. The sections were stained with von Kossa’s and Goldner’s Trichrome methods to indicate
mineralized (in grey) and unmineralized collagen (in pink) regions, respectively. As suggested in
Figure 5.3a, the effective inner surfaces mineralization by pulsed stimulation was achieved only
when collagen scaffolds were placed at the cathode (Figure 5.3e). The inner surfaces were rarely
mineralized before 48 hr without pulsed electrical stimulation (Figure 5.3d) and the inner surface
mineralization was even weaker when collagen scaffolds were placed on the anode (Figure 5.3f).
On the other hand, at the outer surfaces, where the diffusion of precursors from the bulk solution
is freely allowed, a similar mineralization was apparent on all samples. The results indicate that
restricted transport of precursors into the narrow channels between electrodes and the inner
surfaces is a limiting factor of CaP mineralization. However, this limitation was effectively
overcome by applying the pulsed electrical stimulation through the cathode.

To evaluate the spatial distribution of CaP minerals after 16 hr of electrical stimulation, SEM-
EDX analyses were conducted. At this relatively early stage, overall mineral contents were relatively
low (< 3 atomic %) except for the outermost surface, preventing us from evaluating the mineral
distribution from images. Instead, EDX spectra were collected at 5 different positions from the
innermost to outermost surfaces (A to E positions, Figure 5.5a). Ca and P signals at B and C positions
(30 um from A position and center position, respectively) were only detected from samples
mineralized at the cathode, leading to a relatively even distribution of CaP minerals along the radial
direction (Figures 5.5b—c). On the other hand, samples mineralized without pulsed stimulation

(control), Ca and P were mostly concentrated only at the outer surfaces (D and E positions).
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Figure 5.4 Optical images of cross-sections (5 pm) of collagen scaffold. Dotted lines indicate the
outlines of innermost surfaces. Samples were stained with von Kossa’s (dark: mineral) and
Goldner’s trichrome (pink: collagen) methods. (a) Fresh fibular bone (b) Demineralized fibular
bone (c—e) Collagen mineralized for 48 hr under pulsed electrical stimulation. (c) Control without
stimulation. (d) Cathode. (e) Anode. Scale bars are 100 pum.
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Ca and P were detected at the innermost surface (A position) of the control samples, but the
signals were not expanded to B position. The inner most surface mineralization was most inhibited
for samples on the anode. A similar inhibited bioapatite nucleation was reported observed from a
positively charged collagen under tensile stress.’®! Potentially, the slightly positively charged
anode (but not sufficient to make active transport of ionic molecules in the solution) further inhibits

the inner surface mineralization by not allowing initial Ca attachments at the nucleation sites on

collagen surface.
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Figure 5.5 Spatial distribution of bioapatite minerals along the cross-sections of collagen. (a) SEM
image of a collagen cross-section indicating Positions A-E for EDX spectral analyses. (b—c)

Results from SEM-EDX spectral analysis of collagen mineralized after 16 hr. Scanning area of
each position is ~8 pum x 8 um. Error bars are standard errors from 3 different samples. (d-f)

Elemental mappings of inner surface area of mineralized collagen: (d) Control with no pulsed
stimulation, (e) cathode, and (f) anode.

Elemental mapping images of inner surfaces (covering A and B positions) also show the
corresponding results with spectral analyses. Ca and P signals (indicated as pink and yellow dots,
respectively) were evenly detected from the cathode sample (Figure 5.5e), while only a shallow
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layer near A position provided Ca and P signals from control samples (Figure 5.5d). No Ca and P
signals were detected from the samples located at the anode where N signal from collagen was
dominant (Figure 5.5f). The atomic ratio of Ca/P from all the spectra measurements were 1.32 +
0.13, showing a typical value observable from poorly crystalline apatite during the

biomineralization.®%

5.4.3 Morphology and Crystalline Structure of CaP Nuclei

In situ SAXS/WAXD analyses are powerful tools to quantitatively evaluate nanocrystals
embedded in organic templates without destroying the structure of both templates and
nuclei.*91% Figure 5.3a shows examples of SAXS patterns of collagen after 48 hr mineralization
under pulsed electrical stimulation. With mineralization, SAXS patterns show increased intensities,
compared to unmineralized collagen, at scattering vector, q = 0.01-0.3 A™%. In general, higher
intensities were observed from samples on the cathode than those from the other two sample
groups (Figure 5.6a), indicating more CaP minerals nucleated within the scaffolds. The SAXS
intensities from samples mineralized at the anode and without pulsed stimulation were within a
similar range, thus two SAXS patterns were mostly overlapped in Figure 5.3a. By subtracting the
unmineralized collagen SAXS pattern, we can better evaluate the morphology of CaP nuclei
formed within the collagen (Figure 5.6b). All SAXS patterns after subtracting unmineralized
collagen background fit well with a disc of ~1.7 nm thick and ~34 nm in diameter, which is
comparable to the dimension of bioapatite plates observed in in vitro mineralization®°%12¢ or nature
bone apatite crystals (~2 x 30 x 40 nm).%%"” Collagen background subtracted WAXD patterns
identified that the crystalline structure of nuclei formed in collagen scaffolds were, regardless of
the location of the electrodes, all poorly crystalline HA (Figure 5.6¢) which is typical of bioapatite

from most animal bones.®*3® Therefore, we concluded that bioapatite-like CaP minerals (in terms
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of morphology and crystalline structure) formed in the collagen scaffolds regardless of the pulsed

electric conditions.
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Figure 5.6 SAXS/WAXD data analysis. (a) Sector averaged 1-dimentional SAXS patterns of
collagen mineralized for 48 hr. (b) Background subtracted SAXS patterns using unmineralized
collagen intensity (thick dotted line). Data in (a) are processed. Thin solid lines show the fitting
results indicating a disc-shape nucleus (1.7 nm thick and 34 nm in diameter). (c) WAXD patterns
of collagen mineralized for 48 hr. (d) VVolume fraction of minerals in collagen, fv, after 48 hr CaP

mineralization. Error bars are standard errors from 6 sample measurements.
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The clear difference in SAXS analysis among the three groups was the absolute intensity
which indicates the amounts of minerals formed in collagen. With the given morphology (from
SAXS fitting) and crystalline structure (from WAXD), we can quantitatively provide the volume
fractions of newly formed CaP minerals, fy (Figure 5.6d)1183%9133 The fy increased by about 57%
from pulsed stimulation applied through the cathode compared to the control with a statistically
significant difference (p < 0.05, TukeyHSD post-hoc test to ANOVA). On the other hand, the fv
of samples at the anode were slightly reduced (~8%) from the control group, but the difference
was within the error range. The difference in fyv at the later time period (48 hr) is more significant
than Ca and P contents detected from SEM-EDX at the early time period (16 hr, Figure 5.5b—c).
A potential reason of the similar nucleation rates at the early stage is that the total amounts of
precursors available in the reactors are the same for all conditions. However, for samples on the
cathode, both inner and outer surfaces could be mineralized, providing about twice as many
nucleation sites as under other conditions. Therefore, the increase in fv by the cathode application
mostly comes from inner surface mineralization after 16 hr, when the mineralization sites on the

outer surfaces are almost saturated (Figure 5.3d—e).

5.4.4 Enhanced Transport of CaP Precursors by Pulsed Electrical Stimulation.

In Figure 5.3a, we suggested a mechanism of active transport of precursor molecules within
the narrow channel between the cathode and the inner collagen surface by the pulsed electrical
stimulation. To evaluate the actual transport of molecules into the channel, and their consequent
diffusion into collagen matrices under different electric conditions, we traced the diffusion of
Sirius Red (molecular weight, MW is 1,373 g mol™?) in a phosphate buffer saline (PBS) at pH 7.4.
This red fluorescent molecule would exist as a divalent anion in the PBS, based on its pKa values

(PKa-6 < 2 and pKaz,g >13).16? Because it is commonly used to stain collagen, we can easily trace
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the transport of these molecules within the collagen matrix by optically imaging the cross-section
of samples.?** Sirius Red staining of the inner surface of the collagen was achieved only by the
pulse application through the cathode, while the staining of the outer surface was similar regardless
of the electrode (Figure 5.7). The staining pattern under the pulsed stimulation is almost identical
to the mineralization pattern shown in Figures 5.3d-f. The diffusion of Sirius Red from the
innermost surface was also not as significant under the continuous electrical stimulation (40 £ 0.5
mV). The continuous stimulation would result in a permanent net negative surface charge at the
cathode, as illustrated in Figure 5.8a. The low amplitude of the stimulation would not influence
the charge distribution at the anode under the continuous stimulation (Figure 5.8b). As a
consequence, almost no differences in fv (Figure 5.8¢c) and crystallinity (Figure 5.8d) among

different electrodes were observed under the continuous stimulation.
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o
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Figure 5.7 Optical microscope images of cross-sections of collagen after staining with Sirius Red. OS:
outside and IS: inside collagen. Samples were reacted in PBS for 16 hr under different electric

stimulation conditions. Scale bars 50 um.
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Figure 5.8 Collagen mineralization under continuous electrical stimulation (40 £ 0.5 mV). (a,b)
Schematic illustration of suggested mechanisms for collagen mineralization at the cathode and the
anode. (c) Volume fractions of minerals, fv, were evaluated from SAXS measurements after 48 hr of

mineralization. (d) WAXD patterns of mineral formed in collagen after 16 hr of mineralization.
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Table 5.2 Aqueous Ca and P species in 2.5xSBF solution.

