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Abstract

Nature produces a variety of highly functional composite structures by the
combination of organic and inorganic constituents and these composites stand as a central
source of interest and inspiration for tissue engineering applications. In order to highlight the
controlling mechanisms used by nature and employ these strategies to design efficient
synthetic materials for clinical use, it is vital to study the interactions between organic and
inorganic components. In this context, the purpose of this work has been to investigate the
effects of alginate additives on different stages of calcium phosphate mineralization. The
motivation for this study was founded on a model system composed of alginate hydrogel with
calcium phosphate mineral content which has been comprehensively explored in our group as
a potential scaffold material for bone tissue engineering applications. The intermolecular
interactions of alginate with calcium phosphate minerals were investigated by using
compositional variations of alginate in terms of block structure and molecular weight so that
the operative interactions between the molecules and minerals could be assessed. The
mineralization processes and regulatory roles of alginate additives were systematically studied
by use of the complementary experimental techniques that combine monitoring of solution
chemistry with material characterization. Detailed studies were conducted on brushite
crystallization where the growth rates were determined quantitatively and the effects of
alginate additives on growth mechanisms were investigated. By coupling of growth data and
spontaneous precipitation experiments information on nucleation kinetics were also deduced.
The kinetics of brushite transformation to hydroxyapatite in the presence of alginate was
investigated in detail and the rate-determining reaction mechanisms were determined.
Hydroxyapatite formation was also investigated via the amorphous calcium phosphate
precursor. The course of reaction was studied in detail where the steps of hydroxyapatite
formation and the operating mechanisms were discussed as well as the effects of varying
alginate additives on these processes. The findings in this study may improve the
understanding of the roles of additives with similar structure and functionality during
mineralization such as other polysaccharides that are known to have regulatory roles in
biomineral formation and contribute to the design of better controlled composite model

structures.
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CHAPTER 1

INTRODUCTION

Formation of biological minerals in vivo (biomineralization) is a well regulated
process that results in highly hierarchical and reproducible structures with superior biological
and physical properties. During biomineralization, the course of mineral formation is often
under efficient biological control and involve interactions with a high number of biological
macromolecules.' By the inclusion of organic materials, a stunning diversity of structures
with a range of properties and functionality are produced in vivo from the fundamental
inorganic building blocks.” During this process, mineralization is modulated via the effects of
biological molecules on nucleation, growth rates, resultant shape, size and spatial orientation

of the crystals.’

The advanced functionality of natural hybrid structures with organic and inorganic
constituents has led the attempts to unravel the mechanisms underlying their formation. In
addition, the strategies used by nature have been an important source of inspiration for the
design and development of biomaterials to be used as biological substitutes in case of need to
restore, maintain or improve tissue function.* Much progress has been made in identifying the
effects of organic constituents on mineral components and controlling strategies have been
developed for designed synthetic systems in the light of this research. However, the operating
mechanisms of matrix molecules throughout the different stages of mineralization are yet to
be fully revealed. The study of mineral formation in biological systems comprises a high
order of complexity, and thus, is a challenging task. While biological systems underlies the
key inspiration for the design of synthetic structures, investigating mineralization in simple
representative systems, where the number of variables can be controlled, is a proficient
approach to gain an insight into in vivo processes. In this regard, the effects of particular
groups of additives on mineral formation have been investigated such as proteins and
polysaccharides which are in close relevance with the biological systems. It is now well
established that the influence of the molecules is determined by their structural relationship

with the forming mineral and their impact on the energy landscape of the mineralization



reaction.” The properties of the molecules such as chemical structure, functionality and

molecular weight are effective parameters in this interplay.

Among the natural composite structures, calcified tissues of mammals such as bone and teeth
have been under the focus of extensive research for their obvious relevance to medical
concerns. There is a significant interest in natural and synthetic bone-mimetic materials for
clinical bone treatment.® Scaffold based tissue engineering strategies where synthetic
functional materials are designed by inspiration from the nature offers promising alternatives
to the current gold standard of using autografts (i.e. using one’s own tissue for
transplantation) for bone repair and regeneration.’” To date, no synthetic material can surpass
autografted bone in terms of clinical outcome, which although often very effective, suffers
from a limited supply, extended surgical procedure and a risk of donor site infection and
morbidity. Therefore the search for effective synthetic alternatives is well motivated.
Scaffolds composed of organic and inorganic components and functionalized with genetic
material or other biological factors are under constant development for this purpose. The
highly hierarchical structure of natural bone is not easy to reproduce synthetically; however,
as the formation mechanisms and the controlling strategies are revealed, the closer replicates

with better functionality can be produced.
1.1  Aim of the Research

In relevance with the current focus on tissue engineering strategies for bone repair,
this work is included within the project ‘Mineralized, Hierarchical, Bioinspired Materials for
Tissue Engineering’ where the aim is to develop a model composite system composed of an
alginate hydrogel matrix and calcium phosphate (CaP) mineral for bone tissue engineering
applications. In this thesis, mineralization kinetics of calcium phosphates are studied and the
effects of alginate additives on crystallization are investigated. The purpose of the
fundamental crystallization studies is to understand and control mineral formation within the
chosen biopolymer network. This feature can be employed afterwards to construct complex,
highly hierarchical scaffolds with controlled properties such as mineralization potential and

mechanical performance.

CaPs are the main mineral component in calcified tissues of mammals such as bone
and teeth, hence, have been investigated in numerous studies in an attempt to elucidate the

formation mechanism of those hard tissues. CaP precipitation is a complex process that



depends on various parameters, mainly supersaturation, calcium and phosphate ion
concentrations, pH, temperature, ionic strength and also time due to phase transformations.®
Moreover, when present in the reaction medium, biological molecules and inorganic additives
other than calcium and phosphate ions influence the crystallization process significantly.
Consequently, considering the high number of variables, it is difficult to predict the exact

mechanism of CaP formation in any given matrix.’

The role of macromolecules in controlling crystallization in in vivo and in vitro model
systems has been at the center of comprehensive research and continues to be an advancing
field. Exploring the governing mechanisms of polymers on mineral formation is necessary to
better understand in vivo processes that can lead to the design of advanced composite
materials with higher complexity and functionality to serve for the case specific applications
of biomaterials and tissue engineering. The aim of this thesis is to provide valuable
understanding to the literature on crystal-macromolecule interactions from an aspect of

crystallization fundamentals.
1.2 Model Composite System

The experimental work in this thesis has its foundations on the questions arisen from
the CaP-alginate composite model system that is designed as a building block of a scaffold
material for bone tissue engineering applications.'®'? The composite model system of
mineralized alginate hydrogel is introduced below and the relevant findings on mineralization
events are summarized.

Alginate hydrogels with CaP mineral content was prepared by double-diffusion
method which allows the gelation of alginate and mineralization to occur simultaneously as
illustrated in Figure 1.1. The 3-dimensional (3D) hydrogel beads were prepared by addition of
the phosphate containing alginate solution into a high concentration calcium solution
dropwise where the diffusion of ions resulted in the gelation of alginate simultaneously with
the formation of CaP mineral phase within. The 2-dimensional (2D) counterparts of the same
system were used for time-resolved microscopic investigations of the gelation and
mineralization processes. For this purpose, a drop of phosphate containing alginate solution
was placed between two microscope slides and the calcium solution was then introduced into

the spacing between the slides to initiate the gelling and mineralization in the droplets.



Figure 1.1. An illustration of the gelling and mineralizing system. After the alginate
drop has entered the calcium solution, Ca’" diffuses inwards (blue arrows), the PO4" ions
diffuse outwards (grey arrows), gelling and mineralizing occurs as illustrated by a color
difference in the figure. On the right, the green color indicates gelled alginate. On the left, the
brown color illustrates mineral formation and the associated local release of H', their
diffusion being indicated by black arrows. The mineral front trails slightly behind the gelling

front.'”

Brushite was chosen as the target CaP phase to be formed within hydrogels due to its
high resorbability and thus reorganization ability. However, although reaction conditions were
set to favor brushite precipitation, multiple CaP phases were observed in the hydrogel beads.
It was shown that to fabricate hydrogels with pure brushite content seeding was necessary and
without seeding different and multiple phases formed depending on the pH of the reaction
medium.'® As a result of the concentration gradient due to ion diffusion, hydrogel beads were
heavily mineralized close to the edge and the mineral content decreased towards the center. In
addition, amorphous calcium phosphate (ACP) was detected as the initial metastable phase in
both unseeded and seeded precipitation that transformed into octacalcium phosphate (OCP)
under unseeded precipitation and readily into brushite in the presence of the seeds (Figure

1.2).



Figure 1.2. SEM images of the amorphous precursor phase that forms initially in both
(A-B) unseeded and (C-D) seeded alginate hydrogels. ACP is highly unstable in the vicinity
of the brushite seeds and readily transforms to brushite by a dissolution- reprecipitation

reaction (C).""

When aged in their reaction medium or incubated in synthetic representative of
physiological solutions (simulated body fluid, SBF), unseeded hydrogels showed formation of
OCP and hydroxyapatite (HA) respectively; whereas brushite content of the seeded hydrogels
showed transformation to HA. During incubation of seeded beads in SBF, it was observed
that the transformation to HA was driven by both the dissolution of brushite seeds and the
flux of SBF solution close to the edge of the beads whereas towards the center dissolution of
brushite seeds were the primary source to provide the supersaturation to induce HA nucleation
and growth.11 In addition, both in the reaction medium and SBF solution, transformation of

seeds to HA started on the edge of the hydrogels and continued inwards.



Figure 1.3. SEM images of the seeded alginate hydrogels after incubation in the
calcium solution for (A) 1 h, (B) 24 h and (C) in SBF for 24. Large brushite plates are shown
in (A) whereas after longer incubation in either gelling medium or SBF solution results in the

transformation of brushite to HA (B-C)."!

1.3  Organization of Work

The theoretical background and experimental details of this work are given in Chapter
2 and Chapter 3, respectively. Following in Chapter 4, findings are summarized and
discussed. Chapter 5 presents the concluding remarks and an outlook regarding the matrix
assisted mineralization studies. Three publications included in this thesis are attached. Two of
the related publications which describe the alginate-CaP composite system are provided as

supplementary attachments for the convenience of the reader.

Experimental studies in this thesis started with investigation of how alginate additives
affect the nucleation and growth kinetics of brushite. Through screening the effects of alginate
additives varying in functionality and molecular weight, it was aimed to have more insight on
the intermolecular interactions between the chosen mineral and organic phase of the model
system. In this part of the study, growth kinetics were studied by both batch and constant
composition experiments according to their applicability. Growth mechanisms were discussed
in detail with respect to supersaturation range and effects of additives on nucleation kinetics

and morphology of the crystals were examined. The results are given in Paper L.

In the model system, transformation of brushite seeds into HA was observed upon
aging in reaction medium or incubation in SBF which is a desirable property for a bone tissue
engineering construct. In order to look into the details of this transformation reaction by
highlighting the controlling mechanisms and investigating the effects of alginate additives,

brushite transformation to HA was studied in aqueous alkaline medium through monitoring



the supersaturation profiles. This method was chosen since it enables detailed kinetic analysis

on the transformation reaction. The results of this work are given in Paper II.

Phase transformation studies brought up new questions on the nucleation events of HA
such as the nucleation mechanism, possibility of an amorphous precursor and the role of
alginate additives on nucleation. Therefore, the last part of this work focused on mechanisms
controlling HA nucleation in the presence of alginate additives. For this purpose, solution
chemistry was monitored to follow subsequent stages during HA formation and evolution of

its formation was monitored by detailed characterization. Results are presented in Paper II1.






CHAPTER 2

BACKGROUND

2.1 Biomineralization

According to its most recognized definition by Mann, biomineralization is the study of
the formation, structure and properties of inorganic solids deposited in biological systems."
Mineral formation in vivo is a complex process that involves organic phases which regulate
the nucleation, growth, morphology and organization of biogenic minerals that form the major
inorganic solid component of hard tissues in many different organisms.'* This intricate and
well-regulated process results in composite materials with exceptional features which are
often vastly different from the properties of the bulk inorganic material alone. The structural,
mechanical, optical, and magnetic properties of these materials are exploited by the organisms
for a variety of purposes and through active control mechanisms on mineral formation, their
biophysical properties are optimized for specific functions.

The distinguishable properties of biomimetic materials include uniform particle size,
well-defined compositions, preferential crystallographic orientation, high levels of spatial
orientation and high orders of hierarchical assembly. The key control mechanisms directing
the biomineralization process involve the regulation of chemistry, space, structure and
morphology.'* The fundamental factors of chemical control involve the solubility and
supersaturation that in turn affect nucleation and growth rates. In biological systems the
control of solubility and supersaturation are achieved by the regulation of ion transport, and
further control is attained on nucleation and growth rates by molecular based promoters or
inhibitors. The spatial control refers to restricting the mineralization process to specific
boundary spaces which impacts on the size and shape of the mineral deposits such as
formation of the nano-sized hydroxyapatite crystals within the collagen fibrous network in
bone. The structural control is associated with interfacial molecular recognition by what
structural alignment is governed as the matrix acts as an organic template. The general
hypothesis relates this phenomenon to the reduction of interfacial energies via matching of
charge, polarity, structure and stereochemistry that leads to controllable site-specific

nucleation and crystallographic alignment of minerals. The morphological control gives the



biominerals their complex and diverse structural forms via coupling of mineral growth and
biological organization.

The comprehensive control mechanisms in natural biomineralization processes result
in advanced materials with high functionality and site-specific features which offer valuable
insight and inspiration for the synthetic materials chemistry.”> Developing strategies by
mimicking nature has been a valuable approach especially in the field of regenerative
medicine where biomaterials play a pivotal role in the success of tissue engineering
applications. Although the natural biomineralization processes offer a great source of
inspiration to design advanced functional materials, such structures are difficult to reproduce
synthetically in the laboratory due to the complex control processes. Detailed studies of the
molecular interactions between the organic and inorganic phases are a significant aspect of
biomineralization and can contribute to highlight the acting control mechanisms for a better
understanding of in vivo processes and for enhanced in vitro model systems.

Among over 70 different biominerals found in nature, calcium carbonates and calcium
phosphates are the most abundant and particularly well investigated ones. The calcium
carbonate minerals of invertebrates, such as corals and sea urchin spines, have been well
studied due to their accessibility and high degree of crystallographic control achieved in these
biologically formed crystals. The calcium phosphate (CaP) minerals constitute a major
portion of minerals found in living beings from unicellular organisms to vertebrates and have
also been at focus for their remarkable structure and mechanical properties along with the
more obvious reasons of medical issues. In human body, the main mineral component of the
composite tissues of teeth and bone are composed of calcium phosphate apatites, and also a
variety of other calcium phosphate phases (amorphous CaP, brushite, and octacalcium
phosphate) may form as precursor phases or as a result of uncontrolled pathologic
calcifications.” CaP minerals show high physicochemical and structural adaptability in
accordance with their functionality which make them useful for a variety of biological uses

and a great source of inspiration for the design of advanced materials.
2.2 Crystallization

Crystallization is a phase transition process during which matter is transformed from a
high free energy, disordered, solvated state to a crystal phase characterized by the regular
arrangement of its building units to a low free energy state.16 Crystallization from solution

proceeds via establishment of supersaturation in the system, followed by spontaneous

10



formation of the nuclei of the new phase, and the subsequent growth. Supersaturation is
defined as the fundamental thermodynamic driving force for the crystallization to occur. In a
supersaturated system, different pathways of thermodynamic and kinetic origins have been
proposed on the progress of the nucleation and growth events and they are discussed further
as classical and non-classical routes of crystallization. The classical theory of crystallization is
presented in terms of its thermodynamic background and well-established quantitative
expressions. A brief summary of several non-classical theories which envision alternative

pathways for crystal formation are also given in this section.
2.2.1 Supersaturation

The fundamental driving force for crystallization is the difference between the
chemical potential of a given substance in the solution (state 1) and in the solid phase (state
2).'¢ This can be written as:

Au = py — (2.1

The chemical potential, p, can be expressed in terms of the standard potential, p,, and
the activity, a, as:

U= fo+ RTIna 2.2)

where T is the temperature and R is the universal gas constant. The activity of a solute

is a measure of its effective concentration in solution and it is defined by means of the free
concentration, ¢, of a chemical species and the activity coefficient, vy, as:

a=c.y 2.3)

By combining Equations 2.1 and 2.2, the driving force for the crystallization can be

expressed as:
A = RTIn () 2.4)
where a is the activity of the chemical species and a* is the activity of the same

compound in the equilibrium state. The activity ratio given in Equation 2.4 is defined as the

supersaturation, S.

a

S = (a—) 2.5)
In other words, S is a measure of the tendency of a system to precipitate. The
difference in the chemical potential must be larger than zero for the crystallization to occur

which provides S > 1.

11



For electrolyte solutions, the mean ionic activity, a. should be used which is defined
by means of the ionic activity product (IAP) of the lattice ions in solution, and v is the number

of moles of ions in 1 mole of electrolyte:

a, = (IAP)S (2.6)

Based on Equation 2.6, the supersaturation for electrolyte solutions is defined as:

1

S= (ﬂ); 2.7)

Ksp
where K, is the ionic activity product of the cations and anions at equilibrium state,

that represents the solubility product for the corresponding compound.

It should be noted that the definition of supersaturation can vary between different
studies although the point of origin for any defined concept is the chemical potential
difference between two phases, or in other words the driving force for crystallization. Another
common definition to represent the driving force is:

o= In (ﬂ) 2.8)

Ksp

where ¢ is equal to AW/RT and can also be referred as supersaturation. However, in

this study, o is used to represent the relative supersaturation which is important when
considering the kinetics of growth and defined as:

c=8-1 (2.9)

Some other definitions for representing the driving force in a system are the

supersaturation ratio, Q; and the supersaturation index (SI) which is the commonly used form

in thermodynamic calculation programs. They are defined as:

IAP
0= (K—p) (2.10)
SI =log Cf—”) (2.11)
sp

While it is possible to represent the driving force for -crystallization and
supersaturation in multiple ways, great caution should be taken to clearly present the
employed terminology. Equation 2.7 is used to define supersaturation throughout this thesis

and in published work.

12



2.2.2 Classical Theory of Crystallization

According to the classical crystallization model, a crystal forms via formation of a
stable nucleus with a critical size where its bulk energy balances the energetic costs of
creating a surface; and subsequently grows via monomer-by-monomer attachment of its
building units, that can be atoms, molecules or ions. Details of classical route of

crystallization are discussed below.
2.2.2.1 Classical Nucleation Theory

Classical nucleation theory (CNT) is based on the quantitative works of Volmer and
Weber and has its foundation on the ideas of Gibbs.'” According to CNT, in a supersaturated
solution, the thermodynamic driving force induces formation of the solid phase to reach the
equilibrium state. The formation of the solid phase starts with nucleation where nanoscale
molecular clusters of the new phase appear.'® The molecules repeatedly come together and
part again until reaching a critical number that forms a stable cluster in solution which is
referred as the nucleus. The process that describes the situation up to the point where particles
reach critical size can be called the nucleation stage."” It should be noted, the structure of the
assembly of ions or molecules which is called as the critical nucleus here can be a miniature

crystal of perfect form, or a rather diffused body of molecules or solvated ions.

Nucleation can be classified as primary and secondary nucleation where primary
nucleation processes represent all cases of nucleation in systems that do not contain the
forming crystalline matter; and secondary nucleation occurs when parent crystals catalyze the
formation of a new crystalline phase of the same substance. Primary nucleation can further be
divided into homogenous and heterogeneous nucleation. Homogenous nucleation occurs
spontaneously in the system whereas heterogeneous nucleation is induced by the presence of a
solid surface that can be the surface wall of the vessel, a foreign particle or an impurity in the

medium.
Homogeneous nucleation

According to CNT, the driving force for nucleation is the overall excess free energy,
AG, which is the sum of the excess free energy of the metastable liquid phase in a
supersaturated solution, AGy, and the energy needed to create a new surface, AG (Equation

2.12).'

13



AG = AGy + AGg 2.12)

The overall free energy change to form a spherical nucleus with the radius r can be

expressed as:
AG = gnr3AGv + 4mrty (2.13)

kpTInS
v

AG, = (2.14)

where AG, is the free energy change of transformation per unit volume, v, as defined
in Equation 2.14, kg is the Boltzmann constant and vy is the surface free energy of the solid-

liquid interface.

The first term on the right hand side of Equation 2.12 expresses the fact that the solid
is more stable than the supersaturated fluid. This term is negative and proportional to the
volume of crystallite. The second term expresses the free energy cost of creating a solid-liquid
interface. It is positive and proportional to the surface area of the crystallite. A stable nuclei
can form only when the critical radius, r, is reached and slope of the AG curve attains a

negative value (Figure 2.1).

Surface Free Energy

AG,

Free energy (AG)

Volume Free Energy \
AG,

Figure 2.1. The change of free energy as a function of nucleus radius.”’

The point where the first derivative of Equation 2.13 with respect to r equals to zero,

represents AGi where r equals to r.:

2y 2yv
T, =——= 2.15
¢ AG,  kgTInS ( )

14



As Equation 2.15 illustrates, at constant temperature, size of the critical nuclei

decreases with increasing supersaturation.

The nucleation rate, J, expresses the number of stable nuclei formed per unit time per

unit volume and can be given in the form of the Arrhenius reaction rate equation:

] = Aexp [—A "”] = Aexp [ (2.16)

G 16my3v?
kgT

3k3T3(vInS)2

where v is the number of ions, T is the temperature and S is the supersaturation. As
can be seen from Equation 2.16, magnitude of the free energy barrier to nucleation with
respect to the thermal energy, ksT, is a critical factor determining the number of particles
produced, and the rate of nucleation is efficiently influenced by temperature, supersaturation
and interfacial tension. The pre-exponential factor, A, deals with the kinetic factors of

nucleation and given as:
A=2zf"Cy (2.17)

The Zeldovich factor, z, corrects for the fraction of critical size nuclei that dissolve
rather than grow; f* represents the attachment frequency of building units to nucleus and can
be represented as the multiplication of incoming flux of monomers to the nucleus surface and

. . . . 2122
the nucleus surface area; and C, gives the concentration of nucleation sites.”

Heterogeneous nucleation

Most of the primary nucleation events happen via heterogeneous pathway because it is
difficult to achieve the energy barrier for homogeneous nucleation and to completely
eliminate surfaces aiding for nucleation in a precipitating system.”” The nucleation rate
expression given in Equation 2.16 can also be used for the heterogeneous nucleation
mechanism with the modifications for the reduced energy barrier for nucleation.'® In case of
foreign particles being present, the energy barrier for the onset of nucleation decreases in
dependence with the contact angle between the crystalline deposit and the foreign solid

surface as given:

AGper = DAGLom (2.18)

6= (2+c0s6)(1—cos8)?

L (2.19)
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where 0 is the contact angle between the heteronuclei and the crystalline deposit. The
contact angle is a measure of the affinity between two surfaces and as it increases the
interfacial energy between two surfaces decreases so that the impurity can act as a nucleation
site. In the case of partial wetting where 0<0<180°, the value of @ is lower than 1, which
indicates lowered free energy barrier for heterogeneous nucleation. In the case of 6=180°,
indicating complete non-affinity between the heteronuclei and the crystalline phase (e=1), the
presence of the foreign nuclei do not affect the nucleation process (i.e. homogeneous

nucleation).
Secondary nucleation

Secondary nucleation refers to the catalytic effect of the parent crystals present in the
medium on the nucleation of new crystalline material. It is a complicated phenomenon that

has not been fully understood yet.***

The mechanisms of secondary nucleation is in general
evaluated in two categories as originating from the parent crystal or from the concentrated
liquid layer adjacent to the crystal surface.”>** The first mechanism suggests breeding of new
nuclei from the parent crystals where the rate would be affected by the degree of
supersaturation, agitation level, concentration of parent crystals and the hardness of the
crystals. Based on the second mechanism, the high local concentration of the liquid near the
crystal enhances the possibility of nucleation. The concentration gradient theory proposes that
the solution is more structured in the presence of a crystal and this increases the local
supersaturation of the fluid near the crystal.* According to the embryo coagulation secondary
nucleation theory, the liquid layer adjacent to the crystal surface is rich in nuclei embryos
because they are attracted to the seed crystals with van der Waals forces.”> These theories
suggest that removal of the concentrated layer into the solution by interaction of the crystal

surface either with other solid objects like, stirrers, flow lines or other crystals (contact

nucleation); or with the fluid (shear nucleation) results in production of secondary nuclei.
2.2.2.2 Determination of Induction Times

Between the establishment of supersaturation in a system and the appearance of first
stable nuclei, a time period usually elapses depending on the level of supersaturation, state of
agitation, viscosity of the solution, presence of impurities etc. The experimentally observable
value of this time period is referred as induction time, ti,g, and it is a measure of the ability of

a supersaturated solution to remain in this metastable state. Although induction time cannot be
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regarded as a fundamental property of a system, it has been shown to provide useful

information about the nucleation rate and mechanism.

The rate of nucleation, J, in a system can be related to the induction time

measurements by the following expression given;

J~2L (2.20)

tind

where N is the number of stable nuclei formed. When the appearance of the stable
nuclei is responsible for bringing the solution out of the metastable equilibrium, and the

experimental technique allows for counting N effectively, induction time can be given as'®;

N
tinag = v (2.21)

where V is the solution volume.

In most applied cases, however, induction time measurements depend on monitoring
of a certain variable in the system such as pH, turbidity, conductivity etc., until a detectable
change occurs.”® Yet, combining Equation 2.16 and 2.20, gives the relation between J and tjyg
(Equation 2.22) which allows for deduction of information on nucleation mechanisms and

interfacial energy (y) as shown in Figure 2.2.

3

In ting ~ m (2.22)

heterogeneous
nucleation

homogeneous
nucleation

induction time, In t;,

supersaturation, (In 52

Figure 2.2. Logarithmic plot of induction period as a function of initial
supersaturation. Change of slope indicates a transition between homogeneous and

heterogeneous nucleation mechanisms. Note that slope of the lines relates to interfacial

16
energy.
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In practice, the breakdown of the solution metastability is mostly due to progressive
appearance of many nuclei and their overgrowth to macroscopically large sizes. Therefore,
experimentally determined induction times can be considered as sum of the time lapse until
formation of the stable nuclei and the time lag until the onset of a significant detectable

change in the system by crystal growth.?” Then, the induction time can be given as;

3ay
tina = “/#‘3] (2.23)

when nuclei grow as spheres with a time-independent growth rate, G, and ay is the
detectable volume (or mass) fraction of the new phase **. Hence, the use of Equation 2.23 is
valid when the experimental method used detects the induction time based on the appearance

of a certain volume (or mass) of many nucleating crystallites.
2.2.2.3 Ostwald’s Rule of Stages

The classical theory of crystallization assumes formation of the thermodynamically
most stable phase out of a supersaturated solution. However, it does not dictate that the
unstable supersaturated system transforms directly into the most stable phase. According to
the Ostwald’s rule of stages, thermodynamically metastable phases associated with lower
energy barriers of formation can initially appear in a supersaturated system as a coaction of
thermodynamic and kinetic factors.”’ Given the sufficient time and the free energy of
activation, they eventually transform into the more stable phase. A stepwise formation
behavior as shown in Figure 2.3 would be particularly preferred in systems where the final
stable phase has a high activation energy barrier for formation. In that case, a sequential
precipitation pathway involving metastable intermediates with lower activation energies
becomes favorable. Observation of amorphous phases prior to crystallization in many systems
stands as an example of this rule where crystalline phases have high interfacial energies and
large unit cell volumes.***! In the last two decades appearance of dense liquid precursors in
the early stages of nucleation has also been reported.”*® This phenomenon can also be
interpreted in correlation with the Ostwald’s rule as Thompson addressed in his book “On
Growth and Form”, first published in 1917, as; when a substance begins to form from a
solution, it first undergoes a liquid phase separation which is accompanied by the smallest

loss of free energy.34
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Figure 2.3. Reaction coordinate diagram demonstrates alternative pathways to lower
Gibbs free energy; direct transformation to stable phase (dashed line) or transformation via

metastable intermediates (solid line).

2.2.2.4 Classical Theory of Crystal Growth

According to the classical view, as the stable nuclei form in a supersaturated solution,
subsequent growth occurs via continual addition of building units on the crystal surfaces and
their incorporation into the lattice sites. The Kossel model given in Figure 2.4 illustrates the
atomic processes occurring at a crystal surface.”> The surface consists of flat regions named
terraces which contain moving layers (steps) and steps can contain one or more kinks. The
kink sites have the highest energy of binding, which makes them the favorable sites for ion
incorporation, and growth rate (R) scales with the kink density. The classical model of crystal
growth assumes that ions enter kink sites either directly from the solution or after adsorbing

and diffusing through the terraces.

Ste
Terrace vacancy P Ter||'ace

Terrace,

S =

Figure 2.4. The graphical representation of the crystal surface according to the Kossel

model.¥
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As the ions incorporate on the kink sites, steps propagate and this process continues
until reaching crystal edges and completing the surface layer. At this point, new steps should
be generated for the growth to continue. One way of doing this is to generate two-dimensional
islands of molecules that require a critical size and overcoming the associated energy barrier.
Therefore, sufficiently high supersaturation levels are required for polynuclear growth
mechanism to be active.’” This combination of two dimensional nucleation and lateral growth
of the islands on the surface is termed as the ‘birth and spread mechanism’ and it shows
strong dependence on the supersaturation level.”! At sufficiently high supersaturation multiple
2D surface nuclei can form on a crystal surface and moreover polynucleation of new islands

on existing islands can occur, results in high numbers of active sites.

Under low supersaturation, critical size for 2D nucleation is large and the probability
of reaching it becomes low. However experimental observations showed, although slow,
crystals continued to grow even at low supersaturation where 2D nucleation could not be
accounted for growth. The screw dislocation (spiral growth) theory accounts for these
observations by considering the fact that crystals are not perfect.*® They contain dislocations
in the crystal lattice that generate continues source of steps.” Both 2D nucleation and spiral
growth theories have been observed experimentally with advanced microscopic techniques

(Figure 2.5).

Figure 2.5. AFM images showing the change in growth mechanism of calcite crystals
from spiral growth to 2D nucleation with increasing supersaturation; (A) spiral growth, (B)
spiral growth and 2D nucleation, and (C) 2D nucleation. Note that ¢ is defined as given in

Equation 294

Finally, under very high supersaturation levels, numerous active sites can be generated

on the crystal surface which leads to rapid ion incorporation. In that case, the transport of ions
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from the bulk solution or their diffusion into the adsorption layer becomes the limiting and

controlling factor on the growth rate.

The growth rate and mechanism of a crystal depends highly upon supersaturation, and
it is possible to obtain different and multiple mechanisms dominating at different regions of
the supersaturation range as discussed above. The growth rate, R, can be expressed as a

function of relative supersaturation (c) (Equation 2.9) and kinetic components:
R = ka9 (2.24)

where £ is the growth rate constant and g is the apparent growth order, the value of
which depends on the rate-determining mechanism and how it correlates with the

supersaturation value.

In order to explain how different growth mechanisms correlate with the relative
supersaturation, concentration gradients of mass transfer can be used by applying the

assumption.36

c=5-1=(2)~ (H*) (2.25)

driving force for diffusion

=

v G

Py o ]

O driving force for reaction
Y c*

. —>> crystalsolution interface

Figure 2.6. Concentration gradients of mass transfer between the bulk solution and

crystal surface.”!

Figure 2.6 shows the mass transfer from the bulk solution with concentration c, to the
crystal surface with equilibrium concentration, c*. Surface reactions take place in the crystal-
solution interface, denoted as the adsorption layer with concentration c;. If the processes on
the crystal surface is rapid (ci~c*), the transport of ions from the bulk solution to the
adsorption layer controls the growth process. The rate of this diffusion step is proportional to

the concentration difference (c-c*) which consequently relates the growth rate to the relative
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supersaturation with a linear dependence (g=1).36 When the transport from bulk to crystal
surface is rapid (ci~c), the growth rate is determined by the surface reactions including
adsorption of growth units to the crystal surface and their incorporation into the lattice sites.
Spiral growth appears when the growth units integrate in the kinks with a rate proportional to
driving force. The kink density also varies proportionally with relative supersaturation which
results in a parabolic dependence of growth rate on it. The assumptions leading to growth
rates are similar for spiral growth and polynuclear growth with the difference in the source of
steps.*” Compared to spiral growth, kink density increases more strongly with increasing

supersaturation for polynuclear growth and results in an exponential dependence in between.

As a result, in general the values of g and the corresponding growth mechanisms can

be given as:
° g =1; mass transport and diffusion-limited growth
° g =2; screw dislocation growth
° g > 2; polynuclear growth (2D surface nucleation)

Figure 2.7 summarizes the dependence of growth mechanism and rate on
supersaturation, by showing the possible mechanisms with increasing driving force and how
they correlate with the growth rate. However it should be noted that it is rather common that
the rate of a crystal growth would be controlled by multiple mechanisms. If they are acting on
growth in parallel (eg. spiral growth and 2D nucleation), the faster one becomes the rate-
determining mechanism and would be expressed more strongly in the rate equation. On the
other hand if different growth mechanisms act consecutively (eg. bulk diffusion and spiral

growth), the slower reaction determines the overall rate.
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Figure 2.7. The growth rate versus driving force diagram showing the expected
growth models with solid lines. Slope of the curves indicate the dependence of growth rate on

the driving force with respect to associated mechanism."”

2.2.2.5 Determination of Growth Rates

The growth rate of minerals can be quantified in terms of face growth rates or overall
growth rates with different experimental techniques. The single crystal growth techniques
with microscopic measurements can be used for determination of individual face growth rates
of a crystal for a fundamental assessment of the growth kinetics and mechanism of a mineral.
On the other hand, the overall growth rates can be measured in terms of the total mass
deposited per unit time per unit area of the crystal surface regardless of the contributions from

individual faces.'®

Quantification of overall growth rates can be made conveniently by monitoring the
changes in solution supersaturation. Depending on the rate of growth and the concentration
range of the experimental conditions batch (desupersaturation) or constant composition
experiments can be used for growth rate determinations. In the batch experiments
supersaturation is allowed to be continuously consumed by growth. Then, the growth rate can
be determined by monitoring the consumption of supersaturation with respect to time in units
of deposited mass (dM/dt) or concentration change of precursor ions (dC/dt) as given:

_1dc

== (2.26)
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where A is the surface area of the seeds. In order to obtain reliable data during
desupersaturation, the changes in solution composition due to growth should be accurately
detectable. Thus, batch experiments are not efficiently applicable for the kinetic studies of
slow growing minerals at low supersaturation range. Data obtained by batch experiments
cover a range of supersaturation which can evoke nucleation and growth of additional crystal
phases or polymorphs, and different growth mechanisms with changing driving force.
Therefore, the experimental conditions should be well-defined to prevent supersaturation
consumption by any other process than the growth of the crystal of interest, and interpretation

of the results to define the growth mechanism should be made with caution.