Charge Species Conc. (M)* Ca fraction (%) P fraction (%0)
+2 Ca* 5.69 x 103 91.0 -
CaHCOs* 1.57 x 10* 2.5 -
CaOH" 3.14x 108 <0.1 -
+1
CaH:PO,* 1.19x 10° 0.2 0.5
MgH2PO,* 6.31 x 10 - 0.3
CaHPO4 3.00 x 10* 4.8 12.0
MgHPO. 9.97 x 10° - 4.0
CaS0, 459 x 10° 0.7 -
° CaCOs 1.37 x 10° 0.2 -
H3PO4 1.22 x 10° - <0.1
CaHz-pAsp** 5.25x 107 <0.1 -
NaHPO4 6.76 x 10* - 27.0%**
H.PO4 2.62 x 10* - 10.5
CaPOy4 3.49x10° 0.6 1.4
* KHPO4 2.46 x 10° - 1.0
MgPO4 1.31 x 107 - <0.1
CaH-pAsp** 3.56 x 102 <0.1 -
-2 HPO.* 1.08 x 103 - 43.2
Ca-pAsp** 4.44 x 100 <0.1 -

*Calculated by MINEQL+ (ver. 4.61).

**Ca-pAsp complexes were calculated based on the amount of aspartyl residue in pAsp (10 mg L pAsp
is equivalent to 0.072 mM aspartyl residue). Dissociation and calcium binding constants of pAsp were

obtained from literaturel®?,

*** The fraction of NaHPO, among Na species is only 0.5%, while 99.4% is Na*.
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The findings indicate that a pulsed application successfully enhanced the transport of
nucleation precursor molecules through the narrow channel without aid of any bone-forming cell
activity, and this enhanced transport consequently led to increased mineralization of the inner
collagen surface. As summarized in Table 5.2, most of the Ca and P species, which are important
precursor molecules for bioapatite minerals, exist as divalent ions (91% Ca?* and 43% HPO4%) in
our experimental condition. Only a small fraction of Ca was complexed with pAsp (MW is ~5,000
g mol™?), which were added to prevent undesirable extrafibrillar mineralization.®® Because the
majority of the ionic precursors in the SBF have smaller sizes per charge compared to the Sirius
Red molecule, these ionic Ca and P precursors would be more actively responsive to the pulsed
stimulation in physiologically relevant conditions than we observed from the diffusion of Sirius

Red as shown in Figure 5.7.

5.4.5 Increasing Pulse Amplitude and Collagen Stability

To better utilize the pulsed electrical stimulation through the cathode, we evaluated the
influence of pulse amplitude (0-200 mV) on collagen mineralization. An increasing trend in fv
occurred along the amplitude at 8 hr, however the difference soon disappeared at around 12 hr
(Figure 5.9a). Then, only 40 mV amplitude showed a noticeable increase in fyv compared to that
from the control sample. Potential damage of collagen at a higher amplitude might be the reason
for limited collagen mineralization. The inner surface of the collagen stored in PBS for 16 hr
without stimulation shows rough fibers (Figure 5.9¢) a few microns in diameter (Zoomed in image
of Figure 5.9¢). With the 40 mV pulsed stimulation, the rough surface was mostly maintained
(Figure 5.9d). However, the surface was mostly flattened after applying 200 mV pulsed for 16 hr,
indicating the fibers at the outer surface disappeared (Figure 5.9¢e), leaving residues of broken

fibers (Zoomed in image of Figure 5.9e). Similar damage was observed in a previous study of skin
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collagen under photoirradiation,®® indicating that there is a possibility that some portions of the
inner surfaces mineralized were lost by the pulsed stimulations at 100 and 200 mV amplitudes.
However, there was no discernable change in the molecular level structure as observed in FTIR
spectra (Figure 5.9b) after 16 hr, so it is unclear yet that the electrical stimulation can change the
properties of the collagen surface to inhibit the nucleation What we can conclude from these data

sets is that 40 mV pulses increase nucleation rates without significant collagen damage.
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Figure 5.9 Influence of pulse amplitude on the mineralization kinetics and stability of collagen at
the cathode. (a) Changes in volume fraction (fv) of minerals in collagen evaluated from SAXS
measurements. Up to 16 hr, same samples were measured repeatedly (n = 4 for 40 mV, n = 2 for
100-200 mV), while 48 hr samples were just measured once at the end of the experiments (n = 6
for 40 mV, n = 4 for 100-200 mV). Error bars are standard errors. (b) FTIR absorption spectra of
collagen under the pulsed stimulation for 16 hr in PBS. (c—e) SEM images of inner surface of
collagen for 16 hr in PBS with 0 (c), 40 (d), and 200 mV (e) pulse amplitudes.
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5.5 Conclusions

In this study, we show how acellular pulsed electrical stimulation enhances collagen
mineralization kinetics while maintaining the physical stability of the scaffold. By controlling the
transport of ionic precursor molecules through the narrow channel, we were able to control the
spatial distribution of CaP in collagen scaffolds. This provides new insights into utilization of
electric signals for bone-fracture healing and improved biomaterials, and also emphasizes the
localized application of pulsed stimulation for mineralization in a narrow space, where diffusion
of precursor molecules is highly restricted.

By combining recent advances in engineering, the improved understanding of the influence
of electrical stimulation on biomineralization is expected to increase less-invasive treatment
options for bone fracture healing, while contributing to the development of better biomaterials. For
example, application of medical microbots may accurately deliver well-controlled electrical
stimulation to the targeted area at microscale-level.*84 Installing small piezoelectric or triboelectric
devices®®185-188 and injecting a conductive bio-scaffold!®®1"? can be future options to utilize
biologically generated pulsed electricity for tissue regeneration. Photoactivated materials can be
alternatively used with pulsed irradiation to stimulate osteogenic differentiation by simulating bio-
generated electric conditions in physiological systems.!”® In addition, by revealing the principles
governing mineral arrangements within the fibrillar matrix, pulsed electrical stimulation can be
used to synthesize highly compatible biomaterials, mimicking details of human tissues.*’**"® For
instance, controlling spatial distribution of mineral to create a gradient in mineral density along

the matrix can contribute to developing improved tendon-to-bone insertion replacement.67.177:178
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Chapter 6. Application I1: Bioinspired
Environmental Remediation Strategy for

Sustainable Phosphorus Management

Portions of this chapter have been published in Green Chemistry in 2018, DOI:

10.1039/C7GC02634J.

6.1 Overview

The purpose of this chapter is to extend the knowledge obtained from our biomineralization study
to the realm of environmental remediation. In previous chapters, we discussed the nucleation behaviors of
calcium phosphate (CaP) minerals in organic templates and considered how to control nucleation kinetics
for engineering applications. Nucleation kinetics are highly influenced by aqueous chemistry, and by
engineering the kinetics, we can manage aqueous environments. Just as bones effectively maintain the
phosphorus (P) balance in the human body, we can develop a sustainable environmental P management
plan utilizing these principles.

Global P should be managed more sustainably to secure food, energy, and water for a growing
population. Despite the abundance of calcium in most environments, we have not fully utilized its
thermodynamic stability to form CaP for aqueous P management. In this study, we showed that the energy
barriers to CaP nucleation can be reduced by seeding reactive CaP nuclei in calcium alginate beads. The
CaP nucleation kinetics enhanced by seeds effectively immobilized aqueous P into the macroscale beads,
which can be reused as a slow-release fertilizer. Given that more developed CaP crystalline seeds have a
lower solubility than does an amorphous structure, equilibrium P concentration was regulated successfully
by the seed crystallinity during both the removal and release processes. A simultaneous seed nucleation

during alginate gelation enabled control of the degree of the seeds’ crystallinity without using any hazardous
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substance or additional energy input. Poorly crystalline hydroxyapatite CaP seeds effectively decreased
aqueous P concentration from 200 to 22.7 uM within one day at a final pH 7.2 (96.4 mg P g* dry seed).
After P recovery, the beads were moved to a P-deficient environment to be evaluated as a slow-release
fertilizer. Utilizing the thermodynamic stability of CaP at neutral pH, this approach highlights a potential

application of naturally abundant biomaterials for sustainable P management.