In the constant composition experiments initial conditions are maintained by the
addition of titrant solutions to compensate for consumption of precursor ions, pH and ionic
strength so that the supersaturation is kept constant at its initial value. The working principle
of constant composition method lies in observing the concentration fluctuations of a variable
due to growth, upon which addition of titrants is triggered by use of automated titration
systems with high sensitivity. Thus, this method provides better accuracy, reproducibility and
control over growth rate determinations at well-defined conditions and enhanced applicability
for growth studies of slow growing minerals. Growth rates are calculated by relation to the

rate of titrant addition:

1dv
R = ZECeff (227)

where the effective concentration (Ceff) denotes number of moles precipitated per liter

of titrant addition and dV/dt is the titrant curve gradient. A drawback of constant composition

method over batch experiments is the surplus experimental work it requires.
2.2.2.6 Crystal Dissolution

Compared to the well-established theories of crystal growth, dissolution has not been
investigated in detail until the last two decades, and has usually been evaluated analogously to
growth.*? In this concept, the dissolution rates vary with the Gibbs free energy change. The
first step is the formation of a pit analogous to 2D nucleation on the surface and when the pit
reaches the critical size, spontancous dissolution occurs. The rate of dissolution (Ry) is

expressed as:

R, = ko, (2.28)
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where o, represents the undersaturation and can be given as:
G, =1-5 (229)

According to Equation 2.28, dissolution rate is dependent only on variables that effect
supersaturation, and temperature that is included in the rate constant. Therefore when the
undersaturation is maintained, dissolution rate should be constant. However, experimental
studies showed deviation from this linear relation and dissolution rates were observed to be
decreasing over time.* Recently developed theories for crystal dissolution take into account

the effect of particle size on the rate of dissolution to account for these deviations.***®

According to classical theories analogous to formation of a 2D nucleus, the free

energy change for the formation of a pit can be given as:

nr

AG =

MK TInS + 2nrhy (2.30)

v

where 7 is the radius and /% is the depth of a pit, and v is the molecular volume. When
the solution is undersaturated, the first term on the right hand side of the equation becomes
negative and generates the driving force for spontaneous dissolution. The second term of the
equation is positive due to increasing surface roughness and interfacial area between the solid
and liquid. Therefore a critical radius, 1., giving the maxima for the Gibbs free energy change

can be formulated as:

__w
Te = Yertms| (2.31)

The recent theories supported by AFM studies presented that only the pits with a
radius larger than r. provide the active sites for dissolution.*® As the radius of the pits come
closer to 1. by the decreasing crystallite size, their contribution to dissolution is suppressed or

even inhibited.
2.2.2.7 Phase Transformations

For a defined set of experimental conditions (eg. temperature, pressure, composition),
the solid phase resulting in the minimum free energy in the system is thermodynamically the
most stable one and all other phases appearing under the same conditions are metastable with
respect to this phase. However, although they are metastable, those phases can still appear and

exist in the system for relatively long periods of time (Ostwald Rule of Stages). Metastable
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phases (phase 1) are potentially capable of transforming to the stable phase (phase 2) and the

driving force for this process, AGys, is minimization of the total free energy of the system.*’
AGys =G, — G <0 (2.32)

Even if a system theoretically allows for phase transformation, it can be hindered by
kinetic constraints. In such cases, transformation can be ensured if the particles of the stable
phase are present in the system already. The transformation between solid structures can
occur via internal rearrangement of molecules or atoms in the solid state (solid-solid
transformation), or through dissolution and reprecipitation in the solvent-mediated
environment. The kinetics of solvent-mediated transformation established by Cardew and

Davey is discussed in detail below.**

For a structural solid-state transformation, during which the chemical formula is not
altered (polymorphic transformation), local atomic movements can induce the change. On the
other hand, if the transformation reaction results in a solid phase with a different chemical

formula, then long-range diffusion and solid-state reactions occur.*

In a solution in equilibrium with the metastable solid and supersaturated with respect
to stable phase, the solvent-mediated transformation initiates by the appearance of the nuclei
of the stable phase. The driving force for the nuclei formation, AGy, originates from the

supersaturation in the system:
AGs = —vRyTInS (2.33)

As these nuclei grow, solution becomes undersaturated with respect to the metastable
phase. Thus, the metastable solid dissolves and produces supersaturation for the continuing
growth of the stable phase. This dissolution-growth process continues until metastable phase
disappears and the transformation is complete.*® In other words, the difference between the
driving forces of formation of both phases constitutes the thermodynamic driving force for the

transformation reaction:>°

AGt'rs = AGf,stable phase _AGf,metastable phase (2-34)

Combining Equation 2.33 and 2.34 reveals that, the driving force for the
transformation of one phase to another originates from the difference in their solubility at

defined conditions.
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The overall rate of a transformation reaction depends on the relative kinetics of
dissolution and growth reactions which in turn determines the supersaturation profile of the
solution. If the growth of the stable phase is too slow compared to dissolution, then the
transformation rate is growth limited. In that case, dissolution of the metastable phase can
maintain the supersaturation of the solution close to its initial value (Figure 2.8A). On the
contrary, when the transformation is dissolution-limited, the consumption of supersaturation

proceeds faster due to fast growth (Figure 2.8B).

>
@

supersaturation
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(phase volumes)
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Figure 2.8. The change in volume fraction of each phase and the supersaturation for

(A) growth-controlled, and (B) dissolution-controlled transformation with a parabolic growth

48
law.

The rates of both dissolution and growth reactions can be expressed with regards to

the rate law:
Rd = —kd(ai - 0') (235)

R, = kyo (2.36)

where o is the relative supersaturation in solution with respect to the growing phase
and o; is the driving force at the start of the transformation process resulting from the
solubility difference of two phases. In the cases when two responsible reactions for
transformation reach comparable kinetics, a plateau supersaturation, o, can be obtained that

represents the point at which the mass dissolution and growth rates are balanced:

_amy _ vy
& a (2.37)
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Combining Equation 2.37 with the rate law expressions at plateau supersaturation

enables expressing the equilibrium condition:
a1de1(0'i - ap) = aykyA,0, (2.38)

where o and A are the shape factor and the total surface area of the dissolving and
growing phases. As can be seen from Equation 2.38, the value of plateau supersaturation
depends on the kinetic constants and the relative surface areas of two phases and it can be

detected as a shoulder in the desupersaturation profile.
2.2.2.8 Determination of Transformation Rates

Transformation rates can be studied with microscopic, spectrometric and thermal
methods via quantifying the extent of transformation during the course of reaction.’®!

However these methods do not give a mechanistic insight on the process.

Solvent-mediated phase transformations consist of two subsequent processes as
dissolution and growth. Whether the overall reaction rate would be dissolution or growth
controlled depends on the kinetic coefficients of these reactions and the relative surface areas
of the individual phases as stated above. By monitoring the changes in supersaturation profile
of the reaction solution different regions in the transformation process and the corresponding
controlling mechanisms can be detected as well as the equilibrium state between dissolution

and reprecipitation reactions.
2.2.3 Non-Classical Theories of Crystallization

The well-established theories of classical nucleation and growth have been applied to
many systems successfully. However, a number of phenomena associated with crystal
formation, especially with in vivo mineralization of organisms, have been challenging to
evaluate within the classical interpretations. As a result, alternative pathways for nucleation

and growth of crystals from supersaturated solutions have been proposed.

In contrast to monomer attachment model proposed in classical nucleation theory
(CNT), particle-based pathways for nucleation via aggregation of solution species have been
proposed in an increasing number of studies during the last decade. Generally referred as
prenucleation clusters, the aggregates are reported to comprise of ion complexes or multi-ion

clusters and have been assigned either stable or metastable nature with respect to the
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monomers in solution.*® It is important to note here, the very nature of these clusters defines
whether the proposed hypothesis contradicts to the CNT or propose supplementing ideas to
classical approach by taking free energy landscapes and kinetic contributions into account.
For example in their study of CaP crystallization Habraken et al. explained the formation of
amorphous phase at conditions that could not be reconciled with classical theory by the
existence of prenucleation clusters that form due to resulting in a local free energy minimum
in the system but are still metastable with respect to the monomers. Defined as multi-ion
complexes here, these prenucleation clusters lowered the nucleation barrier for the amorphous
phase so that the observed non-classical route for amorphous CaP formation could be
explained using classical theory.” On the other hand, the prenucleation clusters proposed by
Gebauer et al. are claimed to be stable solutes without a phase interface which defines a
clearly contradicting thermodynamic landscape to CNT. Their formation was suggested to be
energetically favorable due to entropic contributions without an energy barrier to overcome.™
However, this concept is highly debatable and experimental evidence associated with this
hypothesis has been argued by subsequent studies mentioning their applicability to a classical

. L33
point of view.

Whether the nucleation occurs through monomer addition or particle aggregation, the
first phase to form might be of amorphous nature or consist of a different crystal phase than
the stable final product. In accordance, two-step nucleation mechanisms (Figure 2.9),
including precursor phases different from as predicted by CNT, have been proposed such as
dense liquid precursors (DLP) and amorphous states.”*>> The distinguishing point of these
mechanisms that classifies them as non-classical is that the crystalline phase nucleates directly
from the early precursors.”® These studies propose pathways where the energy barrier for

nucleation is overcome via a stepwise manner.
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Figure 2.9. Alternative pathways of crystal formation in solution; (a) supersaturated
solution, (b) ordered subcritical clusters of solute molecules as proposed by CNT, (c) liquid-
like clusters of solute molecules as dense precursors proposed by two-step nucleation theory,

(d) ordered crystalline nuclei, and (¢) crystal.55

Alternative theories to classical growth mechanisms have also been proposed
employing the particle aggregation models such as oriented attachment and mesocrystal
formation (Figure 2.10). According to classical approach, growth by agglomeration can only
occur when crystal particles in solution approach each other closely and grow during in
contact. Hence it is a rather rare process.”’ Recent non-classical hypotheses suggest
aggregation as a growth mechanism that can lead to formation of poly- or monocrystalline
structures by the assembly of nanosized units. It should be noted that no general quantitative
background have been established for these mechanisms yet, opposed to well defined rate

expressions of classical growth mechanisms.

According to oriented attachment mechanism supersaturation is eliminated during
initial formation of primary nanoparticles, and these nanoparticles then unite together to form
single crystals by spontaneous self-organization (Figure 2.10b).® The crystallographic
orientation of the particles with respect to each other is proposed to be determined by the
minimization of the free energy. Oriented attachment has been demonstrated for some
systems involving the assembly of up to hundreds of particles.”’ However, it should be
emphasized that assignment of similar mechanism for the formation of micron-size crystals
requires much higher numbers of primary particles and highly efficient assembly
mechanisms.”’ Mesocrystals are also defined as colloidal crystals composed of individual
nanocrystals that are aligned via self-assembly. It is proposed that they form in two phase

systems one phase being the nanoparticles (other can be polymer etc) and as nanoparticles are
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aligned crystal fusion is thermodynamically favored under displacement of the polymers,
eventually forming a single crystal.’” They have been shown to exhibit scattering properties
similar to single crystals, however, this theory is also highly debated and recently criticized

for misinterpretation of XRD data.’
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Figure 2.10. Schematic representation of proposed pathways for crystal growth; (a)

crysial crystal

(a)

classical pathway, (b) oriented attachment, and (c) mesocrystal formation.*

2.3 Effects of Additives on Crystallization

Any substance in the reaction medium other than the material being crystallized is
considered as an additive or impurity in the precipitating system.'® Additives can have
profound effects on crystallization kinetics, and on the composition, structure and

morphology of the resultant crystal.

On nucleation, additives show both promoting and inhibitory effects depending on the
acting mechanism based on CNT. As shown in Equation 2.16, the free energy barrier for
nucleation is highly affected by the temperature, supersaturation and the interfacial energy.
Promoted nucleation rates can be observed if the presence of additives decreases the
activation energy barrier to form stable nuclei via creating heterogeneous nucleation sites and
reducing the interfacial energy parameter.** On the other hand, the presence of an additive
might interfere with the kinetic factors of nucleation that are expressed in the pre-exponential
factor, A, in the nucleation rate equation (Equation 2.17). In the cases where additives cause
repulsion forces, interfere with the incoming flux of monomers to the nuclei surface or block

the nucleation sites, their presence can lead to decreased nucleation rates.*
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Non-classical pathways suggested for nucleation cast different roles on additives
where they are effective on nucleation rates via altering mechanisms. Gower et al. proposed
that in the presence of polymers as additives, a liquid-liquid phase separation can be induced
in solution which aids in nucleation.’® These “droplets” are defined as a highly hydrated
amorphous precursor phase that behaves as a liquid and named as Polymer Induced Liquid
Precursor (PILP). After their formation, it is stated that these droplets coalesce and start to
crystallize while excluding the polymeric impurity. Also recently, prolonging effects of
additives on crystal nucleation times have been associated with the stabilization of precursor
phases. Studies on both calcium carbonate and calcium phosphate systems suggested the
formation of amorphous precursors prior to crystallization and although different mechanisms
for crystal formation were proposed in these studies, longer induction times were related to

the increased life time of the unstable precursor phase with the presence of additives.”*’

Additives have been shown to inhibit or promote crystal growth process in accordance
with the varying mechanisms they evoke. In general, evaluated within the framework of
classical theory, inhibition of crystal growth is caused by adsorption of additives to the active
growth sites of crystals (Figure 2.11) and promotion of growth is either a result of formation
of a less soluble compound than that formed in the absence of additive, or the lowering of

edge free energy that promote crystal growth, in particular at low supersaturation.

Figure 2.11. Sites for impurity adsorption on a crystal surface based on Kossel model;

(1) face, (2) step, (3) kink."™

To create a gain in the free energy of adsorption for a surface-additive pair, most

prominent contributors are:"

. direct Coulombic interactions
. dipole-dipole interactions
. Van der Waals forces, directional polarization forces
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. specific chemical interactions such as metal-ligand interactions or
hydrogen bonding
. solvation forces, entropy changes by solvent interactions
The reason behind the drastic influence of polar molecules, polyelectrolytes and
chemically similar additives on adsorbent surface lies in corresponding contribution.

Therefore, efficacy of the adsorption of an additive can be evaluated in such terms.

There are four well-distinguished mechanisms where ions or molecules alter the

growth kinetics by changing the step velocity or the step free energy through adsorption:*’

o step pinning

o incorporation

° kink blocking

o step edge adsorption

In step-pinning mechanism, additives are adsorbed on the step edges and the step can

only advance by growing around those blocked sites. As the spacing between the impurities
get smaller (e.g. due to increase in additive concentration), the growth is suppressed or even
inhibited completely. Incorporation occurs when impurities are captured by the advancing
steps or kink sites and become a part of the growing crystal. This results in distorted crystal
structure and thereby an increase in the internal energy of the solid. Consequently, the
solubility of the solid increases, and in turn, the effective supersaturation and the growth rate
decreases. However, it is important to note that incorporation mechanism does not have to
result in lowered growth rates always. At sufficiently low additive concentrations, the
increase in the entropy of the solid due to distortion may stabilize the structure and decrease
the solubility instead. Kink blocking is an effective growth inhibition mechanism. When
impurities adsorb to the kink sites, even without incorporation, they decrease the kink site
density and reduce the rate of growth via a kinetic contribution. The additives that lower the
interfacial energy by adsorbing to the surfaces are called surfactants. They modify the growth

kinetics by lowering the step edge energy.
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Figure 2.12. The mechanisms of impurity effects on growth kinetics; ‘c’ represents
the concentration of impurity, ‘vs’ is the step velocity and ‘a-a.” is the activity based

supersaturation.®’

Crystals can have different growth rates at individual faces, and the relative growth
rates determine their final morphology where slow growing faces dominate on the final shape.
When additives show selective interaction to certain faces depending on the molecular
packing of the crystals, changes in morphology is observed and can be used as an indication
of specific interfacial interaction. As an example, the study of Jongen et al. clearly
demonstrated the selective adsorption of hydroxyl propyl methylcellulose (HPMC) additive
on copper oxalate, that in turn resulted in more profound morphological changes with

increasing additive concentration (Figure 2.13).”"

(b) Zpum?

{c) "Zum

Figure 2.13. SEM images of copper oxalate precipitated (a) without the additive and
with the additive concentration of (b) 0.005 g/L (c) 0.0195 g/L and (d) 0.156 g/L.”"
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2.4 Calcium Phosphates

Calcium phosphate (CaP) mineralization has been under extensive research mostly
due to their relevance in medical issues as they constitute the main mineral content in human
bone and teeth. A lot has been highlighted on the formation mechanism of CaP minerals and

yet as many aspects are to be explored.

Table (2.1). Chemical formulas, Ca:P ratios and solubility products at 25 °C of some CaP

minerals °

Compound Chemical formula Ca:P ratio -log(Ksp)
Amorphous CaP (ACP) CaH,(PO,),. nH,O 1.20-2.20 23.9-28.3
Brushite (DCPD) CaHPO,. 2H,0 1.00 6.59
Monetite (DCPA) CaHPO,4 1.00 6.90
Octacalcium phosphate (OCP) Cag(HPO4)2(PO4)4. SH,O 1.33 96.6
a- tricalcium phosphate (a-TCP)  a-Ca3(POs), 1.5 25.5
B- tricalcium phosphate (B -TCP) [ -Ca3(PO4), 1.5 28.9
Hydroxyapatite (HA) Cajo(PO4)s(OH), 1.67 116.8

Due to the existence of several CaP phases with variations in their chemical formula
and solubility (Table 2.1), CaP formation is a highly complex and dynamic process. During
precipitation from solution, multiple phases can form simultaneously and undergo
transformation where the end product(s) of any precipitating system is governed by both
thermodynamic and kinetic factors. As can be seen from Figure 2.14A, HA is
thermodynamically the most stable phase at any pH value higher than 4, however, different
and multiple CaPs commonly form from a supersaturated solution through sequential
precipitation of phases in accordance with Ostwald’s rule of stages due to kinetic preference.’
Thus, control over final products can be attained via manipulating variables that affect either
of these elements.”” In CaP precipitation from solution, the supersaturation level and pH of
the reaction medium are the two most influential factors on the final products.”” The
supersaturation in solution with respect to individual phases depends on their relative
solubility and constitutes the main thermodynamic component. The high dependence of the
CaP system on pH is linked to the triprotic phosphate equilibria (Figure 2.14B). The

variations in pH value alter the relative activities of the deprotonated forms of phosphoric
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acid, and thus affect the supersaturation with respect to individual phases. Another factor to
be considered during controlled precipitation of CaPs is the ratio of calcium to phosphate ions
in solution that has been shown to exert a secondary effect on the precipitation product via
effecting the solution speciation and the kinetics of incorporation due to the differences in
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Figure 2.14. Solubility isotherms of CaP minerals at 37°C (A) and the dissociation of
phosphate species with respect to pH (B).”®

2.4.1. Biologically Related Calcium Phosphate Phases

Amorphous calcium phosphate (ACP) is one of the most frequent forms of CaP
minerals observed in biological organisms, and the intermediate phase during formation of
several CaPs both in vivo and in vitro conditions.”” The chemical composition of ACP shows
strong dependence on the reaction conditions where Ca:P ratio can change between 1.20-2.20
mainly with respect to pH of the reaction medium, and consequently results in variations in
the solubility product.’ In alkaline media, the most commonly found ACP has the formula of
Ca3(POy),. nH,0O, with a Ca:P ratio of 1.5. In more acidic solutions, the content of HPO42'
jons increases and leads to lower Ca:P ratios.”® ACP phases with Ca:P ratios higher than 1.5,
can also be obtained in the presence of foreign ions such as carbonate and oxide. In general,
ACP is a highly unstable phase and readily hydrolyzes to crystalline CaPs, where the final
phase depends strongly on pH and the lifetime of ACP in solution has been shown to be a

function of pH, ionic strength, temperature and presence of additive molecules or ions.” In
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highly alkaline solutions, transformation dominantly results in HA formation whereas mild
alkaline and more acidic conditions lead to OCP and brushite formation, respectively.” The
formation mechanism of ACP has been under extensive research and different hypotheses
have been suggested. Posner’s clusters, Cag(PO4)s, have been initially proposed as the
building blocks for ACP, and samples from both synthetic and biological systems have been
shown to contain these ion clusters.** However, further studies also suggested other pre-
nucleation species and ACP phases that vary in structure and chemical composition
depending on the reaction conditions.”® Different hypotheses on ACP formation have
suggested; stable prenucleation clusters which aggregate and form ACP ®' presence of
soluble ion-complexes that lead to ACP precipitation by aggregating and taking up extra
calcium ions from solution **, and two-step formation that includes formation of an initial
ACP phase via ion-complexes that later transforms into a second ACP phase through
densification.*” In the presence of polymeric additives, PILP mechanism is also suggested
where liquid phase separation leads to a pseudo phase which then precipitates to form solid

ACPB

Brushite, also commonly referred as dicalcium phosphate dihydrate (DCPD), is the
predominant crystalline phase during precipitation from solution at pH values below 6.5. It
consists of calcium-phosphate chains and water bilayers in its lattice structure. In vivo,
brushite might occur under pathological conditions and is found in urinary stones, and also
has been suggested as one of the precursor phases prior to apatite formation.**** Due to its
high resorbability among CAPs, it has been suggested as a good candidate for bone tissue
engineering composites and a coating material for implants since it would allow ready
remodeling to apatite. The incongruent dissolution of brushite and its ready transformation
leads to formation of Ca-deficient HA. Recent studies have shown, monetite, the anhydrous
form of brushite, can also be employed as a successful precursor for biomimetic HA
synthesis. The similarity between the crystal structures of monetite and HA promotes the
direct phase transition and formation of HA with a closer resemblance to its biological
counterpart.***” Monetite can be obtained by precipitation from solution at similar pH range
to brushite at temperatures above 80 °C, or by dehydration of brushite through thermal

‘[reatment.88

In aqueous solutions with pH values above 6.5, octacalcium phosphate (OCP)

becomes the dominant precipitating phase. I/n vivo, OCP is one of the stable phases found in
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human dental and urinary calculi.” In addition, it is generally accepted that OCP is a
precursor to bone apatite formation in vivo, which has been supported by the observations of a
central OCP inclusion (also known as “central dark line”) by high resolution electron
microscopy in many biological apatites and in synthetically precipitated Ca-deficient HA.”
OCP exerts a triclinic structure, separated by hydrated layers, which shows high structural

similarity to HA and thus, epitaxial growth of these phases can be observed.

HA is thermodynamically the most stable phase among CaP minerals however due to
the slow nucleation kinetics associated with its high interfacial energy, it usually forms
through the stepwise transformation of less stable precursor phases in accordance with the
Ostwald’s rule of stages. Formation of HA without the initial precipitation of other CaPs can
be achieved in solutions supersaturated only with respect to HA.” Apart from that condition,
in acidic and neutral media, initial formation of kinetically favorable brushite or OCP is
observed. In basic conditions the initial precipitation of these acidic CaP phases can be ruled
out, and ACP formation is observed prior to HA.”' Stoichiometric HA has a Ca:P ratio of
1.67, however both synthetic and biological forms deviate from stoichiometry and can exert
Ca:P ratios between 1.50-1.67 due to the susceptibility of this crystal phase to ion
substitutions. The formation mechanism of biological apatites has not been fully understood
yet due to the high complexity of in vivo systems, however, investigations of in situ HA
formation shed a light on this process. Most of these studies indicate a precursor-mediated

pathway where ACP is a frequently suggested precursor.””"

2.4.2. Phase Transformations of Calcium Phosphate Phases

Phase transformation processes are significantly relevant in CaP precipitation due to
the existence of several phases with different solubility products. The course of reaction and
the final products are dynamically dependent on both thermodynamic and kinetic factors. In
this work, the formation of HA through phase transformation reactions of brushite and ACP

are studied in detail, therefore, relevant literature is summarized below.

There is a general agreement that brushite transformation to more stable CaPs (such as
OCP and HA) proceed via a dissolution-reprecipitation pathway in solution (hydrolysis)
where new nuclei form after dissolution of brushite and brushite surface can act as a
heterogeneous growth site.”” Investigations on brushite hydrolysis revealed multiple variables

that can act on the transformation reaction such as modifying brushite, altering reaction
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conditions and incorporating additives in the reaction medium. Modification of brushite via
substitution of different cations affected both the transformation kinetics and the end product
of hydrolysis.”** In their study, Kumar et al. suggested that the morphology of potassium
substituted brushite with a lattice strain and higher internal energy resulted in increased rates
of transformation.”* On the other hand, Madsen related both promoting and inhibiting effects
of different cation substitutions on brushite hydrolysis to the effects of additives on the
nucleation of the stable phase.95 Presence of amino acids and polymers are also shown to have
profound effects on brushite transformation through different mechanisms depending on the
nature of interactions between the additive and the mineral phases. In their detailed study on
brushite hydrolysis in the presence of amino acids, Tang et al. showed that amino acids can
modify the interfacial energy barrier between brushite and HA, thus, affect the transformation
kinetics via acting on the kinetics of heterogeneous nucleation.”® Same group documented
similar acting mechanism with citrate on induced transformation of brushite to HA in its
presence.”” In contrast, Chan er al. pointed out that glutamic acid facilitated the
transformation of brushite to first OCP and then to HA by the disruption of the water layer

bound on the crystal surface.”

Transformation of ACP into more stable phases has been under widespread research
since ACP is now generally accepted as a precursor phase in in vivo bone formation.*
However, the exact mechanism of this transformation is still under debate. Along with the
experimental difficulties associated with ACP instability, effects of biomolecules on the
crystallization process in vivo introduce additional complexity into this system. Classical
routes have been proposed for ACP transformation which are directed by the chemical
potential difference (supersaturation) between ACP and stable phases, and proceed via either
dissolution-precipitation pathway in solution, or solid state transformation.”” In addition,
nonclassical pathways have also been suggested where transformation is independent of
supersaturation in the system. In their studies, Tang et al. proposed a solution mediated
surface nucleation process where HA heterogeneously nucleates on ACP via a polymorph
transformation and kinetics of this reaction is a function of the amount of ACP in the system
and the activity of calcium ions to be uptaken during formation of HA.®”'%1%2 Nancollas et
al. and Wang et al. proposed a different internal rearrangement mechanism where HA
nucleation takes place within the ACP precursor through a solid-solid transformation.**"!

Depending on the proposed transformation mechanism, additives have been given different
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roles for how they act on the transformation reaction. Presence of additives can directly affect
the nucleation rate of HA, or the solubility of the ACP phase, which consequently reflects on
the solution supersaturation and thus, the nucleation rate of HA, from a classical point of
view. In contrast, if the phase transformation is independent of supersaturation as proposed by
some studies, additives gain the role of stabilizing the ACP phase through surface interactions
either by interfering with the surface nucleation of HA or limiting the mass transfer between

the solid and solution.
2.5 Alginate

Polysaccharides perform a variety of functions in living organisms and have recently
emerged to be important in the regulation of biomineral formation.'”'** As a member of the
polysaccharide family, alginate has been conveniently used in biomimetic mineralization
studies as well as drug delivery and tissue engineering applications in the form of hydrogels,

scaffolds, beads and etc.'®

Alginate is a linear copolymer, derived from brown sea algae and composed of 1-4
linked B-D-mannuronic acid (M) and a-L-guluronic acid (G) residues with an alternating or
block structure. The pKa values of M- and G- repeating units are 3.38 and 3.65, respectively
and the pKa value of alginate polymer differs only slightly from its monomers. The viscosity
of the alginate solutions increases with decreasing pH and reaches a maximum around pH =
3-3.50 as carboxylate groups in the backbone become protonated and form hydrogen bonds.
The M- and G- units of alginate differ in the orientation of carboxyl groups that in turn highly
affects their functionality. Divalent ions show specific affinity towards the outward carboxyl
groups of the G- units of alginate and can bind to G-blocks and alternating blocks of the
polymer but not to M-blocks. This is achieved through cooperative binding of functional
negatively charged carboxyl groups of G units to divalent cations. As a result, the physical
properties of alginate and how it regulates mineralization become highly dependent on its

chemical composition, sequential structure of the repeating units and molecular weight.
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Figure 2.12. The chemical structure of M- and G- building blocks of alginate.

Effects of alginate on the crystallization process of minerals have been studied by our
group and others previously. Salgado et al. reported that the presence of alginate in the
reaction medium resulted in changing the morphology of calcite crystals via specific
interactions with certain crystal faces.'”® Olderey et al. showed stronger growth inhibition on
vaterite and aragonite compared to calcite and possible polymorph switching by the presence

. . . . . 107.108
of alginate additives in the reaction medium.'*”'°

It was reported by Lakhstanov ef al. that
although presence of alginate decreases the growth rate of calcite, it induces heterogeneous
nucleation of new crystals on existing ones.'” In the case of precipitation from solution, on

the other hand, alginate was reported to prolong induction times for nucleation.”

Although alginate-calcium phosphate composite materials are greatly studied due for
their high potential towards tissue engineering applications, few studies have investigated the
interactions between the polymer and mineral phases in detail in terms of the crystallization
fundamentals. Few studies focused on the effects of alginate on hydroxyapatite crystallization.
Malkaj ef al. reported decreased growth rates for hydroxyapatite in the presence of alginate.'"°
Through precipitation of HA in the varying concentrations of alginate matrix, Son et al.
concluded alginate promotes nucleation via specific interactions between the calcium ions and

carboxyl groups.'"!
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CHAPTER 3

EXPERIMENTAL METHODS

3.1 Solution Speciation and Calculation of Supersaturation

The chemical speciation in solution and activity based supersaturation were
determined by using thermodynamic calculation programs Minteq 3.0 and PHREEQC
Interactive 3.1, both using Minteq v4 database.

For the calculation of activity coefficients, v, the Davies equation was used:

VT
logy; = —Az? (Tﬁ ~031) (3.1)

where z; is the valence of ion i, I is the ionic strength and A is a parameter that can be

calculated and depends on temperature and dielectric constant. lonic strength is defined as:
1 2
I'= 2%z ¢ (3.2)

where c is the concentration and z is the charge of ion i. Davies equation was chosen

due to its applicability in solutions with I < 0.5 M.

In order to calculate the chemical speciation and activity of each species, all possible
equilibria in solution (i.e. dissociation, ion complexations, phosphate equilibria) were taken
into account, by using the corresponding equilibrium constants and activity coefficients.
Activity based supersaturation with respect to different CaP phases were then calculated
according to Equation 2.7, by dividing the activity product of ions to the corresponding

solubility products from the database, as given in Table (3.1).
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Table 3.1. Calculation of supersaturation for different CaP phases

Compound Supersaturation
2413 3-y2\1/5
Amorphous calcium phosphate Saucp = <w)
Ksp,ACP

2+ 2-\ 1/2
Brushite Sprs = (W)
Ksp,brs
2+ 2-7\ 1/2
Monetite Spcpa = (W)
Ksp,DCPA
: (Ca> ¥ (PO3 P\
Octacalcium phosphate Socp = < 4 )
Ksp,OCP
. {Ca?*¥5{PO3 Y {oH }\"’
Hydroxyapatite Sya = ( 4 )
Ksp,HA

3.2 Experimental Setup

All experiments were performed in double-walled glass reactors of 0.5 or 1.0 L,
connected to a water bath to keep the temperature constant. Nitrogen, presaturated with water,
was bubbled into all working solutions prior to and during the experiments to exclude

atmospheric carbon dioxide.
3.3 Automated Titrators

The automated titrator systems (Titrando 902/907, Metrohm) are equipped with a high
sensitivity pH electrode, a calcium ion specific electrode and four dosing units controlled with
Tiamo software. Case-specific measuring or titration methods can be programmed for
multiple purposes such as constant pH and constant composition experiments, potentiometric
titration, controlled dosing of solutions into the reaction medium or recording of measurable
quantities in specified time intervals. The pH and calcium measurements can be used either
separately (Titrando 902) or in conjunction (Titrando 907) for monitoring solution
composition or as signaling parameters to activate dynamic titration processes where the rate
of titrant addition is adjusted automatically in accordance with the variations in the reference

signal.
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3.4 Determination of Induction Times

Induction times of corresponding CaPs were determined from the spontaneous batch
experiments to evaluate the effects of additives on nucleation kinetics. For this purpose, stable
supersaturated solutions of the regarding phases were prepared and the pH was monitored
continuously. The abrupt drop in the pH was associated with spontaneous CaP precipitation
due to the release of hydrogen ions as a result of crystallization. The induction times were

then determined as the intersection point of two tangent lines on the pH curve.

5.8
5.7
pH 5.6
5.5
5.4
0 50 100 150 200 250
time (min)

Figure 3.1. The pH curve of a solution supersaturated with respect to brushite that

shows stable pH initially and then a fast drop due to the precipitation of brushite.

3.5 Determination of Growth Rates

In this study, overall growth rates were determined in terms of the total moles of
precipitation per unit time per unit area, and contributions from individual faces were not
quantified. The method for growth rate determinations, either batch or constant composition
experiments, was chosen for each crystal phase according to the supersaturation range of
reaction solutions and growth kinetics. Seeded batch experiments were performed and shown
to be applicable for determination of brushite growth rate at moderate supersaturation.
Constant composition method provides better accuracy, reproducibility and control
particularly over the kinetic studies of slow growing minerals at low supersaturation range
since it enables growth rate determinations at well-defined conditions. Therefore, the growth
rate of HA and brushite at low supersaturation were determined by seeded constant

composition experiments.
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3.5.1. Seeded Batch Experiments

The growth rate of brushite was quantified with seeded batch experiments at an initial
supersaturation of 2.34 with respect to brushite in the reaction medium. Stable (~15 min),
moderately supersaturated solutions of brushite were prepared and well-characterized brushite
seeds were added immediately. Seed amount was determined to ensure the supersaturation
was consumed only by the growth of the seeds without additional nucleation. The pH of the
solution was recorded continuously and the calcium ion concentration was measured at
arbitrary time points after the seed addition. The depletion in calcium ion concentration as a
function of time was fitted to a simple exponential function (Figure 3.2A) and its first
derivative (dC/dt) was used to obtain the overall growth rate (R) as defined in Equation 2.26.
The relative supersaturation at arbitrary time points was calculated with the software
PHREEQC by using the measured calcium concentration and pH values (Figure 3.2B).
Momentary phosphate concentration was calculated in relation to the consumed calcium
amount by the assumption that only brushite growth took place in the reaction medium.
Combining the growth rate function with data points of momentary supersaturation, the
growth rate was represented as a function of relative supersaturation (c) so that the rate
constant (k) and apparent growth order (g) values were obtained (Fig 3.2C) in accordance

with Equation 2.24.
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Figure 3.2. Procedure for the determination of growth rates from batch experiments.
(A) Measured calcium ion concentration was modeled by a simple exponential function which
was used for calculation of growth rate (R), (B) Momentary values of relative supersaturation
was calculated by using pH and calcium concentration values by PHREEQC software and (C)
Crystal growth rate (R) was plotted as a function of relative supersaturation to obtain k and g

values.

3.5.2. Seeded Constant Composition Experiments

Constant composition experiments were used for quantification of the growth rates of
HA and brushite at low supersaturation range (Sya= 4.08-6.31, Sp= 0.20-0.55). After
preparation of supersaturated solutions and immediate addition of seeds, pH was monitored as
an indicator for the course of the growth reactions and any change in pH prompted the
simultaneous addition of titrant solutions. The schematic description of the constant
composition experimental setup is given in Figure 3.3. Compositions of titrant solutions were
adjusted for each working solution to maintain a constant thermodynamic driving force during
the crystal growth by compensating for consumed ions in solid phase, changing ionic strength
and alkalinity in the reaction media.''? The chemical composition of the precipitating phase
was represented in titrant composition by maintaining lattice ion ratios equal. The rate of
precipitation which relates to the level of supersaturation and total surface area of inoculating

seed crystals were also regarded to provide appropriate feed to the system. Titrant solutions
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including calcium and phosphate ions were added from coupled dosing units to ensure
simultaneous addition and from opposite positions in the reactor to prevent local high
supersaturation. Growth rates were quantified by using the titrant addition curves (Equation
2.27) where the effective concentration (Cefr) denotes number of moles precipitated per liter of
titrant addition and dV/dt is the titrant curve gradient. Titrant addition curves were normalized
to the changing surface area (A) of the seeds with proceeding growth by a factor of
{(wy'wi)"”} assuming 3D growth, where w; and w; represent initial and final masses of
growing seeds respectively. Experiments were conducted at multiple supersaturation values

and results were used to obtain k and g values (Equation 2.24).
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Figure3.3. Schematic description of the instrumental setup used in constant

composition experiments.' >

3.6 Determination of Transformation Rates

Solvent-mediated phase transformations were studied by the investigation of
supersaturation profiles. The supersaturation profiles were followed via accompanying
changes in pH relating to dissolution and growth reactions that activated the automated
titration to maintain the pH at the initially chosen value. By this method, the extent of
transformation was monitored from the titrant addition curves and the course of
transformation was dictated through the formation of desired phase by the adjustment of pH
as a primary control factor on CaP system. In addition, calcium and phosphate ion

concentrations were determined at arbitrary time points to support the desupersaturation
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profiles obtained by pH data and to quantify values of the momentary supersaturation. The
changes in the concentration profiles of the precursor ions were used to detect the proceeding
reactions in the media. The transformation experiments were conducted under both seeded
and unseeded conditions because this method enables to extract further information on the

nucleation stage indirectly.
3.7 Characterization of Precipitates

In order to characterize CaP precipitates and to well distinguish between different
phases solid precipitates were characterized by powder X-ray diffraction (XRD) (D8 Advance
DaVinci, Bruker AXS GmBH) and Fourier Transform Infrared spectrometry (FTIR) (Tensor,
Bruker). Scanning electron microscopy (SEM) (Hitachi S-3400N) was used to investigate the
morphology of the precipitates. The specific surface area (A) of the seeds was determined by
multiple point BET nitrogen adsorption method (Tristar I1I, Micromeritics) and an average of
minimum three measurements was used. The size and number distribution of particles were
determined by a Coulter Counter Multisizer (Beckman Coulter). For size determinations an
average of three measurements was used in which approximately 10* particles were counted

during each run.
3.8 Analysis of Solution Species

Calcium ion concentration in solution was determined either by online monitoring in
the reaction vessel via the use of calcium ion specific electrode with 902/907 titrators or by
the offline titration of filtered samples with EDTA. Samples (2-5 mL) to be analyzed via
EDTA titration were kept overnight after addition of 3 mL of 0.1M HCI and dilution to 20 mL
with water to dissociate ion complexes of calcium. Before titration, samples were further
diluted to 40 mL and 1 mL of 4M KCl was added for ionic strength adjustment. Finally 1 mL
of pH 10 NH;/NH, buffer were added to maximize the binding capacity of EDTA. Standard

calcium solutions were measured for calibration in both methods.