6.2 Introduction

Recent anthropogenic activities, such as deforestation and fertilization, have doubled
natural dissolved P fluxes.”®'® This increased release is turning P into a pollutant that poses
significant threats, such as mass die-offs of aqueous organisms owing to significant eutrophication
in local aquatic systems.'81:182 On the other hand, the sustainability of the global P cycle will also
be significantly endangered by an increase in P mining from limited natural sources to supply
fertilizers for agricultural production. Unfortunately, these mines are located in only a few
countries, such as Western Sahara, which is the largest P rock exporter to Europe.182183

Recycling P from wastewater streams or eutrophic water bodies can be an environmentally
sustainable approach to mitigate the imbalance of the global P cycle, securing food and water for
a growing population.'®+€ p recovery as struvite (MgNHsPO4-6H,0) is a promising strategy in
enhanced biological P removal facilities with anaerobic digesters.*®>187:188 \Where this centralized
treatment option is not feasible, such as in the remediation of eutrophic reservoirs, then other
approaches, including chemical precipitation,'® constructed wetlands,*®® and column
filtration,*°*1%! can be used to prevent P pollution of aqueous environments. These strategies rely
highly on chemical reactions, such as sorption and ion exchange between phosphate and cationic
Ca, Fe, or Al species in solutions or on the surfaces of natural or engineered materials. %1% In

particular, P removal efficiency has shown good correlations with the CaO and Ca contents in
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filter materials (R? = 0.51 and 0.43, respectively).'®* While many of these materials have shown
effective P removal, challenges still handicap practical operations: For example, filtration
materials can become clogged, thus reducing the interval between replacements.*®”1°! The pH of
effluents is another important concern, because many CaO or Ca-bearing materials often result in
treated effluent pH higher than 10,°1% thus requiring secondary pH adjustment or buffering
chemicals. Chemical precipitation using ferric or aluminum salts also needs to be operated at pH
below 5 to prevent undesired hydroxide mineral formation.'®%1% Additionally, these approaches
have some limitations for on-site restoration, such as of eutrophic lakes, because many sorption
and precipitation reactions are easily reversible.’**! In other words, if the immobilized P is not
totally separated from the environment, P can be released again when the water chemistry changes
for natural or anthropogenic reasons.*%

While evaluating the water quality of eutrophic environments in the USA,*°2% we found
that many groundwater samples in the Chesapeake Bay and the available data set from Louisiana
area were indeed supersaturated with respect to hydroxyapatite (HA, Cas(PO4)3sOH), which is the
most thermodynamically stable calcium phosphate mineral (CaP) at neutral pH (More discussion
of the saturation index (SI) and aquatic components in these areas is available in Section 6.7.1).2%
P concentrations in these areas remain higher than those at equilibrium condition, thus increasing
the risk of eutrophication. Further, this risk can be significantly enhanced during summers in
certain areas, where P-binding iron oxides are abundant because these minerals are reductively
dissolved by the decreasing dissolved oxygen level with increasing temperature.?%? Interestingly,
a similar situation involving maintaining an HA-supersaturated condition without precipitation can
be found in physiological body fluid systems (pH 7.4).26% Recent studies demonstrated that a

combined structure of CaP nuclei and fibrillar collagen protein is a key to the bone mineralization,
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driving the deposition of aqueous Ca and P species in specific locations within the fibrillar
structure.?®4” This process can provide useful insights for regulating P levels in environmental
aqueous systems with high nucleation energy barriers.

Here, we propose a new strategy to manage P in aqueous systems by recovering it from
nutrient-rich aqueous solutions and reusing it as a slow-releasing fertilizer. We hypothesize that a
composite material of biological substrates and embedded mineral seed nuclei can help overcome
the nucleation energy barrier for CaP in aqueous environments supersaturated with HA. As a
biological organic substrate, calcium alginate ((Ci2H14CaO12)n) bead was chosen due to its
abundance in nature and its benign properties.?®® Furthermore, its biodegradation in soil, which
produces the most basic units of carbohydrates, such as uronic acids, makes it environmentally
sustainable as a fertilizer.2%#2% Replacement of Na* by Ca?" in the alginate structure naturally
forms a spherical bead.?®® This form has been effectively used to encapsulate synthetic
nanoparticles or minerals utilized for their catalytic’®®-2%® and adsorptive properties?®-?1! in
environmental applications. Unlike previous applications that simply embed pre-synthesized or
stable natural minerals, in this study, we initiated the nucleation of reactive CaP seed mineral
particulates directly from ionic precursors during the beads’ formation. This straightforward
preparation allowed a better control of the crystalline structures of seed minerals without using
any hazardous substance or additional energy input.*? To our knowledge, no previous studies have
utilized the properties of calcium phosphate minerals with different crystallinities in alginate beads
for P management in aqueous systems. For comparison with the CaP seed minerals, we also
utilized calcium carbonate (CaCOs),Y"1">?13 which is another representative biomineral, to

simulate potential substrates for CaP nucleation in natural systems.?%*
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Therefore, the goal of this study was to investigate the feasibility of mineral-organic
composites prepared from naturally abundant resources for P management in aqueous systems at
neutral pH. The degree of CaP seed crystallization in the beads was evaluated as a critical factor
governing the equilibrium P concentration during the removal and release processes. The findings
suggest that engineering the thermodynamic driving force of CaP nucleation is a promising way

to regulate P levels in both P-abundant and P-deficient environments as a green chemistry solution.

6.3 Materials and Methods

6.3.1 Preparation of Ca-alginate Beads

All chemicals used in this study were at least ACS grade, and solutions for the experiments
were prepared using deionized water (> 18.2 MQ-cm, Barnstead ultrapure water systems). Four
different types beads were synthesized: calcium alginate beads without any seed mineral (Ca-Alg),
and beads with CaP, CaCOs, and both CaP and CaCOs (called Ca-Alg/CaP, Ca-Alg/CaCO3, and
Ca-Alg/CaP+CaCOs, respectively). Ca-Alg beads were prepared by slowly adding 2 mL of sodium
alginate solution (6 mg mL™, Spectrum Chemical SO106) dropwise into a 50 mL Ca bath (180
mM CaCl, and 20 mM NaOH) with mild stirring at room temperature. Each droplet of the solution
immediately formed one spherical Ca-Alg bead (2.8 £ 0.2 mm in diameter, Table 6-S1). To seed
CaP or CaCOz nuclei inside Ca-Alg beads, 35.2 mM Na;HPO4 or 119.0 mM NaHCO3 were mixed
into the sodium alginate solutions, respectively. CaP or CaCO3 nuclei formed simultaneously with
the formation of beads. The Sl values of the reaction solutions, defined as the ion activity product
(IAP) over the solubility product (Ksp) in log scale, were calculated using Visual MINTEQ (ver.
3.1). The Sl values of solutions forming CaP and CaCOs nuclei were 27.6 for HA and 4.3 for
calcite, respectively. Photographs of the four bead types are shown in Figure 6-S3, with particle
size analyses and dry weight measurements in Table 6-S1.
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Seeds of three different degrees of crystallinity in Ca-Alg/CaP beads were obtained by
varying the OH" concentrations (0, 10, and 20 mM NaOH) in Ca baths. Most CaP minerals,
including HA, show lower solubility at higher pH.?°! We, therefore hypothesized that the addition
of OH" caused seed nuclei to form in a solution with higher SI with respect to HA, and that the
higher Sl provided a greater driving force for HA nucleation, leading to formation of seed minerals
with higher crystallinity. All beads, after dropwise addition, were stored in the Ca bath for four
hours, during which time they settled onto the bottom of the bath. The beads were rinsed with
deionized water five times to remove unreacted phosphate or carbonate precursors before being
used for batch experiments. For the reference samples used to compare the mineral
crystallographies in systems, synthetic HA (purchased from ACROS Organics™) and octacalcium
phosphate (OCP, synthesized as described by Arellano-Jiménez et al.?*®), and Iceland spar calcite

crystals from Chihuahua, Mexico, (purchased from Ward’s Science, USA) were used.

6.3.2 P removal and Release Experiments

To evaluate the P removal efficiencies of beads with different seed nuclei, batch
experiments were conducted in both HA-supersaturated (2 mM CaCl,, 10 mM NaCl, and 0.2 mM
Na2HPO4) and HA-undersaturated (0 mM CaClz, 10 mM NaCl, and 0.2 mM Na2HPOs) solutions.
The Sl value for the HA-supersaturated condition was 11.8 at an initial pH of 7.8 £ 0.1. However,
with respect to calcite, the system was undersaturated at pH < 8. (Detailed Sl values at different
pH values are available in the Supporting Information for this chapter). Beads prepared from a 2
mL volume of the sodium alginate solution were added to 100 mL of HA-supersaturated and
undersaturated solutions with mild stirring. At 2, 5, and 22 hours of reaction time, 2 mL of solution
from each batch was filtered (0.45 um) and diluted with 1% trace metal HNO3 for analyses of Ca

and P concentrations, using inductively coupled plasma-optical emission spectrometry (ICP-OES,

163



PerkinElmer Optima 7300DV). To evaluate the P removal efficiencies of different crystallinities
of CaP seed nuclei prepared with varying OH" concentrations in the Ca bath, similar batch
experiments were conducted under the HA-supersaturated condition (SI = 11.0 at initial pH 7.6 +
0.1).

To test the potential reuse of beads as a fertilizer, the release of P from beads was also
evaluated. The beads were transferred to a fresh batch containing no phosphate ions (2 mM CaCl;
and 10 mM NacCl, initial pH 6.8 £ 0.1) after P removal experiments. Changes in P concentrations
were measured until equilibrium (up to 24 hours, called one cycle), then the beads were transferred
to another P-free solution batch to repeat the experiments. In total, three cycles of batch
experiments were conducted using same beads to evaluate how seed minerals control the
equilibrium P concentrations over multiple cycles with a decreasing amount of available P from
the beads. In addition, to evaluate P release kinetics in a soil-relevant condition, sand column
experiments (cross-sectional dimension 2.5 x 2.5 cm) were conducted. The columns were packed
with a 5 cm thickness of acid-rinsed sand on top of a 3 cm thick gravel layer, then beads prepared
from 5 mL of sodium alginate solutions were applied on top of the column. Then, 10 mM NaCl
solution was injected at a flow rate of 80 mL h™ for 4 hours. Effluent was collected for every 30
minutes for P quantification. To quantify P during the releasing experiments, the colorimetric
molybdenum blue method was used by measuring the maximum absorbance at 880 nm with a UV-
visible spectrophotometer (Thermo Scientific Evolution 60S).21¢ Duplicate batch experiments
were conducted for both P removal and release experiments.

Because HA mineralization releases protons (e.g., 5Ca?* + 3HPO4? + OH"— Cas(PO4)sOH

+ 3H"),8 the pH of the solutions slightly decreased during P removal and increased during P release.
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To fairly compare the final P concentrations from different experiments at similar final pH ~7, the

initial pH values for different experiments were adjusted to 6.8—7.8.

6.3.3 Characterization of Beads and Seed Minerals

SEM and X-ray diffraction (XRD) were used to identify the seed minerals in the beads.
Ca-Alg/CaP beads prepared at different OH" concentrations were further characterized by multiple
synchrotron-based X-ray analyses: WAXD, X-ray pair distribution function (PDF), and ultra-
small- and small-angle X-ray scattering (USAXS and SAXS). The characterization data was
obtained at the APS at sectors 9-1D-C, 11-1D-B, and 12-1D-B. Detailed procedures can be found

in Section 6.6.2 of the Supporting Information for this Chapter.

6.3.4 Thermodynamic Calculations

For the HA-supersaturated system, concentrations of Ca and P species in equilibrium with
different minerals at pH 5-10 were calculated using a script written in MATLAB (Mathworks,
USA) with the following input solubility products: Kg=10%8% 10484 10652 and 1084,
respectively for HA (Cas(PO4)30H),}* OCP (CasH2(PO4)s-5H20),2*" dicalcium phosphate
dihydrate (DCP, CaHPOQ4-2H,0),%'® and calcite (CC, CaC0Q3).?*° Sl values for these phosphate
minerals were also calculated, and the procedures and results are detailed in Section 6.6.3 of the
Supporting Information for this Chapter. A potential formation of struvite is also evaluated in

Section 6.7.3 of the Supporting Information for this chapter.

6.4 Results & Discussion

6.4.1 Characterization of Beads with Different Seed Minerals
Ca-Alg beads with no seed mineral did not exhibit specific crystalline phases (Figure 6.1a),

showing both relatively flatter alginate surfaces (circle in Figure 6.2a) compared to other systems
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and porous structures (inset of Figure 6.2a) in SEM images. A small sharp peak was observed in
their XRD pattern at 2 theta = 29.5° which corresponds to the strongest peak of calcite (Figure
1a). We postulated that a small fraction of calcite formed inside the Ca-Alg during the formation
of beads in the Ca bath. In the Ca bath containing 20 mM of NaOH (pH above 12), calcite could
form in the open carbonate system without any additional source of carbonate (Figure 6-S4a).
Additions of phosphate precursors nucleated poorly crystalline HA-like CaP seed minerals. The
XRD pattern of Ca-Alg/CaP was similar to that of the synthetic HA reference sample, but peaks
from individual crystalline faces were not as fully developed (Figure 6.1b) as those from the
synthetic HA. No individual crystal particles were apparent in the SEM images of the surface of
Ca-Alg/CaP, but increased surface rippling was observed after seeding CaP nuclei in Ca-Alg
(Figure 6.2b). CaP seed nuclei might be tightly bound or fully embedded in the alginate structure,
presumably filling the porous structures. This structure can be achieved through our approach of
forming seed nuclei simultaneously with the gelation of beads. In the Ca-Alg/CaCOs system, a
clear calcite structure was observed in the XRD pattern (Figure 6.1c). Correspondingly, in Figure
2c¢, rhombohedral calcite crystals are visible on the surface of the beads.

The XRD patterns of Ca-Alg, Ca-Alg/CaP, and Ca-Alg/CaCOs did not change after 22
hours of reaction under the HA-supersaturated condition, indicating that no existing crystalline
phase disappeared, and no noticeable crystalline phase was newly formed. A change in the XRD
pattern was observed only for Ca-Alg/CaP+CaCOs, which transformed the phase of nuclei from
amorphous to poorly crystalline HA (Figure 6.1d). Because the broad XRD peak of amorphous
nuclei corresponds to the strongest peak of calcite, the dominant phase of nuclei is expected to be
amorphous calcium carbonate (ACC) containing a relatively large amount of phosphate. In the

SEM images of Ca-Alg/CaP+CaCOs, only scattered submicron spherical particles (yellow arrows
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in the top image of Figure 6.2d) initially formed on the surface of beads, while more planar crystals
a few microns in diameter formed after the P removal reaction (circles in the bottom image of

Figure 6.2d).
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Figure 6.1 X-ray diffraction patterns of calcium alginate beads with different seed minerals
(a—d) before and after 22 hours of P removal reaction under the hydroxyapatite (HA)-
supersaturated condition. Synthetic HA and octacalcium phosphate samples (OCP) were
analyzed for comparison. Reference calcite (CC) was prepared from Iceland spar crystal
Chihuahua, Mexico (Ward’s Science, USA).

167



val
4 ;

Figure 6.2 SEM images of (a) Ca-Alg, (b) Ca-Alg/CaP, (c) Ca-Alg/CaCOs; with a zoomed
in image showing faceted calcite crystals, and (d) Ca-Alg/CaP + CaCOs before and after P
removal reaction.

6.4.2 P Removal by Calcium Alginate Beads with Different Seed Minerals

We evaluated the removal of P by beads with different seed minerals through batch
experiments, monitoring P and Ca concentrations under both HA-supersaturated and HA-
undersaturated conditions. In the control experiment (no beads) under the HA-supersaturated
solution, both P and Ca (Figure 6.3a,c) concentrations remained constant during 22 hours of

reaction. This observation confirms that there was no significant nucleation (i.e., there was a high
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energy barrier for HA nucleation). With Ca-Alg beads (no seed mineral), about 15% of P was
removed from solutions during 22 hours. The role of a biological template in stimulating CaP
nucleation has been previously reported.®?® However, no crystalline structural change was
observed in the XRD data of the beads after the experiments (Figure 6.1a), indicating that the CaP
nucleation and crystallization were not sufficiently enhanced by Ca-Alg within 22 hours. Instead,
P species at prenucleation stages might be loosely bound to the alginate surface.?®

P removal efficiencies increased with seed minerals in the beads under the HA-
supersaturated condition (Figure 6.3a). The highest P removal efficiency was achieved by Ca-
Alg/CaP, reducing P concentrations from an initial 200 UM to 22.7 uM in 22 hours (at final pH
7.2), which was close to or even below the typical P-levels in biologically or chemically treated
effluents from wastewater treatment plants (~30-60 puM).18 Because the XRD data showed no
difference in patterns before and after the P removal process, it was concluded that P was
sequestered in the beads as a form of calcium phosphate mineral with a crystalline structure similar
to the seed mineral (Figure 6.1b). Therefore, as expected, the Sl of the system also significantly
decreased with Ca-Alg/CaP, from an initial value of 11.8 to 4.0 within 22 hours. The pH change
of the solution did not contribute to the P removal, because the pH decreased slightly, from 7.8 to
7.2, during the experiments. With other types of beads, the final pH values were slightly higher
(7.4-7.7) than with CaP seed, but their removal efficiencies were even lower.

Interestingly, even in the HA-undersaturated condition, up to 68% of initial P was removed
by Ca-Alg/CaP (Figure 6.3b) by utilizing Ca-ions released from the beads. Thus, especially around
the beads’ surfaces, the batch environments become locally supersaturated with respect to HA, so
CaP nucleation could be stimulated by the seed minerals. As a matter of fact, after P removal using

Ca-Alg, Ca-Alg/CaCOs, and Ca-Alg/CaP+CaCOs, the Ca concentrations released into the
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undersaturated solutions became higher than 0.3 mM after 5 hours (Figure 6.3d). The Sl of this
environment was 8.1 (0.3 mM Ca, 0.2 mM P, and 10 mM NaCl at pH 7.8). On the other hand, the
release of Ca from Ca-Alg/CaP remained lower (~0.1 mM Ca) than those from other beads until
22 hours, while the P concentration decreased from 200 yuM to 66 M. Therefore, we can estimate
that the released Ca ions were reversely consumed by formation of new CaP phases. However, the
loss of Ca?* from the beads visibly destroyed the beads’ gelated state and spherical shape under
the HA-undersaturated condition (Figure 6-S3e,f). Hence, the existence of sufficient Ca?*, as in
the HA-supersaturated condition, would be an important factor for stable operation.

Although P removal was less efficient with carbonate seed mineral than phosphate seed,
Ca-Alg/CaCO3 beads removed about 35% of P from the HA-supersaturated condition (Figure
6.3a). The higher removal efficiency by Ca-Alg/CaCOz than by Ca-Alg with no seed minerals
indicates the contribution of CaCOs seeds to the P removal. No phosphate mineral phases were
observed from the XRD pattern of Ca-Alg/CaCOs after P removal (Figure 6.1c). Therefore,
adsorption on surfaces of Ca-Alg and calcite seed are the most probable P removal
mechanisms.?*4220 A similar removal efficiency was achieved by Ca-Alg/CaP+CaCO3 beads,
whose ACC-like seed transformed to HA-like platy particles at the outer surface of the beads after
P removal under the HA-supersaturated condition (Figure 6.1d and 6.2d). This transformation
indicated that ionic Ca and P species were dissolved from seeds and then secondarily precipitated.
Indeed, in the HA-undersaturated condition with Ca-Alg/CaP+CaCOs beads, P concentrations
increased over time due to the dissolution of seed minerals (Figure 6.3b). The XRD pattern of the
final CaP products on the Ca-Alg/CaP+CaCOg surface after P removal (Figure 6.1d, red line) was
comparable to that of seed minerals in Ca-Alg/CaP (Figure 6.1b). However, the P removal

efficiency of Ca-Alg/CaP+CaCOs was much lower than that of the Ca-Alg/CaP system. Therefore,
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CaP seeds can be more effectively used for P removal when they form simultaneously with the
beads (Ca-Alg/CaP) than when they are transformed from the amorphous phase during the P

removal process (Ca-Alg/CaP+CaCO:s). Therefore, the later part of this study further evaluates the

roles of seed minerals in Ca-Alg/CaP beads in aqueous P management.
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Figure 6.3 P and Ca concentrations during P removal reactions using Ca-Alg with different
seed minerals in solutions initially supersaturated (a, ¢) and undersaturated (b, d) with

hydroxyapatite. Initial conditions: 10 mM NaCl, 0.2 mM Na2HPOQ,, pH = 7.8; for the HA-
supersaturated condition, 2 mM CaCl, was added.