Phosphate ion concentration in solution was determined spectrophotometrically by
formation of its molybdate complex and measuring the absorbance by UV-vis spectrometry
"3 For this purpose, a mixed reagent consisting of ammonium molybdate, potassium
antimonyl tartrate, sulfuric acid and ascorbic acid was prepared freshly and added in 2 mL

portions to the samples of 10 mL in volume. A new calibration curve was established for each
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preparation of the mixed reagent in the concentration range of 0.02-0.1 mM with regression
values of above 0.99 (Figure 3.4). After incubation of samples at room temperature in dark

bottles for 30 min, the absorbance was measured at 835 nm.

0.9
0.8
0.7 4

0.6~

Absorbance

0.54
0.4+

0.3 4

02 T T T T T T T T 1
002 003 004 005 006 007 008 009 0710

concentration (mM)

Figure 3.4. Calibration curve for the spectrophotometric determination of

phosphorous concentration.
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CHAPTER 4

SUMMARY AND DISCUSSION OF PAPERS

4.1 SUMMARY OF PAPERS
Paper I

Nucleation and Growth of Brushite in the Presence of Alginate

Brushite crystallization and the effects of alginate additives on this process were
investigated by coupling seeded growth and unseeded batch experiments so that information

on both the growth kinetics and mechanism and the nucleation stage could be deduced.

Growth experiments showed that the presence of alginate additives reduce the overall
growth rates up to varying extents and change the growth mechanism of brushite differently.
Polymer additives affect the growth process via molecular interactions with the crystal
surface; thus, by using alginate additives with divergent characteristics (i.e. molecular weight,

functionality) their operating mechanisms on brushite growth was investigated.

Oligomers resulted in lower growth rates than high molecular weight alginate and G-
blocks were the most influential additives in decreasing the overall growth rate of brushite. In
the light of previous research and results obtained in this study, the inhibitory effect of
additives on brushite growth was attributed to the molecular adsorption mechanisms. Further
inhibition with increasing additive concentration and effective G-units supported the
hypothesis that high affinity functional groups can result in more effective adsorption to
active growth sites and thus lower the growth rate. Possible mechanistic models of growth
were also evaluated by using the apparent order of growth (g) from the growth rate expression
(Equation 2.24). According to the evaluations based on the apparent growth order, at high
initial supersaturation (S= 2.34) brushite growth in the absence of additives proceeded via a
diffusion-controlled mechanism (g=1). High initial supersaturation used in the batch
experiments can promote high surface nucleation rates and fast integration kinetics so that the
supply of growth units to the active sites becomes the limiting factor on growth. Moreover,

since most of the growth takes place under this high driving force, diffusion control is
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expressed as the overall dominant mechanism. Investigating the brushite growth at a lower
supersaturation range (S=0.2-0.55) to evaluate the dependence of growth mechanism on
supersaturation, revealed a combined mechanism of surface integration and surface nucleation

(g=2.40).

When additives were introduced in the growth media at high supersaturation, higher
values of apparent growth order was observed. In the presence of alginate and G-block
additives, surface nucleation was the dominant growth mechanism (g > 2), whereas with M-
blocks surface integration was indicated (g =~ 2). Additives containing G-block in their
structure show specific affinity towards calcium ions and thus can cause an effective
reduction in the active sites by adsorption. New growth sites can be generated by 2D
nucleation when the driving force is high enough. This also explains the growth behavior
observed in the presence of these additives, where especially with the G-blocks growth was
almost completely inhibited as the lower levels of supersaturation were reached. M-blocks on
the other hand, do not exhibit a specific affinity towards calcium, and surface nucleation did
not occur. However, nonspecific interactions are still likely to occur via ionic interactions and
hydrogen bonding and it is evident from the growth rates that presence of M-block oligomers
lowered the rates of incorporation by affecting the accessibility of the growth sites. As a
result, a change of growth mechanism from diffusion-controlled to surface integration
controlled growth was observed and growth still continued at even at low supersaturation

region.

Unseeded batch experiments revealed the effects of alginate additives on spontaneous
precipitation of brushite. Presence of additives retarded the course of reaction in an increasing
order of high molecular weight alginate, M-block oligomers and G-block oligomers. Samples
collected at initial and final states of reactions at comparable supersaturation levels showed
that the crystals precipitated in the presence of alginate were larger in size than their additive-
free counterparts. Since seeded experiments showed reduced growth rates with alginate
presence, larger particles at same levels of supersaturation illustrate the reduced nucleation
rate and a lower number of particles consuming the supersaturation for growth. In the
presence of M-block additives high supersaturation levels were maintained for longer times
that can uphold the high nucleation rates. Combined with its growth-reducing effect, the
presence of M-blocks led to the precipitation of small size particles high in numbers. In the

case of G-blocks with the same upholding effect on nucleation and lower growth rates, even
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smaller particles would be expected, however, the opposite was observed as in the case of
alginate presence. Thus, a retardation effect on nucleation was suggested and it was strongly

related to the presence of G-units that is present on both additives.

Morphological investigation of the final -crystallization products from batch
experiments also indicated the differences in interaction of additives with the brushite
crystals. The typical platelet-like morphology of brushite observed in the additive-free
experiments is composed of prominent (010) faces of bilayers of structural water molecules
and lateral faces (hOl) that express a mixed ionic nature with exposed calcium and phosphate
ions. In the presence of alginate, this plate-like morphology was maintained with rough edges.
In that case it can be assumed that sterically hindered macromolecules of alginate mainly
adsorbed on the dominant faces. In contrast, presence of small M-block oligomers resulted in
noticeably thicker particles, which can be interpreted as their preferential adsorption on lateral
sites primarily due to ionic interactions. When G-block oligomers were added in the medium
smooth dominant (010) faces were no longer retained, demonstrating that the specific affinity

of G-units towards calcium is more operational than size and charge effects.
Paper 11

Transformation of Brushite to Hydroxyapatite and Effects of Alginate Additives

In this study, the transformation of brushite to HA in solution was investigated by
following the solution chemistry because this method enables to do detailed kinetic analysis
of the transformation process. Experiments were conducted by monitoring the pH of the
medium and keeping it at its initial value through base titration. The changes in solution pH
were directly related to the dissolution of brushite followed by HA nucleation and growth,

and thus titrant addition curves represented the course of transformation analogously.

The transformation kinetics were evaluated first by adding varying amounts of HA
seeds in the medium to change the initial surface area ratio of brushite and hydroxyapatite in
the absence of additives to evaluate the controlling mechanism. Titration curves showed an
initial linear rate of titrant addition followed by a slightly inclined plateau and a final regime
with a logarithmic addition rate. Linear rate of titrant addition was associated with constant
transformation rate which indicated a constant driving force (AGy) for the reaction. The

calculations of momentary supersaturation, and AGy supported this hypothesis. In the
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presence of varying amounts of HA seeds, equal transformation rates were obtained when
titration curves were normalized to the surface area of the added seeds. Therefore, it was
concluded that the rate of transformation was controlled by the rate of HA growth and the
dissolution rate of brushite was not a limiting factor in the specified system. The plateau
region that represented the establishment of equilibrium between dissolution and growth
reactions were attained at the point of almost completed brushite dissolution. After brushite
was completely consumed, the supersaturation profile of the solution was determined by HA
growth where the final logarithmic part of the titration curves represented the
desupersaturation of solutions until the solubility limit of HA was reached. Observation of the
plateau and maxima of all curves at equal titrant volumes in experiments with varying
amounts of HA seeds also supported this hypothesis since those values were determined by
the initial constant brushite amount in all experiments. When additives were introduced, their
effects on hydrolysis were studied both by seeded and unseeded experiments. HA seeded
experiments showed that during the growth-controlled region of transformation reactions,
additives were not highly influential in decreasing the rate of conversion and the differences
in conversion rates between the sample groups developed as the transformation reactions
proceeded. The retarding effect of alginate and other molecules with carboxyl functionality on
HA growth is reported both in literature and in our studies; however, these studies were
conducted at low supersaturation ranges (Spa~1.0-5.4). The supersaturation in the current
transformation experiments (Sya = 36) were high enough to promote high surface nucleation
rates, resulting in fast surface integration kinetics and to further lead to a diffusion-controlled
process. Thus the retardation effect of additives on growth, resulting from their blockage of
active sites on crystal surfaces, might have lost their influence at low additive concentration
and high supersaturation during the growth dominated region of transformation. At the
plateau region where the rates of dissolution and growth reactions were balanced,
supersaturation with respect to both phases reached its lowest value before the transformation
reactions were complete. The decreasing supersaturation would lead to decreased growth rates
for HA. The plateau region also represented the point of almost complete consumption of
brushite which in turn could be associated with its size-dependent dissolution suppression.
Therefore it was concluded that the retardation of transformation observed approaching and
during the plateau region were resultant of these two outcomes in a synergistic fashion and the

effects of additives were expressed more strongly in this region.
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In the unseeded transformation experiments, increasing supersaturation due to brushite
dissolution resulted in nucleation and subsequent growth. The titrant addition curves
displayed an S-shape representative of that process, followed by a plateau and final
logarithmic region. The CaP phases present in the medium during the course of
transformation were characterized by FTIR, XRD and SEM analyses. Final products of
transformation reactions were low crystalline HA in all experiments. During the initial region
of the curves before the plateau, gradual dissolution of brushite and formation of the new
phase was observed, and when the end of the plateau region was reached, brushite was no
longer detected in the medium. XRD spectra of the samples collected at the plateau region did
not show any strong diffraction peaks which might be due to the small crystallite size or low
crystallinity of the sample below the detection limit. XRD analyses conducted at low angle
(26=4°-10°) did not show distinguishable peaks of OCP in any of the samples meaning that
the transformation reaction in the specified experimental conditions did not involve OCP as
an intermediate phase. When titration curves were represented in terms of percent conversion,
it was observed that low conversion percentages were maintained for longer in the presence of
additives before reaching the growth dominated region represented by the steepest gradient.
Titrant addition curves showed similar steep gradients in the presence of additives, but the
time required to generate the critical surface area before crystal growth could dominate the
reaction kinetics were effectively prolonged. Therefore by coupling the seeded and unseeded
experiments it can be deduced that the alginate additives interfere in the nucleation period of
HA and the most effective nucleation retardation was observed in the presence of G-block

oligomers.
Paper 111

Transformation of Amorphous Calcium Phosphate to Hydroxyapatite in the

Presence of Alginate Additives

This study was designed to investigate ACP-mediated HA formation and the effects of
alginate additives on this process. The supersaturation level for the experiments was defined
to ensure the two-step formation mechanism where ACP formation was observed first and
followed by the formation of HA in the system. The course of mineralization was followed by
monitoring of pH and calcium ion activity which showed the distinct stages of reaction and

coupling of these stages with characterization of precipitates revealed that each stage
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represented the occurrence of a separate phase in the system. Detailed analysis of additive-
free system showed indications of the presence of assembled complex structures prior to
phase separation of ACP. Then the first nucleation point marked the precipitation of ACP and
the second nucleation point showed the appearance of crystalline nuclei in the system. After
the distinct stages of the reaction and the corresponding chemical and structural progression
of precipitates were well-defined, the effects of alginate based additives on the course of
reaction were investigated. In the presence of additives, the time needed for ACP formation
was prolonged where the initial driving force was constant but retardation effect scaled with
the efficacy of functional groups of additives. This result led to the assumption that ACP
formation can be mediated by the prenucleation complexes where additives interfere with
their aggregation/ dehydration/ complexation mechanisms through electrostatic interactions.
Alginate and M-block additives were effective also on the kinetics of HA formation and
longer induction times were observed in their presence. Evaluation of induction times by
considering the contribution of changing growth rates of HA showed that both additives were
nucleation retardants and high molecular weight alginate was more effective at equal
concentration. Previous studies of ACP-mediated HA formation suggested that the additives
can induce such an effect by interfering with the heterogeneous nucleation of HA on the ACP
surface. The stronger retardation of nucleation observed with the more G-block containing
additives, which can better interact with the surface, can indicate the possibility of this
hypothesis in the corresponding system also. In the presence of G-block oligomers, a change
was induced in the crystallizing phase after ACP formation and the final precipitates were a
mixture of OCP and HA. Considering the stronger effect of alginate observed in decreasing
the nucleation rate of HA compared to M-block oligomers, a higher content of G-blocks
might further hold down the HA nucleation. In addition growth rate studies revealed that G-
block oligomers were highly effective in blocking the active sites on HA crystal surface.
Therefore, we concluded OCP mineralization was kinetically favored in the system as a result

of effective suppression of HA nucleation and growth.
4.2 DISCUSSION

Naturally derived composite tissues have been a rich source of inspiration for the
design of synthetic biomaterials to achieve the requisite physicochemical and biological
properties for hard tissue engineering applications.''*'"> Although it is currently not possible

to exactly reproduce such materials by synthetic means, extensive research in this field
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ensures continuous progress towards better replicates. In order to design successful
composites, it is essential to understand the interactions between the organic and inorganic
building units and develop regulatory strategies for the mineralization process accordingly.
The high level of complexity associated with the organic matrix assisted mineral formation
requires studies conducted under controlled conditions where the effects of individual
variables can be investigated systematically. Accordingly, the work in this thesis has been
focused on detailed analyses of mineralization events in a specific composite system of
alginate matrix with CaP mineral content that has been designed and investigated in our group

as a potential scaffold material for bone tissue engineering applications.

Paper I deals with the fundamental interactions between alginate and brushite since
brushite was the target CaP phase to be formed in the hydrogels and precipitation within the
alginate matrix showed drastic differences from brushite precipitation in aqueous medium.
The results of this study showed that alginate has an inhibitory effect on both nucleation and
growth of brushite crystals. Investigating the effects of compositional variations of alginate on
crystallization process revealed that the additives affected the brushite growth rates and
mechanisms through their adsorption on the active growth sites, and in the presence of G-
units, and low molecular weight additives, the adsorption phenomenon was more pronounced.
These observations improved our understanding on intermolecular interactions between the
mineral phase and the matrix molecule. After its precipitation in alginate hydrogels, brushite
transformed to HA upon aging or incubation in SBF. For a bone tissue engineering construct,
formation of apatitic mineral is a required functionality as it determines the success of the
composite material under in vivo conditions. Therefore, in paper II, the transformation of
brushite and the effects of alginate additives on this process were investigated by following
the supersaturation profiles. This method allowed detailed kinetic interpretations of the
transformation reaction. Seeded experiments showed that the rate determining step in
transformation reaction was the growth of HA until the rates of dissolution and growth
reactions become comparable due to changing surface area ratios and size-dependent
dissolution suppression of brushite. Growth-controlled transformation kinetics supports the
observation of earlier HA formation on the outer edges of brushite seeded alginate beads
where the supersaturation gradient is higher compared to inner parts of the gel and results in
faster nucleation kinetics. Unseeded transformation experiments revealed strong variations in

the nucleation kinetics of HA in the presence of alginate additives and brought up new
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questions on the possible nucleation pathways of HA and the acting mechanism of the
additives. In addition, ACP was observed as the prior metastable phase in the model system
and its possible presence was indicated during transformation studies. ACP-mediated HA
nucleation has been a debated topic recently also in terms of crystallization fundamentals
where different mechanisms have been suggested. Thus, paper III concerns the ACP-mediated
HA formation and how alginate additives affect this process in order to both highlight the role
of ACP phase during the formation of HA in the model system and to contribute to the
discussions on the fundamental background. By the combination of solution chemistry
monitoring and several characterization methods, stepwise HA formation was followed. The
results of this study showed the significant effects of alginate additives on the reaction
kinetics and pathway of ACP-mediated HA formation where they caused effective retardation
of HA formation in the presence of alginate and M-block oligomers, and a change of the final

product by further repressing HA in the presence of G-block oligomers.

The work in this thesis deals specifically with the effects of alginate additives on
different stages of CaP mineralization, however, the aim has been to contribute to the more
general discussions on mineral formation in biological and synthetic systems. Investigating
the effects of alginate additives with varying functionality and molecular weight has revealed
practical information on the intermolecular interactions of the additives with CaP phases.
These observations can give a reference for the behavior of additives with similar structure
and functionality such as other polysaccharides that are known to have regulatory roles in
biomineral formation.'” Another point of focus in this work has been on the formation
mechanisms of CaP crystals. In these studies potentiometric measurements (pH and/or Ca ion
concentration) were combined with characterization methods (XRD, FTIR, SEM, TEM) so
that a complete spectrum of chemical, structural and morphological data could be acquired.''
Investigation of the early stages of crystallization reactions has been a challenging task in
both in vivo and in vitro model systems and there are many questions yet to be answered.
However, by using complementary methods a wide scale of information were deduced from

solution crystallization.
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CHAPTER S

CONCLUSIONS AND OUTLOOK

This thesis covers the investigation of the effects of alginate additives on calcium
phosphate mineralization processes simulated from a model system of mineralized alginate
hydrogel. The crystallization phenomena within an organic matrix are highly influenced by
the interactions between the organic and inorganic phases, thus, the motivation for this work
has been to gain more insight on the roles of the alginate molecules on mineralization
reactions which in turn enables a higher level of control on the model system. The methods
used in this work have provided quantitative data on reaction kinetics as well as a qualitative
understanding on the acting mechanisms of alginate additives via a systematic evaluation of
the intermolecular interactions between the alginate molecules and inorganic phases.
Observations on the active roles of the functional groups and the size effects of the alginate
additives during crystallization phenomena can contribute to the evaluation of other molecules
with similar characteristics also. The data obtained from these studies provides useful
information to better control the mineral content in the chosen organic matrix in terms of the
final forming phase, amount of mineralization, particle size and morphology which

contributes vastly to the final features of a synthetic composite material.

Nature uses the interplay between the organic and inorganic constituents to form
composite structures with remarkable levels of complexity and hierarchy which determine
their superior physical properties and functionality. Accordingly, understanding the roles of
macromolecules in different stages of mineralization is the key to have better control and
tailoring ability on the final properties of the designed materials. Thus, a subsistent step in the
field of biomineralization studies has been the use of extended knowledge on organic matrix-
mineral interactions to design smart materials with well-defined, function-oriented structures.
For example, by using the specific nucleation and growth of inorganic phases controlled by
selective organic matrices a template-directed synthesis method can be followed to produce
smart materials with mechanical, optical, and magnetic properties. Similar approaches can be
employed for enhanced mineral coating strategies for biomedical applications. Along with the

practical applications, the research in this field contributes to the understanding of
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crystallization process itself from a fundamental aspect. CaP crystallization is a complex and
dynamic system and there are many questions yet to be answered specially on the in vivo
formation mechanisms of apatitic minerals. Systematic studies on crystallization pathways
and kinetics will provide the insight to solve the mysterious ways of Nature which paves the

way for ultimate design strategies for synthetic biomaterials.
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ABSTRACT: Biomineral formation in vivo is a complex process regulated
by functional molecules. Highlighting the mechanisms underlying
biomineralization is necessary for a better understanding of in vivo processes
and for enhanced in vitro model systems. Here, the effect of alginate and its
well-defined oligomers with M- or G-block structure on brushite nucleation
and growth is investigated by seeded and unseeded experiments. Growth
kinetics were studied by seeded experiments, and it was shown that
molecular weight and functionality of alginate additives affect the crystal
growth rates and the growth mechanisms. Growth retardation was most
prominent when G-block additives were present. Growth proceeded by
surface nucleation when alginate and G-block oligomers were added in the
crystallization medium, whereas in the presence of M-block oligomers

parabolic rate laws were obtained. By decoupling the seeded and unseeded
experiments, information was deduced on the effects of additives on brushite nucleation. In the presence of alginate and G-block
oligomers, nucleation was inhibited; however, M-blocks did not show a similar effect. Possible modes of interactions between the

mineral and polymer additives are discussed by the evaluation of final crystal morphologies.