6.4.3 Aqueous P Concentrations Controlled by the Crystalline Degree of CaP Seed Minerals

Based on our evaluations of different types of seed minerals, we found that seeding HA-
like particles within the beads (Ca-Alg/CaP) was most effective for P removal. The crystalline
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structure of newly precipitated CaP from the aqueous solution during P removal was the same as
that of the initial seed mineral. Therefore, if the aqueous P concentration reaches an equilibrium
with CaP seed, the solubility of the seed mineral governs the equilibrium P concentration. Given
that the solubility of amorphous calcium phosphate is much higher than that of HA,™ the
equilibrium P concentration after P removal may be engineered by controlling the crystallinity of
seed nuclei.

To prove this hypothesis, we prepared Ca-Alg/CaP in the Ca bath with lower OH"
concentrations of 0 and 10 mM, and then compared them with original samples prepared with 20
mM OH-". Higher OH" concentrations in the nucleating solution increased the PO4* species fraction,
and consequently, the IAP of -calcium phosphate minerals, such as HA (IAPna =
[Ca*'T°’[PO4>T][OHT). As we hypothesized in the experimental section, the increased IAP enhances
the thermodynamic driving force for HA nucleation, which decreases the free energy of nucleation
quickly,® forming stable CaP seed mineral with low solubility and high crystallinity.

WAXD patterns of Ca-Alg/CaP beads clearly confirmed that seed minerals prepared with
20 mM OH" have a more HA-like structure than those prepared with 0 or 10 mM OH" (Figure 6.4a).
In the WAXD pattern of Ca-Alg/CaP prepared in 0 mM, only a few broad peaks appear, such as
at q = 1.83, 2.23, 3.41, and 3.58 A1, which correspond to the (002), (211), (213), and (402) faces
of HA. However, with 20 mM OH-, most peaks observed from synthetic HA also appeared
identically. The influence of OH concentrations on the crystalline structures of Ca-Alg/CaP was
further analyzed by X-ray PDF (Figure 6.4b). Ca-Alg/CaP samples prepared with 0 and 20 mM of
OH" both showed their first two peaks at the same interatomic distances, r, in their PDF functions,
G(r). The first peak, at r = 2.4 A, corresponds to the nearest-neighbor Ca—O, which is evidence of

calcium phosphate nuclei formation.®! The second peak, at r = 2.8 A, indicates an O—O interatomic
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distance typically observed in liquid water.??! This peak at r = 2.8 A was strong because the beads
were all analyzed in a hydrated condition to prevent potential alteration of the seed nuclei’s
crystalline structures by dehydration. Compared to the PDF of synthetic HA, which showed a clear
long-range order (interatomic distance, r > 12 A), that for Ca-Alg/CaP prepared with 20 mM OH"
was weaker, but the correlation still extended for over 10 A. Any comparable correlation
essentially disappeared for samples prepared with 0 mM OH". Therefore, we concluded that seed
mineral in Ca-Alg/CaP became structurally ordered more like HA when prepared with 20 mM OH"
than that with 0 mM OH".

During the phase transformation of CaP particles from amorphous to crystalline apatite in
biologically relevant aqueous systems, the size of particles often decreases because the particles
form via aggregation and subsequent condensation of nucleation precursors.82%%° However, the
size of CaP seeds embedded in beads could not be easily evaluated using conventional surface
characterization tools. In this study, USAXS analysis of the Ca-Alg/CaP, we determined the grain
size of the nuclei as a radius of gyration, Ry (Figure 6.4c).%*%%22 The Ry of CaP nuclei decreased
significantly with increasing crystallinity, from 522 nm (with 0 mM OH") to 232 nm (with 20 mM
OH"). No discernible features of smaller size particles, such as apatite plates (40 nm x 30 nm x 2
nm) in bones,”® were observed by using either USAXS or SAXS (with an adjusted q range to better
analyze particles smaller than 70 nm).*-8 With a limited amount of calcium and phosphate
precursors, the crystallization of seed nuclei might not proceed further during the Ca-Alg beads
formation. Therefore, Ca-Alg/CaP beads prepared under different OH" conditions could maintain

specific seed nuclei crystalline structures and grain sizes, as introduced in this study.
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We confirmed that higher OH™ concentrations in the Ca bath for the beads’ preparation
resulted in a more ordered crystalline structure of HA-like seed minerals (Figure 6.4a,b). The
higher crystallinity of the seed minerals made them less soluble, lowering the P concentrations at
the end of the removal experiments (Figure 6.5a). From this clear trend, we can conclude that the
equilibrium P concentration is highly governed by the degree of crystallinity of the seed mineral.
After the P removal experiments, to evaluate whether the beads could release P into the aqueous
system as a potential fertilizer, the beads were recovered from the batch and then placed in P-free
solutions. P released from Ca-Alg/CaP reached equilibrium within five hours. This time to reach
equilibrium was nearly constant over three cycles of the release experiments, although the P
concentration was slightly higher in the 1% cycle than in the 2" and 3™ cycles (Figure 6.5b). The
equilibrium P concentrations in the 2" and 3™ cycles with Ca-Alg/CaP prepared with 20 mM OH-
were 9.4 £ 2.0 uM, which was about 28% lower than with Ca-Alg/CaP prepared with 0 mM OH"
(p < 0.1 by Student’s t-test, final pH values for both systems were equal to 7.0). This result
indicates that the crystallinity of the seed nuclei also governs the P concentrations during the P
release process, supporting the potential application of P-loaded Ca-Alg/CaP beads as a slow-
release fertilizer. Over the three cycles, only 20 % of the total immobilized P was released from

the beads.
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The beads’ ability to maintain the P equilibrium concentration was also validated by sand
column experiments. After the Ca-Alg/CaP beads (prepared in 0 mM OH") were placed on top of
the 5 cm thick sand layer, P concentration in the effluent reached ~10 uM at pH ~7 within an hour
(Figure 6.5c). Although the column experiments simulated a simplified soil system, the tests
demonstrated that, within a relatively short time period, the P-captured beads can release P into
the soil pore-water. The released P concentration was 10 times higher than the minimum P required

in a rhizosphere soil solution (~1 pM) for crop production,??

suggesting that P can be released
sufficiently fast for plant growth. Furthermore, the P level in the effluent from the column
remained constant for an extended time, without excessive release of P, thus working as a slow-
release fertilizer. This release pattern is clearly distinct from that of other, much more soluble
phosphate fertilizer, such as triple superphosphate (CaH4P.Os, solubility in water is about 20 g L
! releasing up to 0.17 M of P).224225 These findings provide an insight into the engineered control
of steady P transport from fertilizer to plants.

Figure 6.6 presents the final P concentrations (near equilibrium) obtained from the removal
and release experiments, together with their final pH values, for comparison with the P solubility
curves of reference CaP minerals (HA and OCP). At a final pH range 6.6-6.8, the data points from
seed minerals with higher crystallinity are closer to the HA solubility curve, despite the slightly
lower pH values. At this range of final pH values, the difference in equilibrium P concentrations
for the different seed minerals most obviously appears as expected from the largest difference
between the solubility curves for HA and OCP. The apparent solubility products, pK’sp, of HA
calculated based on the experimental data of CaP seed with 20 mM and 0 mM were 54.2 and 52.5,

respectively, indicating that P solubility was controlled by the seed minerals’ crystallinity over

approximately two orders of magnitude.
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Although the pK’sp of CaP seeds prepared in 20 mM OH"was lower than that of synthetic
HA (pKsp = 58.5),1% the seeds effectively decreased P concentrations from an initial 200 pM to
~20 uM at the end of release experiments (final pH 7.0-7.2). This P range is below the level
allowed for typical wastewater effluents (~30-60 puM).*8 Therefore, the beads can be effectively
utilized to treat aqueous systems contaminated by various P pollution sources, such as wastewater
and landfill leachate (240-880 puM P, pH 7.5-8.5),%%® without the need for secondary pH
adjustments. Similar equilibrium P concentrations with the CaP seed minerals (~10 uM P at pH
7.0-7.2) were also achieved during the P release experiments, highlighting the potential use of

recovered P as a slow-release fertilizer. This level of P is sufficient to maintain the growth of

223

crops,<=* without excessive P release into the environment.
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Figure 6.6 P concentrations at final pH values obtained from the P removal and release experiments
(data from Figure 6.3a and 6.5a, b). Blue and red solid lines are drawn based on thermodynamic
calculations using the solubility products of hydroxyapatite (HA, pKs, = 58.5) and octacalcium
phosphate (OCP, pKs, = 48.4). Grey solid and dotted lines show apparent P solubility curves for
HA calculated based on the experimental data of Ca-Alg/CaP prepared with 20 mM OH— (pK’sp =
54.2) and 0 mM OH- (pK’s, = 52.5), respectively.
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6.4.4 Potential Field Applications of Ca-Alg/CaP

In this study, the aqueous P concentrations were controlled by the solubility of seed
minerals, and the CaP seeded beads could remove almost 90% of P in the HA-supersaturated
system within a day at pH 7.2 (from initial 200 pM to ~20 uM, Figure 6.3a). Therefore, the
suggested approach can be successfully operated for the P removal at neutral pH, avoiding
expensive secondary pH adjustment of the effluent. The same principle for reaching equilibrium
with poorly crystalline HA-like seed mineral can also be applied for P release (Figure 6.5¢),
highlighting the potential use of recovered P as a fertilizer. The use of a macroscale organic
template of calcium alginate beads provided a practical benefit of easier recovery for reuse as a
fertilizer without the need for further processes, such as filtration or centrifugation. In addition, the
large volume of the beads (compared to the amount of alginate and seed mineral) can store a large
amount of P. In our experiments under the HA-saturated condition, 96.4 mg of P was captured per
g of dry seed mineral (Figure 6.3a and Table 6-S1). In our additional experiments, the beads
captured additional P over two more cycles, showing removal of up to 186 mg g* (Figure 6.7).
This value was significantly higher than for other recently reported P adsorbents, such as
commercial HFO-201 (an Fe(l1l) oxide-based nanocomposite, ~35 mg g at pH 6-7), hydrated
La(l11) oxide nanoclusters (~60 mg g™* at pH 6-7),%%" or zirconium oxide nanoparticles (99 mg g*
at pH 6.2).2 However, more accurate comparisons with these materials can be made by
evaluating P removal efficiency under the same experimental conditions and with the same dose
of adsorbents in the future. Especially, the competition among phosphate and other oxyanions,
such as arsenic and nitrate, needs to be evaluated because these oxyanions potentially affect the P
removal efficiency of beads and their environmental safety when applied as a clean fertilizer.

Although struvite formation in our experimental condition was not plausible (Figure 6-S5), when
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the beads are used for effluents from wastewater treatment plants with anaerobic digestion,?? the
influence of NH4* should be considered because it may compete with HA by forming struvite in

the presence of Mg?*.
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Figure 6.7 Removed P fractions in solutions (initial conditions were 10 mM NaCl, 0.2 mM
Na;HPO,, and 2 mM CaCl,, pH = 7.8) using Ca-Alg/CaP. Experiments were conducted by adding
beads prepared by addition of 2 mL sodium alginate solution (equivalent to 5.7 mg of dry CaP
seed mineral, see Section 6.7.2) into a batch containing 100 mL solution (first cycle). After 24
hours of reactions, beads were collected and then transferred to a fresh batch (second cycle).

Three batches were used for removal with the same beads.
As discussed, Ca-Alg/CaP performed best under the HA-supersaturated condition (2 mM
Ca and 0.2 mM P) at circumneutral pH, and this condition is highly comparable to Ca-rich and/or
P-rich aqueous environments. According to the USGS National Water-Quality Assessment, about
60 percent of sampled wells provide hard water (>120 mg/L as CaCO3). Moreover, many of them
have hardness levels even higher than 180 mg L™ (equivalent to 1.8 mM of Ca®*, generally

classified as very hard water).?%° These aqueous systems with high Ca?" concentrations can be

easily HA-supersaturated when exposed to P-abundant streams. For example, even without
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significant commercial or industrial loads, the concentration of total phosphorus in wastewater
treatment effluent may exceed 6 mg L as P (~0.2 mM).?2%2%0 |ndeed, our evaluation of the
saturation of groundwater using USGS National Groundwater Monitoring Network data showed
that most of samples in the Chesapeake Bay and Louisiana areas (pH 7.7 £ 0.9 and 7.7 = 0.7,
respectively) were HA-supersaturated (Figure 6-S1). This analysis strongly supports our approach
as a potential P management strategy by showing that many aqueous environments at neutral pH
are already supersaturated with respect to HA.

The current options for chemical precipitations using ferric salts or calcium (hydr)oxide
are known to be effective, but they have limited applicability for on-site operations due to their
significant pH alteration.'® Moreover, although phosphate minerals are generally formed during
these chemical processes, they turn into other mineral forms, such as ferric oxide, coloring water
orange. Indeed, hematite (Fe203) is thermodynamically more stable than strengite (FePO4-2H20)
at a wide pH range, as shown in an example of a system containing 1 mM FeClz and 0.1 mM
NasPOz (Figure 6-S6). Thus, the consumption of ferric ions by hematite precipitation would
inhibit P immobilization in certain environments. In addition, pH must be maintained around 5
during chemical precipitation using ferric chloride, because iron hydroxide minerals, which
compete with iron phosphate minerals, can form at a higher pH range.*8 During treatments using
CaO or Ca bearing materials, calcium hydroxide or calcium carbonate may form instead of CaP
minerals (pH > 8.5, Figure 6-S4a), which can release P into the aqueous environments again. This
adverse effect significantly weakens the capacities of these processes as effective treatment

methodologies.
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6.5 Conclusions

In this study, we developed a new approach for P management of aqueous environments
at neutral pH using naturally abundant biomineral (CaP) and a biodegradable organic template
(alginate beads). A green synthesis approach at room temperature for the composites that does not
use hazardous substances provides an opportunity for ‘greening’ the global phosphorus cycle for
the security of food, energy, and water.'8® By utilizing CaP seed minerals with a poorly crystalline
HA-like structure in calcium alginate beads, we successfully enhanced the kinetics for aqueous P
concentration to reach near equilibrium solubility of HA. In addition, we also explored the
potential application of the beads as a slow-release fertilizer. The performance of the beads in
controlling P concentrations in both P-deficient and P-abundant aqueous systems was regulated by
the engineered manipulation of the CaP crystallinity. By linking biomineralization to P

management strategy, our study also expands applications of biomaterials to environmental issues.
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6.7 Supporting Information for Chapter 6

6.7.1. A Case Study: Hydroxyapatite Saturation index (S1) Mapping of Groundwater in the

Chesapeake Bay, Louisiana, and Northern Illinois Areas

A. Procedures. This study was conducted to test our hypothesis that many nutrient-rich
environments are already supersaturated with respect to hydroxyapatite (HA). If we are able to
cause such aqueous systems to reach equilibrium quickly (e.g., by adding calcium phosphate (CaP)
seed nuclei in calcium alginate beads, as used in this study), we can easily regulate the P
concentration at a lower level, reducing the risk of eutrophication. In this case study, we
investigated the actual SI values (the log of the ion activity product, 1AP, divided by the solubility
product, Ksp) of groundwater samples from three areas in the USA. The Chesapeake Bay area (C.
Bay) was chosen because of the frequent occurrence of eutrophication in this region due to inflows
from natural and anthropogenic sources.?*2% Similarly, the coastal Louisiana area (LA) has also
faced issues associated with eutrophication and high P levels in the water.?®3 Contrarily, an area in
northern Illinois area (IL) near Lake Michigan was chosen because of this region’s reputation for
low P levels,?3 but this area may show relatively high Ca levels due to its calcareous soils.?®®

Groundwater monitoring data (1970-2007) were collected from the USGS National
Groundwater Monitoring Network (NGWMN),'® then processed to determine whether
environments were actually supersaturated with respect to HA (HA-supersaturated). The latest
data from groundwater samples, including pH, total P (assumed to be equal to total phosphate)
concentration, hardness, and total dissolved solid values, were selected as input parameters for
Visual MINTEQ (Ver. 3.1), which calculates the SI using its built-in database. Hardness data (as

CaCOs) were used as input parameters of Ca?*, unless Ca?* concentration was given specifically.
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The concentrations of Ca?*, aqueous carbonate species, Na*, and CI- were considered to calculate
the ionic strength. By assuming that the amount of total dissolved solids is the sum of the hardness
and NaCl, we estimated the concentrations of NaCl. Organic molecules, such as natural organic
matter and extracellular matrix proteins from microorganisms, may influence the saturation
condition or nucleation energy barrier by complexation with Ca?* or other aqueous species.’*2%
However, in this proof of concept calculation, we limited the input parameters to the inorganic
compounds listed above. The Sl values for HA, as the output parameters of the software, were
placed on SI maps (Figure 6-S1a-c) created by ArcGIS (Esri, USA), using longitude and latitude

information from the NGWMN database.!®

B. Analyses of SI of three areas. Based on our thermodynamic calculations of the Sl
values for HA, interestingly, 36 out of 48 groundwater samples (75%) in the C. Bay area were
HA-supersaturated (Figure 6-S1a). Most of the HA-supersaturated sampling points were close to
the Bay, indicating that significant Ca and P concentrations have been introduced into the ocean
through the groundwater. Two sampling sites were studied from LA, and the Sl values of both
sites were higher than 4 (Figure 6-S1b). Because of the limited data available, the result may not
represent the entire LA area. However, this result also shows that multiple aqueous environments
are HA-supersaturated. In contrast, only two out of five sites were slightly HA-supersaturated (0
< Sl < 2) in northern IL, and other three sites were undersaturated with respect to HA (SI < 0,
Figure 6-S1c).