H INTRODUCTION

The formation of inorganic minerals via a biological process
(biomineralization) is a complex process involving the
constructive interaction between organic and inorganic phases
to result in composite tissues with intricate structures which
give rise to unusual and often exceptional biological and
physical properties." Such structures are difficult to reproduce
synthetically in the laboratory; nevertheless, natural biominer-
alization processes may offer a great source of inspiration to
design synthetic bottom-up formation processes to tailor
biomaterials in an attempt to mimic or reproduce the structures
and hence the properties of natural hard tissues.” Both naturally
and synthetically derived polymers, peptides and small
molecules, and ions may be used for this purpose either as
mineralization templates or modifying agents. In the case of
polymeric additives, concentration, molecular weight, func-
tional groups, and polymer block structure have been shown to
impart significant influence over inorganic mineralization in
terms of crystallinity, resulting crystal phase and crystal
morphology, nucleation, and growth rates.”* The role of
macromolecules in controlling crystallization in vivo and in vitro
model systems has been at the center of comprehensive
research and continues to be an advancing field.
Polysaccharides are recognized as a strongly influential group
of polymers acting upon calcium phosphate and calcium
carbonate mineralization that are important classes of minerals
in vertebrate and marine hard tissues, respectively.”” Alginate
is a linear polysaccharide copolymer, derived from brown sea
algae and composed of 1—4 linked f-p-mannuronic acid (M)
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and a-L-guluronic acid (G) residues with an alternating or block
structure. The M- and G-units of alginate differ in the
orientation of carboxyl groups that in turn highly affects their
functionalty. The pK, values of M- and G-repeating units are
3.38 and 3.65, respectively, and the pK, value of alginate
polymer differs only slightly from its monomers. Calcium ions
show specific affinity toward the outward carboxyl groups of the
G-units of alginate and bind to G-blocks and alternating blocks
of the polymer but not to M-blocks."’ Therefore, the physical
properties of alginate and how it regulates mineralization are
highly dependent on its chemical composition, sequential
structure of the repeating units and molecular weight. Our
group recently conducted detailed investigations on the
nucleation and growth of calcium carbonate in the presence
of alginate and well-defined M- and G-block oligomers.'""> G-
block oligomers were shown to have prominent effects on
nucleation characteristics, polymorph switching, and resultant
crystal morphology. Malkaj et al. investigated the effects of
alginate on hydroxyapatite crystallization. They showed the
inhibitory effect of alginate on crystal growth rate and
attributed it to adsorption of polymer on the active growth
sites.'”” A reduction in hydroxyapatite growth rate in the
presence of alginate was also observed by Coleman et al., and
further investigations in this study indicated varying effects of
anionic polymers on crystal growth and morphology depending
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on chemical structure of polymer and subsequent changes in
interaction mode with the crystal particles.'* To our knowl-
edge, there are no similar studies in the literature that have
investigated the brushite—alginate system.

Alginate has been studied for many biomedical applications
due to it being nontoxic, biocompatible, and biodegradable, and
its ability to form hydrogels. Alginate hydrogels can be prepared
under mild conditions by ionic cross-linking, and they show
structural similarity to extracellular matrices of living tissues,
which in turn allows for many applications in bioactive agent
delivery, wound healing, and tissue engineering."> A recent
study conducted in our group showed alginate hydrogels
mineralized with brushite were potential candidates for bone
tissue engineering applications.16 Incorporation of bioceramics
in alginate hydrogels enhances both the mechanical properties
and the bioactivity of the polymer network. Brushite was
chosen as the mineral phase due to its high solubility among
calcium phosphates under physiological conditions, which
enables ready transformation and bone remodeling by
providing necessary space and ion source for bone-like mineral
formation in vivo."” However, in the complexity of a hydrogel
environment control over the mineral phase becomes more
challenging due to varying effects of the polymer over the
course of crystallization. When alginate solutions containing
phosphate precursor were gelled and mineralized sponta-
neously in calcium containing gelling baths, multiple phases of
calcium phosphates were precipitated, even at conditions which
should favor formation of brushite. On the other hand, when
brushite formation in the hydrogels was directed using small,
crystalline seeds, mineral formation in the alginate network
could be controlled to a much greater extent, and the hydrogel
was mineralized with pure brushite. Interestingly, growth of
seed crystals, as well as nucleation of new brushite crystals, was
observed. These observations raised a number of interesting
questions which are difficult to study in a gel system and which
need to be investigated under more controlled conditions,
including polymer concentration, composition, and a control of
supersaturation.

In this study, the effect of alginate on brushite crystallization
was investigated by both seeded and unseeded experiments.
Alginates differing in molecular weight and block composition
were used as additives, and the effects of compositional
variations of the polymer on nucleation and growth of brushite
were examined. In the first part, brushite growth was studied by
seeded desupersaturation experiments which best represents
the model system of seeded alginate hydrogels. To our
knowledge, no previous studies have reported brushite growth
kinetics studied by this method. The constant composition
method was also included for detailed investigation of brushite
growth mechanism in the absence of additives. In the second
part, unseeded batch experiments were conducted to show the
effects of alginate additives on nucleation and growth stages. By
evaluating the results of seeded and unseeded experiments
together, information was deduced on the effects of additives
on the nucleation stage. Finally crystal morphologies were also
examined to discuss the possible modes of interactions between
the mineral and polymer phases.

B EXPERIMENTAL SECTION

Materials. All chemical reagents were purchased from Sigma-
Aldrich unless stated otherwise. Deionized water (DIW) was used for
all purposes. Alginate with molecular mass of 274 kDa and 68% G,
isolated from Laminaria hyperborea stipe, was obtained from FMC
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Biopolymer. Two different oligomers of alginate, denoted as G- and
M-blocks, consisted of 90% and 5% G, respectively, with the degree of
polymerization & 20 for both. The G-blocks were produced from
alginate from L. hyp stipe by acid degradation and fractionation as
described previously.'® The M-blocks were produced from alginate
from Ascophyllum nodosum by acid degradation and calcium fractioning
as described elsewhere."”

Methods. All experiments were carried out in a 1 L double-walled
glass reactor, stirred with a Teflon coated three-bladed impeller of
propeller type controlled by a digital stirrer engine (IKA), and two
baffles were attached to the lid. Temperature was controlled by a water
bath at a temperature of 25 °C for all experiments. Nitrogen,
presaturated with water, was constantly bubbled into solutions
throughout the precipitation reactions to prevent intrusion of
atmospheric carbon dioxide. The chemical speciation and activity
based supersaturation were determined by thermodynamic calculation
program PHREEQC Interactive 3.1, using Minteq v4 database. The
equilibrium constants used for solution speciation are given in
Supporting Information (Table S1). The pH was recorded constantly
by means of a combined glass electrode with KClI reference electrolyte
connected to Tiamo software (Metrohm), and calibrations were
carried out weekly.

Calcium ion concentration in the vessel was monitored by offline
titration (Mettler Toledo DL $3) of samples with 10 mM EDTA. For
this purpose, 2 mL samples were withdrawn and filtered through a
0.22 pum syringe filter (Millipore) to remove solid crystals. Samples
were kept overnight after addition of 3 mL of 0.1 M HCI and dilution
to 20 mL with water. Before analysis, samples were further diluted to
40 mL, and 1 mL of 4 M KCl and 1 mL of pH 10 NH;*/NH, buffer
were added.

Characterization of solid phases were conducted via powder X-ray
diffraction (XRD) (D8 Advance DaVinci, Bruker AXS GmBH) in the
range of 5—75° with a step size of 0.013° and a step time of 0.67 s.
SEM analyses (Hitachi S-3400N) were performed at an accelerating
voltage of 5 kV, where samples were placed on carbon tape and sputter
coated with gold.

Seed Preparation. Brushite seeds were prepared by mixing
equimolar amounts of Ca(NO;),-4H,0 and KH,PO, to a total
volume of 1 L under nitrogen environment and constant stirring at
800 rpm. Precipitates were aged in their saturated solution for at least
2 h after completion of reaction and observation of stable pH. Crystals
were then filtered and washed with DIW and ethanol prior to drying at
room temperature. Phase purity of seeds was verified by XRD and
scanning electron microscopy (SEM) analyses. Specific surface area
(SSA) was determined to be 0.646 & 0.023 m?/g by multiple point
BET nitrogen adsorption method (Tristar II, Micromeritics), and
volume distribution showed a mean diameter of 24.17 um of an
equivalent sphere with CV 40.3%, characterized by a Coulter Counter
Multisizer (Beckman Coulter). For size determinations, an average of
three measurements was used in which approximately 1 X 10* seeds
were counted during each run. Seeds were stored for up to one month
in their dry state prior to use.

Preparation of Solutions for Desupersaturation Experi-
ments. Solutions of calcium and phosphate precursors were prepared
separately from their stock solutions of CaCl,-2H,0 and KH,PO,
(250 mmol/kg). An appropriate amount of KCI salt was added in
calcium solution to ensure a final ionic strength of 0.15 M, whereas 1.0
M KOH was added to phosphate solution for adjustment of desired
pH. In the case of experiments incorporating alginate, a corresponding
amount of filtered polymer solution was added into the phosphate
containing solution and stirred overnight prior to experiments.
Alginate additives are fully deprotonated in the pH range of the
growth experiments which was above the pK, values of the repeating
units of alginate. Supersaturated solutions were prepared by the
addition of calcium-containing solution to phosphate-containing
solution while stirring at 300 rpm to give the final concentrations of
calcium and phosphate equal to 15 mM. Final pH was carefully
adjusted to 5.700 + 0.002 by dropwise addition of 0.1 M KOH.
Supersaturation with respect to brushite was calculated to be S = 2.34
at initial conditions, and the solution was stable up to 15 min.

DOI: 10.1021/acs.cgd.5b01032
Cryst. Growth Des. 2015, 15, 5397-5405



Crystal Growth & Design

Supersaturation calculations were repeated in the presence of additives
assuming all G-blocks present in solution bind to calcium ions. The
low molar concentration of G-blocks with respect to the total calcium
ion concentration at any experimental condition did not cause any
significant decrease in free ion concentration to affect the super-
saturation.

Seeded Desupersaturation Growth Experiments. For brushite
seeded experiments, 100 mg of seeds with well-known surface area (A)
was added to the vessel as a suspension immediately after preparation
of supersaturated solutions to initiate growth reactions. Samples were
withdrawn for calcium analysis during the course of growth. At the end
of each experiment, the vessel content was filtered, washed, and dried
for characterization by XRD and SEM.

Depletion in calcium ion concentration was measured by offline
titration at arbitrary time points and fit to a simple exponential
function later used to obtain an overall growth rate equation as a
function of time (eq 1). Also, using measured calcium concentration
and pH, momentary supersaturation values were calculated by
PHREEQC software. Changes in phosphate concentration were
assumed equal to depletion in calcium since ion consumption
proceeds only via brushite growth in solution. Spectroscopic methods
could not be used efficiently for phosphate determination at these
experimental conditions due to small changes in ion concentration
with respect to high initial values. Combining the growth rate function
with data points of momentary supersaturation, the growth rate was
represented as a function of relative supersaturation () (eq 2). The
predicted models of growth rates showed good fit with the
experimental data and are shown in Supporting Information (Figure
S1).

1dC
R== -

A dt (1)
R = ko$ ()

The relative supersaturation is defined as given in eq 3, where IAP
denotes ion activity product and K, is the solubility product of
brushite.

c=8-1

K,

®)

Each experiment was repeated in multiple runs, and the growth rate
law was then used to obtain the growth rate constant, k, and the
apparent order of growth, g.

Seeded Constant Composition Growth Experiments. Desu-
persaturation experiments are difficult to conduct at low super-
saturation regions where crystal growth proceeds slowly and ion
consumptions are too low to collect sufficiently reliable data. In order
to overcome this drawback, constant composition experiments were
performed in the relative supersaturation range of 0.20—0.55. Initially
stable supersaturated solutions at pH 5.70 were prepared, and 50 mg
of seeds in suspension was added in the vessel to initiate growth, as
described above. A decrease in pH of more than 0.002 units associated
with brushite growth triggered the addition of titrant solutions from
two mechanically coupled titrant burets (902 Titrando, Metrohm) to
maintain a constant supersaturation.

Compositions of titrant solutions were adjusted for each working
solution to maintain a constant thermodynamic driving force during
the brushite growth by compensating for ion consumption, changing
ionic strength and alkalinity in the reaction media. Detailed
preparation of titrant solutions has been previously given for calcium
carbonate by our group.”” In this study, the same methodology was
used with the modifications for brushite growth. For this purpose, first
the effect of the extent of brushite crystallization on total alkalinity and
ion consumption was computed in moles (n) according to the
equations given below:

Nt = Mot = Mot eryst

)
©)

fpo3= = Mpo37i = Mpo,> cryst
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gt = gt —

(6)
™)
(©)

In order to compensate for the calcium ion consumption by
crystallization, an arbitrary concentration (c) was determined for the
calcium to be added to the reaction medium from buret 1. The calcium
concentration in buret 1 should be higher than the concentration in
the working solution and should be adjusted according to the growth
kinetics. Next, the composition of titrant solution 2 was calculated, in
accordance with the titrant solution 1 and the total volume of titrant
solutions to be added, to fulfill eqs 9—14. The adjustment for the ionic
strength was also ensured with buret 2 in order to keep constant ionic
activity coefficients used in the calculation of activity based
supersaturation.

M cryst
Mk = Malki — Malk cryst

Malleryst = MO, eryst ™ MHT,cryst

(©)
(10)

Cea?t = Cea’ti

Cpo,*~ = Cpo, i

Cyt = gty (11)
Ot = Ot (12)
Car = Ceri (13)
Calk = Calk,i (14)

Note that the calculated composition in buret 2 is only valid for the
chosen initial working solution and the determined calcium
concentration in buret 1.

By the addition of titrant solutions, pH was controlled at a constant
value with an overshoot to a maximum of 0.004 units only at the initial
growth period. Constancy of supersaturation was confirmed with
calcium analyses at arbitrary time points that showed less than 1%
deviation in concentration during titrant addition.

The growth rate of brushite was calculated at each supersaturation
value by using titrant addition curves (eq 15), where the effective
concentration (C,g) denotes number of moles precipitated per liter of
titrant addition and dV/dt is the titrant curve gradient. Titrant addition
curves were normalized to an increasing surface area of the seeds with
proceeding growth. For this purpose, the mass change of brushite was
calculated from the volume of titrant added and related to the change
in surface area by a factor of [(w,/w)*?], where w, is the weight of seed
crystals added initially and w is the weight of crystals present at time ¢,
assuming three-dimensional growth with a constant shape factor.”**
Obtained results were then used to calculate the growth rate constant,
k, and the apparent order of growth, g (eq 2).

1 dv,

— ) titr
A (13)
Unseeded Batch Experiments. Supersaturated solutions were
prepared as described above for desupersaturation experiments, and
spontaneous precipitation was allowed to occur at constant stirring
speed and temperature, under a nitrogen environment. Solution pH
was recorded continuously, and samples were withdrawn at arbitrary
time points for calcium analysis after the first detectable drop in pH.
Reactions were continued until S & 1.0 for the additive free system and
S = 1.5 for all others. At the end of each experiment, precipitates were
filtered, washed, and air-dried for characterization by XRD and SEM.

R=

B RESULTS AND DISCUSSION

Seeded Growth Experiments. Seeded batch experiments
were conducted in order to investigate and quantify the effects
of different alginates on brushite growth. Initial experimental
conditions were determined in accordance with preliminary
experiments to give solutions supersaturated with respect to
brushite and stable for up to 15 min. Brushite seeds were well
characterized prior to usage in terms of phase purity and
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Figure 2. (A, B) SEM images of samples collected at the end of seeded experiments where S < 1.5 in the presence of 10 ppm M-blocks at different

magnifications.
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morphology (Figure 1). The surface area of seeds was
determined by multiple point BET as 0.646 + 0.023 m*/g.
Upon addition of seeds into the reaction medium, the pH
started to drop immediately, which was accompanied by a
simultaneous decrease in calcium ion concentration. To ensure
ions were only consumed by the growing seeds, Coulter
counter measurements were taken during growth experiments
of brushite in the absence of alginate. Analysis of samples
withdrawn during the course of the reaction showed steady
numbers of crystals with increasing average size. In experiments
including alginate additives, reliable data could not be obtained
from size measurements due to aggregation of the crystals.
However, SEM images of end products indicated that a non-
nucleating environment was achieved as no new particles
smaller than the original seeds were observed (Figure 2).
There was a significant change both in calcium consumption
(Figure 3) and pH drop rates (not shown) when different types
of alginate were added in the reaction vessel. By using the
obtained calcium and pH depletion curves, growth rate
constants (k) were calculated to quantify the effects of additives
on the overall growth rate (Table 1). In the absence of alginate,

Table 1. Values of Growth Rate Constants (k) and Apparent
Growth Orders (g)

k (mmol/min-m?) g
no alginate 1.063 + 0.128 1.091 + 0.086
no alginate” 0.962 + 0.155 2.402 + 0.148
10 ppm alginate 0.743 + 0.016 2.779 + 0.030
25 ppm alginate 0.193 + 0.022 3.964 + 0.441
10 ppm G-block 0.116 + 0.006 3.996 + 0.083
25 ppm G-block 0.11S + 0.003 3.395 £ 0.008
10 ppm M-block 0.210 + 0.024 2.126 + 0.095
25 ppm M-block 0.096 + 0.00S 2.134 + 0.079

“Values given are calculated from constant composition experiments.

a fast growth process was observed, and the reaction was almost
complete within 50 min. After that point, calcium depletion
curves and pH showed constant values that indicated the end of
the reactions. Calculations of supersaturation with the
momentary inputs of pH and ion concentrations at those
time points resulted in S &~ 1.00 that supports the accuracy of
thermodynamic calculations used. The growth rate constant
was calculated to be 1.063 mmol/min-m? in the absence of any
additive from the desupersaturation experiments. Addition of
high molecular weight alginate resulted in a decrease in the rate
of calcium consumption and pH drop starting from the initial
stages of growth and continuing throughout the reaction. This
retarding effect was observed to be highly dependent on
additive concentration. When G-block oligomers of alginate
were used at the same concentration as the alginate polymer,
the concentration effect was less pronounced between 10 and
25 ppm additive concentrations, and growth rate constants
obtained at those two G-block concentrations were very similar.
Among all types of alginate additives, G-blocks resulted in the
strongest inhibition on the overall course of growth. Calcium
ion depletion slowed down even further with decreasing
supersaturation in the vessel and was inhibited almost
completely after consumption of 50% of available calcium
(Figure 3B). In the presence of M-block oligomers, a reduced
rate of calcium consumption was observed when compared to
additive free systems; however, growth proceeded further when
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compared to both alginate and G-block counterparts (Figure
30).