The Sl values in the three studied areas show correlations in the order pH > P > Ca (Figure
S2a—). P concentrations in C. Bay and LA are obviously higher than in northern IL (Figure 6—
S2d), suggesting the influence of increasing P levels on eutrophication. Due to the calcareous soils,

Ca concentrations in the northern IL are relatively higher than in the other two areas (Figure 6—
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S2¢). However, due to the region’s low P concentrations and pH, SI values are relatively low
(Figure 6-S1c). The pH values for the HA-supersaturated sites are typically higher than 7 (Figure
6-S2f), and HA is the most stable of calcium phosphate minerals in this pH range.?’* Our study
shows that Ca-Alg/CaP can effectively decrease P concentrations close to the equilibrium level
with HA at pH around 7 (Figure 6.6). Therefore, this strategy can contribute to maintaining the P
level in the stable range (e.g., equilibrium with seed mineral in beads), preventing a sudden
increase of P in the aqueous systems.

Based on the evaluation of SI for HA in areas with high eutrophication risks (C. Bay and
LA) and the comparison with an area relatively free from the risk (IL), we suggested that utilizing
the thermodynamic property of HA (i.e., its low solubility at neutral pH) can advantageously
regulate P concentrations in most aqueous systems. In addition, to select other possible application

sites, we can refer to the USGS database.
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Figure 6-S1 Hydroxyapatite SI maps of the (a) Chesapeake Bay (C. Bay), (b) Louisiana (LA), and

(c) northern lllinois (IL) areas. The Sl values were calculated using Visual MINTEQ. The table at

the bottom right corner summarizes the number of sampling sites categorized into different Sl values.
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Figure 6-S2 (a-c) Relationships between the SI for HA and concentrations of P, Ca, and pH in
three areas studied (C. Bay, Chesapeake Bay; LA, Louisiana; IL, northern Illinois). R is the
correlation coefficient from the linear relationship. (d-f) Average and standard deviation values of

P, Ca, and pH in these three areas are shown separately in the right column figures.
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6.7.2 Characterizations of Beads

(a) Ca-Alg (b) Ca-Alg/CaP (e) HA-supersaturated

(c) Ca-Alg/CaCOg (d) Ca-Alg/CaP + CaCO; (f) HA-undersaturated

Figure 6-S3 (a-d) Photographs of the four different types of beads used in this study. (e-f) Ca-Alg/CaP
after three cycles of P removal experiments (24 hours for one cycle) under HA-supersaturated and HA-

undersaturated conditions.

Table 6-S1. Bead sizes and dry weights of beads and seed minerals.

Ca-Alg Ca-Alg/CaP Ca-Alg/CaCOs Ca-Alg/CaP+CaCOs
Bead size (mm) 28+0.2 33+04 3.8+0.2 3.2+04
Dry weight (mg)* | 14.0+3.9 19.7+1.7 19.4+13 24720
Seed weight (mg) - 5.7 55 10.7

*Drying procedure is described below.
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To analyze the particle sizes, ImageJ 1.47v (National Institutes of Health, USA) was used.
The average and standard deviation values for each bead type were obtained by measuring 15
samples. For the batch experiments for P removal, 2 mL of sodium alginate solution (6 mg L™?)
was added dropwise to form beads. The average and standard deviation of the dry weight were
obtained from triplicate bead preparation procedures. Beads were fully dried in a 105°C oven for
24 hours before the measurements. The dry weights of Ca-Alg beads were slightly higher than the
amount of initially added sodium alginate (12 mg) because of calcium replacement and structural
water inside the composites. The dry weights of seed minerals were calculated by subtracting that
of Ca-Alg beads.

A. Procedures for other characterizations of beads and seed minerals. Before and after
the P removal experiments, to characterize the crystalline structure of seed minerals and to image
the surfaces of beads, X-ray diffraction (XRD, Bruker D8 Advance) data and SEM (FEI Nova
NanoSEM 230) images of beads were used, respectively. To prepare samples for XRD and SEM
analyses, beads were air-dried and gently ground with ethanol in an agate mortar. For XRD
analysis, ground samples were placed on a zero diffraction Si plate (MTI Corporation), then the
XRD patterns were collected using Cu Ko radiation (40 kV and 40 mA). For SEM analysis, ground
samples were placed on adhesive carbon tapes attached on SEM stubs, sputter-coated with Au-Pd
under Ar gas at 0.2 mbar (Cressington 108) to increase conductivity, then imaged with a 10 kV
electron accelerating voltage at 5—6 mm working distances.

To characterize the particle size and crystallinity of CaP seed nuclei prepared with different
OH" concentrations, X-ray scattering data were collected at the Advanced Photon Source (APS) at
Argonne National Laboratory (Argonne, IL, USA). Beads were packed in Kapton polyimide

capillaries (Cole-Parmer, inner diameter 1.46 mm) without any dehydration procedures. Analyses
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of samples under hydrated conditions maintained the particle sizes and phases of CaP nuclei.
WAXD and X-ray PDF data were collected at sector 11-ID-B using a 58.66 keV X-ray beam.?’
For the WAXD data collection, samples were exposed to the beam for 25 sec at a sample-to-
detector distance (SDD) of 95 cm. For the X-ray PDF, data was collected during 3 min of beam
exposure using a 20 cm SDD. Then one-dimensional data were produced by using FIT2D software
provided by European Synchrotron Radiation. The PDF function, G(r), was obtained by PDFgetX2
software to provide the atomic number density as a function of atomic separation distances, r.2%
We evaluated particle size (d) over a wide range of the scattering vector, g = 0.0001-0.1 A%, using
USAXS. Because d = 2x /q, the corresponding particle size range was 6.3 nm-6.3 um. USAXS
data was collected at sector 9-1D-C using a 21.0 keV X-ray beam.?% Data analyses, including one-
dimensional data reduction and fitting scattering patterns, were conducted using a series of macro
programs in the IRENA package written in IGOR Pro (WaveMetrics Inc.), which was provided by
sector 9-1D-C.%95222 |n addition, SAXS measurements of samples were conducted at sector 12-
ID-B (14.0 keV) to better evaluate the features of small particles appearing at g = 0.009-0.3 A

(d =2-70 nm). The WAXD, USAXS, and SAXS patterns of an empty Kapton capillary were also

collected for background subtraction.
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6.7.3 Thermodynamic Calculations of Ca and P Concentrations in Equilibrium with

Different Calcium Phosphate Minerals

The concentrations of Ca and P species equilibrated with different calcium phosphate minerals at
pH 5-10 were calculated based on the equilibrium constants among calcium, phosphate, and
carbonate species. To simulate the calcium phosphate saturated condition used in this study, 10
mM NaCl, 2 mM CacCl, and 0.2 mM Na2HPO4 were added as initial aqueous components, and an
open carbonate system (pco, = 10733, Pco, [H2C0Os3(aq)] = 31.6 atm/M) was assumed. The
association/dissociation reactions listed in eqs. 6-S1-11 were considered for the calculation of the

activities of carbonate, phosphate, and calcium species in the system,100:240

_ (H*)(HCO3) _ —6.35
Ka1,cos = 1050 10 eqg. 6-S1
A2C03 = ooy g
_ (HY)(HzPO,7) _ —212 3
Ka1,pos = “(HaPO,G0) 10 eg. 6-S3
A2,PO4 (H,PO,7) .
K _ #EYH®POS) 10-1232 ed. 6-S5
A3,P04 - (HPO42_) - q
_(CaHCO3) . .116
KCaHC03+ - (Ca2+)(HCO5™) =10 €q. 6-S6
__ (CaCO3(aq)) __ 3.38
Kcacos(aq) = Wzosz_) =10 eq. 6-S7
(CaOH™)
KCaOH+ = W = 2512 eq, 6—88
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(CaH,PO;")

Kcan,por = (CaZry(H,POL) 31.9 eg. 6-S9
_ (CaHPO,(aq) _ 2
Kcanpro,(aq) = W;mf‘) = 6.81 X 10 eq. 6-S10
_ (CaPO,”)
Kcapo,- = WP‘LOE‘) = 3.46 x 10° eq. 6-S11

The activity of each ionic component, i, in parentheses was the product of its concentration,
Ci, and the activity coefficient of the component, y; by the Davies equation (eq. 6-S12). I is the

ionic strength of the solution (eq. 6-S13) and Z is the charge of the component.?4

1+12

1
logy; = —0.5z,2 [’—21 - 0.21] eq. 6-S12

I= -z eq. 6-S13

By applying egs. 6-S1—-13 to mass balance equations with respect to Ca, PO4>, and CO3>"
we calculated the activities of all components and the IAP of three different calcium phosphate
minerals: HA (eg. 6-S14), octacalcium phosphate (OCP, eq. 6-S15), and dicalcium phosphate
(DCP, eq. 6-S16). In addition to these calcium phosphate minerals, the most stable calcium
carbonate mineral, calcite (CC, eq. 6-S17), was considered as well, due to the higher possibility

of its formation in an aqueous system with sufficient Ca in a high pH range.

IAPy, = (Ca?t)>(P0,27)3(0H™) eq. 6-S14
IAPocp = (Ca®**)*(H*)(PO,>7)? eq. 6-S15
IAPpcp = (Ca®*)(HPO,Z ") eq. 6-S16
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[APsc = (Ca?*)(CO27) eq. 6-S17

The Sl for each mineral can be calculated by IAP over Kgp in log scale (SI = log?—P). The
sp

experimentally determined Ks, values were obtained from different literature sources: Kspya =
10785 at 25°C,'* K, ocp = 107*8* at 23.5°C,%!" Ky, pep = 10756%at 25°C,2"® and Kgpcc =
107848 at 25°C.%19 S| values were evaluated for each mineral at each pH, from 5 to 10 with 0.05
steps. When SI > 0, we assumed that phosphate (or carbonate for CC) species were governed by
K, reaching an equilibrium. Thus, concentrations of all the species were recalculated until the
sum of Ca precipitated as a mineral and all the aqueous Ca species equaled the initial Ca amount
in the system. The computational work was done using a script written in MATLAB R2013

(Mathworks, USA).

Figure 6-S4a,b show the total aqueous Ca and P concentrations, equilibrated with different
calcium phosphate and carbonate minerals at pH 5-10. Figure 6-S4c shows the SI with respect to
different calcium phosphate minerals. Among the minerals studied, HA shows the lowest solubility
above pH 6. Aqueous P concentration starts to decrease at pH 7, when equilibrium with OCP is
reached. However, the system is undersaturated with respect to dicalcium phosphate within the pH
range evaluated. Calcite formation becomes significant above pH 8, and therefore, carbonate may
compete with phosphate for Ca above that pH. However, the equilibrium pH values of the solution
after the experiments in this study were all below pH 8, thus the possibility of CC formation was

considered insignificant.
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6.7.4 Potential Formation of Struvite in the HA-Supersaturated Condition
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Figure 6-S5 Supersaturation index with respect to struvite in the HA-supersaturated condition.
(a) The influence of NH4* at 0.1-10 mM Mg in the system. (b) The influence of pH at 0.1-10
mM NH4*. Thermodynamic equilibrium calculations were conducted by Visual MINTEQ (Ver.
3.1). Our simulation result shows that in most cases, even at high Mg?* and NH4* concentrations
up to 10 mM, the HA-supersaturated solution was undersaturated with respect to struvite at
neutral pH. For comparison, typical levels of NH,4* in toilet water®® and Mg?* in fresh uring®*

are around 5 and 4 mM, respectively.
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6.7.5 Aqueous Fe and P concentrations equilibrated with hematite and strengite
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Figure 6-S6 Aqueous Fe and P concentrations equilibrated with hematite (Fe,O3) and strengite
(FePO4-2H20). Thermodynamic equilibrium calculations were conducted by Visual MINTEQ
(Ver. 3.1). Initial conditions of the system were 1 mM FeCls; and 0.1 mM NasPQO,. A lower Fe
concentration equilibrated with hematite than with strengite indicates that iron oxide is more
thermodynamically stable than iron phosphate minerals (a). If hematite precipitation occurs (b),
the immobilization of P as a strengite mineral is inhibited. At higher pH, iron hydroxide

formation dominates, therefore P immobilization is also inhibited.
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Chapter 7. Conclusions and Future Directions

7.1 Conclusions

The nucleation, growth, and crystallization of CaP minerals in collagen are important in
the initial stages of bone mineralization. Utilizing synchrotron-based in situ observation techniques,
we successfully provided new kinetic and thermodynamic insights into collagen mineralization.
With an advanced understanding of the interfacial chemistry between collagen and CaP nuclei, we
were able to better control the nucleation kinetics and pathways of CaP nuclei (nanoscale), the
spatial distribution of CaP minerals within the organic matrix (macroscale), and the mechanical
properties of the composite structure (macroscale). Furthermore, we achieved enhanced
mineralization of densely-packed and highly-organized collagen matrix by utilizing external
mechanical loading and electrical stimulation. Applying the principles from CaP biomineralization
studies, we engineered the thermodynamic properties of CaP minerals using alginate beads as
organic templates for solid nucleation. By utilizing alginate beads embedding CaP minerals with
different levels of solubility, we successfully managed P concentrations to prevent eutrophication
and recover P as a renewable source.

The work of the dissertation was conducted through five different tasks, each summarized
below.

In Task 1, using in situ SAXS, we examined the nucleation and growth of CaP within
collagen matrices and elucidated how a nucleation inhibitor, pAsp, governs mineralization Kinetics
and pathways. Mineralization without pAsp led initially to spherical aggregates of CaP in the entire
extrafibrillar space, which later transformed into extrafibrillar plates at the outermost surface of

the collagen matrix. However, mineralization with pAsp led directly to the formation of
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intrafibrillar CaP plates with a spatial distribution gradient through the depth of the matrix. The
results showed that nucleation kinetics and mineral distributions within organic matrices could be
controlled by aqueous chemistry.

In Task 2, we combined in situ X-ray scattering observations and classical nucleation
theory to report on experimentally obtained nucleation energy barriers to EM and IM. With the
addition of pAsp, interfacial energies between nuclei and mineralization fluids increased. However,
the confined gap spaces inside collagen fibrils lowered the energy barrier by reducing the reactive
surface area of nuclei, thus decreasing the surface energy penalty. The confined gap geometry of
collagen changed the nucleation pathway and guided the 2D morphology and structure of
bioapatite.

In Task 3, we showed that cyclic strain increased acellular nucleation rates in highly-
organized fibrillar collagen matrices by 33% compared to the static strain condition. The enhanced
transport of mineralization fluids by the cyclic strain delivered nucleation precursors into the inner
surface of the matrix more effectively. The enhancement of inner matrix bioapatite by cyclic strain
led to increases in the elastic modulus, strength, and resilience. The results suggested that the
spatial distribution of mineral determines tissue-level mechanical properties more critically than
total mineral contents, and the distribution could be effectively engineered by utilizing cyclic strain.

In Task 4, we found that the applying pulsed electric stimulation significantly enhanced
the transport of body fluid components through a microscale channel between the cathode and
collagen surfaces. The enhanced transport increased the diffusion of nucleation precursor
molecules to the inner surface of tube-like collagen scaffolds. Our findings indicated that applying
proper pulsed electrical signals through a cathode can locally speed up the nucleation of bioapatite,

allowing us to control the spatial distribution of bioapatite in microscale.
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In Task 5, we demonstrated that bioinspired biomineralization principles can be applied to
environmental remediation of P-rich aquatic environments. By seeding reactive CaP nuclei in
calcium alginate beads, we reduced the energy barriers to CaP nucleation. The CaP nucleation
kinetics enhanced by seeds effectively immobilized aqueous P in the macroscale beads, which
could be reused as a slow-release fertilizer. Given that the CaP crystalline seed with a higher degree
of crystallinity has a lower solubility than does an amorphous structure, the equilibrium P
concentration was regulated successfully by the seed crystallinity during both the removal and
release processes. Simultaneous seed nucleation during alginate gelation enabled control of the
degree of the seeds’ crystallization, without requiring any hazardous substance or additional

energy input.

7.2 Future Research Directions

We evaluated different aspects of CaP mineralization in the complex hierarchical organic
structure using in situ and surface characterization tools at multiple-length scales. A highly
interdisciplinary approach was utilized for this study, providing insights into future research
directions in various fields of research.

In the aspect of interfacial chemistry, we need to better understand CaP nucleation
pathways for bone mineralization. In our studies, we simplified the experimental system into EM-
and IM-dominant systems. However, there would be different nucleation sites in the physiological
systems, including outer surfaces of collagen microfibrils. Different nucleation sites might involve
different nucleation pathways. If the pathways follow non-classical nucleation pathways, a new
model or another modification of CNT will be required. In addition, the dynamics in aqueous

environments caused by cellular activities in physiological systems should be considered in the
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future studies. For example, the excretion of NCPs from osteoblast cells will be a step function,
changing the local environments where nucleation occurs temporarily.8324

Confined nucleation in collagen gap regions can be further evaluated from the perspectives
of physical chemistry and geochemistry. In addition to the 2D model developed in this study, a 3D
constructed collagen gap model needs to be considered to better predict nucleation behaviors
during bone mineralization. The thermodynamic properties of CaP nuclei in confined space need
to be further explored, especially considering the affinity between collagen side walls and the
nucleus’ surface. The functional groups of amino acid residues in collagen would play a significant
role in determining the surface affinity.

For biomedical applications, we need to clearly distinguish the contributions of the cellular
and acellular activities to bone formation. Currently, many studies evaluate various biomaterials’
ability to increase osteoblast cell differentiation in vivo and in vitro. However, relatively few
studies have been conducted on how osteoblast cell activity results in transport of inorganic
precursor molecules and their transformation into mineral phases. The outcomes will contribute to
developing an abiotic synthesis of bone-like materials for bone grafts and tissue-replacement.

In this dissertation, we elucidated how we can control nanoscale nucleation and macroscale
CaP distribution in collagen, employing cyclic mechanical loading and pulsed electrical
stimulation. These controls can eventually lead to tuning the macroscale mechanical properties of
biomaterials. The lessons learned from this study can also be applied to other nano/organic
composite materials requiring different functionality. As an example, in Task 5, we engineered the
solubility of CaP minerals using alginate beads as an organic template for an environmental

remediation strategy. The utilization of the reactive functional nanomaterials whose properties are
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controlled by organic templates will open more research opportunities for different engineering
applications, such as drug and gene release for cancer therapy.

In conclusion, this dissertation explores chemistry at organic—mineral interfaces to seek
engineering applications of the composite system with hierarchical structures. By linking
nanoscale reactions to macroscale properties, we can design the functionality of composite
materials at multiple length scales. The obtained knowledge and interdisciplinary approach utilized
in this study can be extended to various fields of study and to developing different engineering

applications.
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