Crystal growth inhibition in the presence of polymeric
additives has mostly been attributed to the adsorption of
additives on active growth sites on the crystal surfaces.
Previously, we and others have reported reduced growth rates
for calcium carbonate and hydroxyapatite with addition of
alginate, where the growth retarding effect was related to the
high affinity of carboxyl groups in alginate toward calcium and
subsequent blocking of growth sites.'"'® Similarly, polyelec-
trolytes other than alginate with carboxyl and hydroxyl
functionality showed an inhibitory effect on hydroxyapatite
and calcium fluoride growth, and the adsorption hypothesis was
confirmed by fitting of experimental results to Langmuir type
adsorption curves.”””* In the present study, alginate and its
oligomers are fully deprotonated in the pH range of growth
experiments that in turn allows for ionic interactions with
calcium ions. Therefore, by reference to the previous studies on
calcium phosphate and calcium carbonate systems with alginate
and other polyelectrolytes and the similar chemistry in solution,
the inhibitory effect of alginate on brushite growth can be
related to molecular adsorption mechanisms. Further inhibition
by increasing polymer concentration and effective G units in
parallel supports the hypothesis that high affinity functional
groups can result in more effective adsorption to active growth
sites and thus lower the growth rate. The magnitude of
inhibition is increasing with additive concentration but can
reach a maximum beyond which growth inhibition becomes
less significant.”®> Comparable growth rates observed at two
different concentrations of G-block oligomers indicate satu-
ration of the active sites after which the extent of growth
inhibition becomes less dependent on the additive concen-
tration. A G-block concentration of 10 ppm can maximally yield
~13 molecules per nm” of brushite seeds, which is high enough
for an efficient surface coverage that inhibits growth. An
additional experiment performed with 1 ppm G-block
oligomers showed that inhibition follows a concentration-
dependent manner before reaching saturation (Figure 3B).

The apparent order of growth (g) was determined from the
rate expression (eq 2) and used to discuss possible mechanistic
models of crystal growth. Although it is not possible to directly
relate changes in solution chemistry to microscopic growth
processes occurring at the crystal surface or distinguish between
individual faces without support from direct methods such as
AFM, general deductions can be made regardin§ overall growth
mechanisms from indirect bulk measurements.*®

The growth mechanism of a crystal depends highly upon
supersaturation, and it is possible to obtain different and
multiple mechanisms dominating at different regions of the
supersaturation range.”’” In the case of brushite growth without
additives, seeded desupersaturation experiments resulted in an
average g value close to 1, which indicates a diffusion-controlled
growth mechanism. High initial supersaturation (S = 2.34) used
in the batch experiments can promote high surface nucleation
rates resulting in fast surface integration kinetics and hence a
diffusion-controlled process with a linear dependence on
supersaturation. In order to gain more insight into the growth
mechanism at low supersaturation, constant composition
experiments were conducted, and the value of apparent growth
order was calculated as 2.40 at the determined range from the
slope of the logarithmic R vs ¢ curve (Figure 4). The values of
the apparent growth orders demonstrated varying growth
mechanisms for brushite under two different conditions that
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Figure 4. Plot of rate vs relative supersaturation obtained from
constant composition experiments.

correlate with the dependence of the dominating growth
mechanism on supersaturation. In desupersaturation experi-
ments most of the growth took place at a high supersaturation
range where a diffusion-controlled process becomes rate
determining. The constant composition experiments were
conducted at lower values of supersaturation. Spiral growth
has been stated as the most dominant growth mechanism for
sparingly soluble salts at low to moderate supersaturation range,
and previous studies of brushite growth showed parabolic rate
laws (g ~ 2).**°7%° Surface nucleation might accompany
growth when supersaturation is sufficiently high to create new
step edges. Therefore, the value of 2.40 can imply a combined
mechanism of spiral growth (g & 2) and surface nucleation (g >
2), which has been previously observed for brushite growth.”"

Experiments with alginate and G-block oligomers resulted in
even higher apparent growth orders, indicating a surface
nucleation mechanism. In the presence of additives which cause
an effective reduction in active growth sites by adsorption,
growth may proceed via surface nucleation to generate new
growth sites when the driving force is high enough.’“ Thus, the
transition in the growth mechanism might result from specific
interactions between the additive and active sites on the crystal
surface. When M-block oligomers were used as additives, g
values were close to 2, which might be interpreted as growth is
still proceeding via spiral growth and the mechanism is not
changed. Carboxyl groups of M-blocks do not exhibit a specific
affinity toward calcium ions; however, nonspecific interactions
with the crystal surface are likely to occur via ionic interactions
or H-bonding.'® Oligomer chains might be nonspecifically
adsorbed onto the crystal surface without significant blockage
of active sites, and therefore the growth mechanism is not
altered. However, their presence is effective in decreasing the
rate of incorporation as seen evidently from the growth rates.
Thus, it can be concluded that the presence of M-blocks affects
the accessibility of the active sites in a concentration-dependent
manner and retards the growth.

The changes in g values and proposed mechanisms for
brushite growth in the presence of additives also shed light on
the differences in growth behavior at low supersaturation range.
In the presence of alginate and G-block additives almost
complete inhibition of growth was observed at low super-
saturation because a certain driving force is needed to continue
growth via surface nucleation. However, in the presence of M-
blocks crystal growth continued even at low supersaturation
range with the spiral growth mechanism.
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Unseeded Batch Experiments. Unseeded experiments
were conducted to evaluate the effects of alginate-based
additives on spontaneous crystallization of brushite. Although
other calcium phosphate phases were observed within the gel
matrix in our model system, all experiments in solution yielded
phase pure brushite as the final product, but differences were
observed in the progression of the reactions and morphology of
the final particles.

Calcium depletion curves for unseeded experiments are given
in Figure 5. In the absence of any additive, calcium
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Figure S. Calcium consumption curves of unseeded experiments with
no additive, with alginate and M-blocks at indicated concentrations.
Inset shows the calcium consumption curve in the presence of 10 ppm
G-block. Note different time scales.

consumption was fast, and the precipitation reaction was
complete after approximately 100 min. When high molecular
weight alginate was added in the reaction vessel, calcium
depletion slowed down in proportion to the polymer
concentration. In the presence of oligomers the retardation
effect was most prominent. Addition of 10 ppm M-blocks in the
reaction medium resulted in a prolonged time interval where
calcium concentration and pH changes were very small, and
this time lapse was followed by a faster consumption region at a
rate comparable to high molecular weight alginate at the same
concentration. In the case of G-blocks, the course of
precipitation slowed down substantially compared to any
other additives (Figure S inset).

Samples were collected at initial and final reaction time
points and at comparable levels of supersaturation from each
batch for morphological evaluation by SEM. Appropriate time
points were determined by calculations of supersaturation that
is dominantly depending on pH. Since all experiments were
conducted under nitrogen atmosphere, pH values are sufficient
input data in order to calculate momentary supersaturation
values. Early samples were collected at S = 2.00 revealing the
effects of the various additives on initial stage of the
precipitation reactions, whereas final samples were collected
at S & 1.0 for additive free reactions and S < 1.50 for all others,
by which point most of the available calcium had been
consumed. In the early stages brushite crystals were observed to
precipitate with a well-defined, platelet-like morphology in
additive free experiments (Figure 6A). Crystals precipitated in
the presence of 10 ppm alginate were larger initially (Figure
6B), and more prominent size differences were observed for the
final products of the reactions (Figure 7B). Since seeded

DOI: 10.1021/acs.cgd.5b01032
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Figure 6. SEM images of samples collected at S & 2.0 during unseeded batch experiments with no additive (A), 10 ppm alginate (B), 10 ppm M-

block (C), and 10 ppm G-block (D).

Figure 7. SEM images of final precipitation products from unseeded batch experiments with no additive (A), 10 ppm alginate (B), 10 ppm M-block

(C), and 10 ppm G-block (D). Note the different scale bars.

experiments showed that the growth rate was reduced with the
addition of alginate, large-sized particles observed at same levels
of supersaturation illustrate that the nucleation rate was

reduced and resulted in a lower number of particles consuming
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supersaturation for growth. This effect was even more
pronounced at the final stages of the reactions. The brushite
crystals precipitated in the presence of alginate were much

larger than additive-free counterparts despite the lower growth

DOI: 10.1021/acs.cgd.5b01032
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Figure 8. SEM images of final crystals from unseeded batch experiments with no additive (A), 10 ppm alginate (B), 10 ppm M-block (C), and 10

ppm G-block (D). Note the different scale bars.

rates and higher supersaturation at the end point of reactions.
M-blocks did not show a retardation effect on nucleation
(Figure 6C). As seen in the calcium and pH depletion curves
(Figure S), high supersaturation levels were maintained for
prolonged times in the presence of oligomers, which can result
in upholding high nucleation rates. Simultaneously reduced
growth rates in the presence of M-block oligomers con-
sequently led to precipitation of small size brushite particles
(Figure 7C). In precipitation experiments including G-block
oligomers, with the same upholding effect on supersaturation
for much longer time and lower growth rates, even smaller
particles would be expected, but the opposite was observed as
in the case of alginate (Figures 6D and 7D). These results
suggest a retardation effect on nucleation by the G-blocks that
are present in both additives; however, further explanations
cannot be offered within the experimental data of this study.

The morphology of a crystal is determined by the relative
growth rates of its individual faces. When additives are adsorbed
preferentially to a certain face, its relative growth rate decreases
and that face is expressed more in the final morphology.
Therefore, observation of the final morphologies may reveal the
interactions of alginate based additives with brushite.

In additive-free experiments, brushite was precipitated with a
typical platelet-like morphology with prominent (010) and
lateral (hOl) faces (Figure 8A). In aqueous solution, it is
assumed that the dominant (010) face of brushite crystal is
composed of bilayers of structural water molecules, and lateral
faces express a mixed ionic nature with exposed calcium and
phosphate ions.”> When alginate was added in the reaction
medium, large crystals with the same platelet shape were
obtained (Figure 8B). In that case, it can be assumed that
sterically hindered macromolecules of alginate mostly adsorb
on the dominant faces. In contrast, addition of small M-block
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oligomers with functional groups resulted in particles with a
noticeable increase in thickness, which can be interpreted as
they were preferentially adsorbed on the lateral faces of brushite
crystals primarily due to electrostatic interactions (Figure 8C).
In their study of additive interactions with brushite, Sikiric et al.
presented similar findings where small molecules with sufficient
charge density through functional groups preferentially
interacted with lateral faces, whereas macromolecules and
molecules with hindered structures specifically adsorbed on the
dominant (010) face.”> The most prominent morphological
changes were observed in the presence of G-block oligomers
where smooth (010) faces were no longer retained. In the
presence of G-block oligomers, the specific affinity of the
additives toward calcium ions might be more operational than
size and charge effects (Figure 8D). This drastic change in
morphology was also reflected in the XRD data. The most
intense peaks of brushite are found at 26 = 11.68°, 20.93°,
29.26°, 30.50°, and 34.15° that correspond to X-ray diffractions
from {020}, {021}, {041}, {Z21}, and {220} planes,
respectively. The plate-like structure and dominant (010) face
of brushite leads to preferential orientation of the crystals and
affects the diffraction pattern by enhancing the intensity of
{020} reflection at 11.68°.>* Although this effect was eliminated
to some extent by grinding the samples, it could not be
completely removed. Figure 9 shows the comparison of
diffraction patterns of the precipitates with ideal isotropic
XRD data of brushite at the five highest intensity peaks. As the
preferential orientation due to the plate like structure of
brushite was disturbed with the presence of G-block oligomers,
relative peak intensities showed a closer fit to the ideal case.

DOI: 10.1021/acs.cgd.5b01032
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Figure 9. Relative intensities of XRD peaks of brushite precipitates.

Bl CONCLUSION

Investigations of brushite crystallization in the presence of
alginate additives revealed significant effects of compositional
variations of alginate on the nucleation and growth processes.
Growth kinetics in the presence of additives was studied by
seeded desupersaturation experiments, and this method was
shown to be applicable for brushite growth under specified
experimental conditions. Although the constant composition
method provides better accuracy and control particularly over
the kinetic studies of slow growing minerals at low super-
saturation range, for a fast growing mineral like brushite,
growth kinetics can be efficiently studied at desupersaturation
conditions and a relatively high level of supersaturation.
Growth experiments showed decreased growth rates in the
presence of all additives, but the extent of reduction and
proposed growth mechanisms varied between the different
types of alginates used. In the presence of alginate and G-block
oligomers, specific affinity of G-blocks toward calcium ions
resulted in a growth mechanism more dominated by surface
nucleation possibly by blocking the active growth sites on the
crystal surface. On the other hand, nonspecific interactions of
M-block oligomers caused a reduction in growth rates and a
parabolic dependence of growth on relative supersaturation,
which is indicative of a spiral growth mechanism. Differences in
growth mechanisms led to changing growth profiles at the low
supersaturation region where spiral growth could proceed
further, but growth via surface nucleation was almost
completely inhibited with decreasing driving force. Unseeded
batch experiments showed the effects of additives on the initial
stages of precipitation. By decoupling the results of seeded and
unseeded experiments, information was deduced regarding the
nucleation stage where comparing particle sizes with the
knowledge of relative growth rates suggested a retardation
effect on brushite nucleation by additives with G-units.
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Table S1. The reactions and their corresponding equilibrium
constants (-log K) used to calculate the solution speciation at 25 °C

H,0 & H +OH 13.997
Ca” +H,0 <> CaOH +H' 12.697
H;PO4 < 3H + PO, 21.721
H,PO4- <> 2H' + PO, 19.573
HPO,” & H + PO~ 12.375
CaH,PO, — Ca’ +2H" + PO, 20.923
CaHPO, & Ca”  + H' + PO, 15.035
CaPO,; < Ca™ +POy” 6.46

CaHPO4.2H,0 (s) «> Ca” + H  + PO, + 2H,0 18.995
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Figure S1. Representation of growth rates as a function of relative supersaturation. Solid lines
show predicted models and markers show experimental data points.
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ARTICLE INFO ABSTRACT

Communicated by Christian Kloc Phase transformations are important processes during mineral formation in both in vivo and in vitro model

Keywords: systems and macromolecules are influential in regulating the mineralization processes. Calcium phosphate
Biocrystallization mineralized alginate hydrogels are potential candidates for hard tissue engineering applications and
Nucleation transformation of the resorbable calcium phosphate phases to apatitic bone mineral in vivo enhances the
Calcium compounds success of these composite materials. Here, the transformation of brushite to hydroxyapatite (HA) and the
Minerals

effects of alginate additives on this process are studied by the investigation of supersaturation profiles with HA-
seeded and unseeded experiments. This experimental design allows for detailed kinetic interpretation of the
transformation reactions and deduction of information on the nucleation stage of HA by evaluating the results
of seeded and unseeded experiments together. In the experimental conditions of this work, transformation was
controlled by HA growth until the point of near complete brushite dissolution where the growth and dissolution
rates were balanced. The presence of alginate additives at low concentration were not highly influential on
transformation rates during the growth dominated region but their retardant effect became more pronounced as
the dissolution and growth rates reached an equilibrium where both reactions were effective on transformation
kinetics. Decoupling of seeded and unseeded transformation experiments suggested that alginate additives

retard HA nucleation and this was most evident in the presence of G-block oligomers.

1. Introduction

The formation of inorganic minerals via a biological process
(biomineralization) involves the constructive interaction between or-
ganic and inorganic phases to result in composite tissues with excep-
tional biological and physical properties [1]. Although it is currently
not possible to exactly reproduce such materials by synthetic means,
naturally derived composite tissues have been a rich source of inspira-
tion for the design of synthetic biomaterials for hard tissue engineering
applications [2,3]. Calcium phosphates (CaP) are an important class of
minerals in this regard since hydroxyapatite (HA) is the dominant
mineral phase in the calcified tissues of mammals. The in vivo
mineralization mechanism of HA has been proposed to have multiple
steps that include the initial precipitation of transient phases followed
by their transformation [4,5]. Based on in vitro studies, amorphous
calcium phosphate (ACP), brushite and octacalcium phosphate (OCP)
have all been suggested as precursor phases for bone mineral formation
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in vivo [6].

In a recent study, our group investigated alginate hydrogels
mineralized with brushite as potential candidates for bone tissue
engineering applications and gelation and mineralization kinetics of
this composite system were studied in detail [7,8]. Brushite is well
suited to this purpose due to its higher solubility that leads to ready
hydrolysis and therefore enables remodeling and transformation to
bone-like mineral in vivo by providing the necessary space and ions
[9]. Alginate has been extensively studied and clinically applied for
many biomedical applications since it is non-toxic, biodegradable and
is tolerated well in vivo, also it can form hydrogels under mild and
physiologically compatible conditions. Alginate is a polysaccharide
composed of 1-4 linked B-D-mannuronic acid (M) and a-L-guluronic
acid (G) residues with an alternating or block structure. G- units show a
specific affinity towards certain cations including calcium ions through
their outward carboxyl groups so that calcium can selectively bind to G-
blocks and alternating blocks of the polymer but not to M-blocks [10].
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Therefore, its chemical composition, sequential structure of the
repeating units and molecular weight are highly deterministic on how
alginate regulates CaP mineralization [8]. Our model system showed
that when seeded hydrogels were kept in their gelling bath at room
temperature brushite minerals started to transform into HA after 24 h.

The driving force for solvent mediated transformation of brushite to
HA originates from the large difference between the solubility products
of these two phases (-log Ky, 18.99 and 44.33 for brushite and HA,
respectively at 25 °C) [11]. Investigations on the hydrolysis of brushite
to HA revealed multiple variables that can act on the transformation
kinetics such as altering reaction conditions [12,13], modifying brush-
ite [14,15] and incorporating additives in the reaction medium [16—
18]. Previous studies of brushite to HA transformation showed that
organic molecules can mediate the transformation reaction through
different mechanisms depending on the nature of interactions between
the additive and the mineral phases. Xie et al. showed that albumin has
a retarding effect on brushite transformation via two mechanisms:
binding of protein to calcium ijons and electrostatic interactions
between the protein and the CaP surface that restricts the dissolution
and subsequent reprecipitation processes [16]. In contrast Tang et al.
showed that the transformation of brushite to HA was promoted in the
presence of citrate and acidic amino acids (aspartate and glutamate)
via reducing the interfacial energy barrier between the two mineral
phases [17,18].

In the present study, we investigate the transformation of brushite
to HA and the effects of alginate additives on this process by a detailed
investigation of reaction kinetics via supersaturation profiles to obtain
more insight and control on our model system. According to the kinetic
model of solvent mediated transformation postulated by Davey et al.
the overall transformation can be either dissolution or growth con-
trolled, depending on the ratio of kinetic constants of these reactions
and the relative surface areas of two phases; where different control
mechanisms give rise to different desupersaturation profiles during
hydrolysis [19]. Although conversion data obtained by microscopic,
spectrometric and thermal methods are used quite often to explore
phase transformations of CaPs, mechanistic insight on transformation
kinetics can be best obtained by investigation of the supersaturation
profiles.

The transformation kinetics were evaluated first by changing the
initial surface area ratio of brushite and hydroxyapatite in the absence
of additives to evaluate the controlling mechanism. When additives
were introduced, their effects on hydrolysis were studied both by
seeded and unseeded experiments.

2. Experimental
2.1. Materials

All chemical reagents were purchased from Sigma-Aldrich unless
stated otherwise. Deionized water (DI water) was used to prepare all
aqueous solutions. Alginate with a molecular mass of 274 kDa and 68%
G, isolated from Laminaria hyperborea (L. hyp) stipe, was obtained
from FMC Biopolymer (Norway). Two different oligomers of alginate,
denoted as G- and M-blocks, consisted of 90% and 5% G monomer,
respectively, with the degree of polymerization =20 for both. The G-
blocks were produced from alginate from (L. hyp) stipe by acid
degradation and fractionation [20]. The M-blocks were produced from
alginate from Ascophyllum nodosum by acid degradation and calcium
fractioning as described elsewhere [21].

2.2. Methods

All experiments were carried out in a magnetically stirred 1L
double-walled glass reactor, with two baffles attached to the lid.
Temperature was controlled by a water bath at 25 °C for all experi-
ments. Nitrogen, presaturated with water, was constantly bubbled into
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solutions 2 h prior to and during the experiments to exclude atmo-
spheric carbon dioxide. The chemical speciation and supersaturation
was determined by thermodynamic calculation program PHREEQC
Interactive 3.1, using Minteq v4 database. The equilibrium constants
used for solution speciation are given in the supplementary informa-
tion (Table S1) and the activity based supersaturation (S) is defined as
given in Eq. (1) where IAP is the ion activity product, K, is the
solubility product and v is the number of ions in the unit formula of the
corresponding phase (see Egs. S1 and S2).

1/v
i3]
W

The pH was recorded continuously by means of a combined glass
electrode with KCl reference electrolyte connected to Tiamo software
(Metrohm) and calibrations were carried out before each experiment.
Calcium ion concentration in the vessel was monitored by either online
recording of the calcium electrode potential in the vessel via Tiamo
software or offline titration (Mettler Toledo DL 53) of samples with
10 mM EDTA as explained elsewhere [8]. Phosphate concentration was
determined spectrophotometrically by formation of its molybdate
complex and measuring absorbance at 835 nm [22].

Characterization of solid phases were conducted via powder XRD
(D8 Advance, DaVinci, Bruker AXS GmBH) in the range of 4-75° with
a step size of 0.013° and a step time of 0.67 s. FTIR (Tensor, Bruker)
spectra of powder samples were also collected between 4000 and
550 cm™'. SEM analyses (S-3400N, Hitachi) were performed at an
accelerating voltage of 5 kV, where samples were placed on carbon tape
and sputter coated with gold.

{IAP}
{Kp)

2.3. Seed preparation

Brushite seeds were prepared as described elsewhere [8]. Briefly,
equimolar amounts of Ca(NO3),-4H,O and KH,PO, solutions were
mixed to a total volume of 1L under nitrogen environment and
constant stirring at 800 rpm at 25 °C. Precipitates were aged in their
saturated solution for at least 2 h after completion of the reaction as
indicated by stable pH. The crystals were then filtered, washed with
DIW and ethanol prior to drying at room temperature. HA seeds were
prepared by the method previously described by Nancollas and Mohan
[23]. Briefly, 0.5 M of Ca(NO3),-4H,0 solution was added slowly to a
0.3 M KH,PO,4 solution under nitrogen environment and constant
stirring at 800 rpm. During the precipitation reaction the pH of the
solution was maintained between 8.5 and 10 by addition of KOH and
temperature was kept at 70 °C. The precipitate was refluxed at 70 °C
overnight. Crystals were then washed with DIW by repeated centrifu-
gation and dried at 80 °C. Phase purity of seeds was verified by XRD
and FTIR analyses. Specific surface area (SSA) was determined by
multiple point BET nitrogen adsorption method (Tristar II,
Micromeritics) and found to be 0.646 +0.023 m?/g and 62.518 +
0.142 m?/g for brushite and HA seeds respectively. Seeds were stored
for up to one month in their dry state prior to use.

2.4. Transformation experiments

Solvent mediated transformation of brushite was investigated by
desupersaturation profiles. For this purpose, the solution pH was
monitored as the primary variable as this reflects changes in the
supersaturation profile during dissolution and precipitation. In addi-
tion, calcium and phosphate ion concentrations were determined at
arbitrary time points to support the desupersaturation profiles ob-
tained by pH data and to quantify values of the momentary super-
saturation.

Transformation reactions were initiated by addition of 250 mg of
brushite seeds dispersed in 1 mL of DI water in 0.5 L aqueous alkaline
solution (Ionic strength=0.15M, pH~8.30) under N, bubbling and
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constant stirring at 750 rpm. Subsequent fast dissolution of brushite
seeds in this undersaturated solution resulted in an increase in the pH
up to 8.60 + 0.05 where a plateau was observed. Automated burettes
were activated when a stable pH was attained to keep the value
constant by titrating with 0.01 M NaOH throughout the experiments.

In the aqueous alkaline media (pH=8.60 + 0.05) with NaOH addi-
tion, the phase transformation of brushite to HA occurs by subsequent
dissolution and reprecipitation reactions resulting in the overall
reaction given below (Eq. (2)) [24,25].

10 CaHPO4-2H,0+8 OH —Ca;o(PO4)s(OH)2 + 4HPO,> +26 Ho0 (2)

By using the constant pH titration, the changes in pH were recorded
with high precision and the course of transformation was evaluated by
using the titrant addition curves. In addition, pH was kept at its initial
high value chosen to eliminate possible OCP formation and make HA
the favorable phase throughout the transformation reactions [11].

In the absence of additives, varying amounts of HA seeds (50, 75,
100 and 125 mg) were added in the reactor immediately after the
titration was activated to evaluate the transformation kinetics. In order
to investigate the effect of additives on transformation, corresponding
amounts of alginate additives were included in the solution and
experiments were carried out both with and without the addition of
HA seeds.

3. Results and discussion

When brushite seeds were added to aqueous alkaline solutions
(point 1, Fig. 1) pH values first showed a sharp decrease from pH ~8.40
to 8.00 due to the lower pH of the suspending solution (DI water, pH
~7.00) followed by a more gradual increase up to 8.60 + 0.05 due to
brushite dissolution at which point the pH remained stable and the
constant pH mode was activated (point 2, Fig. 1). Since brushite
dissolution provided the necessary ions to build up the supersaturation
in solution, the pH started to drop after this point either because of
growth in the HA seeded experiments or spontaneous precipitation in
the unseeded experiments, and it was maintained by automatic base
titration.

3.1. Seeded transformation experiments

Transformation kinetics of brushite were initially investigated with
the addition of HA seeds in the reaction medium immediately after a
stable pH was observed and titration was activated. In the first set of
seeded experiments, the amount of HA seeds was varied (75, 100 and
125 mg) in the absence of additives. Fig. 2 shows the rate of base

8.7 4

-
—_—

pH

7.9 T T T T T 1
0 1 2 3 4 5 ]

time (min)

Fig. 1. The pH curve with respect to time where point 1 shows the addition of brushite
seeds and point 2 shows the activation of titration to maintain the stable pH. The initial
drop of the pH observed with seed addition is caused by the solution used to disperse
brushite seeds.
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Fig. 2. Titrant addition curves of HA seeded transformation experiments in additive-free
solution with three different seed amounts.

addition with respect to time for different seed amounts. Titration
curves showed an initial linear rate of titrant addition followed by a
slightly inclined plateau and a final regime with a logarithmic addition
rate.

The linear rate of base titration until the plateau indicates a
constant rate of transformation (R,;) according to Eq. (2) which can
be associated with a constant driving force for the transformation of
brushite to HA (AGy,) that can be given by;

AG,=AGus—AGp, 3)

where the AGy, is the driving force for the formation of HA and AGy,,s
is the driving force for the formation and hence the stability of brushite.
In addition, the driving force for the formation of a CaP phase can be
defined in dependence of its activity based supersaturation, Sc,p (Eq.
(1)), where Ry is the gas constant and T is the absolute temperature
(Eg. (4)).

AGc,p=—vR, TinScqp 4

In order to examine the changes in solution supersaturation,
samples were collected and analyzed for calcium and phosphate ion
concentrations, and momentary supersaturation values were calculated
with respect to both brushite and HA at the start of titration, during the
linear region of the titration curves and in the plateau region (Fig. 3).
Initially the solution was highly supersaturated with respect to HA
(Sua~36) and slightly undersaturated with respect to brushite
(Sprs=0.84). Therefore, at the experimental conditions where both
HA-seeded and unseeded transformation reactions were initiated,
brushite was thermodynamically unstable (AGy,s>0) whereas HA

B0+
704
60 <
— Viegow (ML) 5, L
E wos | o
-g 504 10 0.81 36.0
= 404 20 0.80 357
304 30 0.79 334
40 0.78 326
20
S0 0.78 322
104
60 0.70 281
0 T T T T T 1
[1] 50 100 150 200 250 300
time (min)

Fig. 3. The data points of sample collection for ion concentration analyses and
calculated values of momentary supersaturation with respect to brushite and HA during
the transformation reaction.
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growth was favorable (AGya <0) and AG,. had an overall negative
value. Results of ion analyses during the linear region of titrant
addition showed decreasing calcium concentration and increasing
phosphate concentration in the solution due to the difference in the
stoichiometry of the two minerals (Eq. (2)). The changes in ion
concentrations resulted in decreasing supersaturation for both brushite
and HA but the calculation of AGy, by use of the momentary S values
showed the overall driving force for transformation was kept within
less than 2.5% deviation as indicated by the constant rate of base
consumption.

The decrease in the supersaturation values of both phases might
indicate that the supersaturation consumption due to the HA growth
was not effectively compensated by the brushite dissolution. Although
there is a three orders of magnitude difference between the rate
constants of the dissolution and growth reactions (kq, brushite~107°
[26,27] and ky, Ha~1078 282%) the overall rates of the dissolution and
growth and so the controlling mechanism during the transformation
reaction is highly dependent on the supersaturation of the reaction
medium and the relative surface areas of both phases. When the
transformation experiments were conducted in the presence of varying
amounts of HA seeds, equal transformation rates were obtained when
rates were normalized to the surface area of the seeds used. Therefore,
it can be concluded that the rate of transformation was closely
dependent and controlled by the rate of HA growth and the dissolution
rate of brushite was not a limiting factor in the specified system.

In the plateau region the changes in pH were minimized which
indicates reaching the plateau supersaturation where the equilibrium
between two reactions was established and the mass dissolution and
growth rates were balanced. Due to the large difference between the
rate constants, this equilibrium can only be reached at critically low
amounts of brushite attained at the point of almost complete dissolu-
tion. The end point of the plateau region thus corresponds to the point
of complete consumption of the brushite crystals and completion of the
transformation reactions. After brushite was completely consumed, the
supersaturation profile of the solution is determined by HA growth
only. The final logarithmic part of the titration curve represents
desupersaturation of the solution by the growth of HA until the
solubility limit was reached and calculation of the supersaturation at
the final points of the experiments gave values of Sy5=1.0. Observation
of the plateau and maxima of all curves at equal volumes of base
addition in all experiments and drastic decrease in both calcium and
phosphate concentrations after the plateau region also supports this
hypothesis.

In the second set of HA-seeded experiments, alginate additives
were introduced and the mass of HA seeds was kept constant at
100 mg. Titrant addition curves showed the same three characteristic
regions and here the data are presented in terms of the percentage of
conversion to HA, assuming complete conversion at the end-point of
the plateau where the solid brushite was completely consumed (Fig. 4).

The differences in conversion rates between the sample groups
developed as the transformation proceeded and were more noticeably
expressed towards the end of the reactions. The retarding effect of
alginate and other molecules with carboxyl functionality on HA growth
is previously reported in literature as an effect related to the adsorption
of additives on the active growth sites on the crystal surfaces [28—30].
Growth experiments of HA in the presence of alginate and its oligomers
were conducted in our group also and efficient growth retardation was
observed that was in agreement with the literature (to be published).
However, during the growth dominated region of the transformation
rates, strong retardation in the presence of additives was not expressed
as evident from the similar slopes of the curves. Both the studies by our
group and documented in the literature were conducted at low super-
saturation with respect to HA (Sya=1.0-5.4) where spiral growth is the
controlling mechanism. However the high supersaturation in the
current transformation experiments (Sga=36) can promote high sur-
face nucleation rates, resulting in fast surface integration kinetics and
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Fig. 4. The percentage conversion of brushite to HA in the seeded system (100 mg
seeds) as a function of time in the absence and presence of indicated alginate additives.

can also further lead to a diffusion-controlled process. Thus the
retardation effect of additives on growth, resulting from their blockage
of active sites on crystal surfaces, may lose its influence at low additive
concentration and high supersaturation during the growth dominated
region of transformation.

The transformation rates decreased with time as the plateau regions
were reached under all experimental conditions (between 80% and
100% conversion). It is important to note that the plateau region
represents where the dissolution and growth rates were balanced so
that transformation reactions were no longer growth-controlled. As the
conversion proceeded, the supersaturation decreased slowly with
respect to both phases, and reached its lowest value during the plateau
before the completion of the transformation reactions. The decreasing
supersaturation with respect to HA would lead to decreased growth
rates, but the brushite dissolution rate would be expected to increase as
the undersaturation level was increasing if evaluated analogously to
growth in terms of driving force. However, previous studies of CaP
dissolution showed the dissolution rates of CaPs markedly decreased
with time even under constant undersaturation [31-34]. A detailed
analysis of brushite dissolution by Nancollas et al. revealed that
deceleration of dissolution is size dependent and as the crystallite size
becomes close to the values for critical dissolution steps, the dissolution
can be effectively suppressed or further inhibited, and the presence of
additives could further delay dissolution by additional interference
with the developing dissolution steps [35]. Therefore we can conclude
that the retardation phenomena observed approaching and during the
plateau region were a result of both the lowered rates of growth and
size dependent dissolution suppression leading to decreased transfor-
mation rates in a synergistic fashion.

3.2. Unseeded transformation experiments

The second set of transformation experiments were conducted in
the absence of HA seeds but in the presence of additives. When HA
seeds were not present, increasing supersaturation due to brushite
dissolution resulted in nucleation and subsequent growth. The titrant
addition curves displayed a characteristic S-shape representative of
that process instead of the linear region observed in the seeded
experiments, followed by a similar plateau and a final logarithmic
region (Fig. 5A).

In order to characterize the CaP phases present during the
hydrolysis of brushite, samples were collected, washed and analyzed
at different stages of transformation as shown in Fig. 5A. Both XRD
and FTIR analyses showed the gradual disappearance of brushite until
the plateau and subsequent formation of HA (Fig. 5B and C) [36,37].
The sample collected at point 1 showed the characteristic diffraction
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Fig. 5. The titrant addition curve for the transformation reaction of brushite in the absence of additives showing the time points of sample collection (A); XRD (B) and FTIR (C) spectra
of the samples collected at the indicated reaction time points and associated SEM images of these samples taken at point 1 (D), point 2 (E) and point 3 (F).

pattern of brushite and the FTIR analysis also indicated its presence by
the peaks observed at 3536 em™, 3478 cm™ 3265cm™! and
1647 cm™! associated with the water molecules in the lattice and the
peaks associated with the presence of HPO,>™ ion at 1205, 1121, 1053,
984, 871 and 575 cm™!. The SEM image of the sample also showed
dissolving brushite particles (Fig. 5D). Brushite presence was still
detected at point 2 and SEM images of samples taken at that point
revealed the presence of dissolving brushite particles and a new phase
forming on the dissolving platelets (Fig. 5E). Both XRD and FTIR
spectra showed a decrease in the intensities of peaks associated with
brushite and significant peak broadening was observed in FTIR. In
addition a new FTIR peak at 1030 cm™' attributable to PO,>~ was
observed indicating transformation and the presence of a new CaP
phase. XRD spectra of the sample collected at the plateau region (point
3) did not show any strong diffraction peaks which might be due to the
small crystallite size or low crystallinity of the sample below the
detection limit. FTIR analysis revealed a broad band around
3200 cm™! associated with OH™ ions and the PO,*" absorption band
was observed at 1025cm™'. A representative SEM image of this
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precipitate is given in Fig. 5F. The brushite platelets are no longer
present and the sample was dominated by the new phase formed. The
analysis of the final sample with FTIR showed more intense absorption
bands of PO,®~ at 1025, 600 and 560 cm™ and XRD spectra revealed
the presence of poorly crystalline HA. XRD analyses conducted at low
angle (20=4-10°) did not show distinguishable peaks of OCP in any of
the samples. Therefore, it was concluded the transformation reaction in
the specified experimental conditions did not involve an intermediate
crystalline phase.

In order to evaluate the desupersaturation profile, the calcium
electrode potential was monitored simultaneously with pH in the
absence of additives (Fig. 6A). Data clearly demonstrated the dramatic
increase in the calcium concentration due to brushite dissolution
reaching a maximum at the point of activation of titration. Then, a
slight decrease was observed with the proceeding transformation (up to
~200 min) and the calcium signal was almost stable during the plateau
region of transformation (between ~200 and 320 min) indicating the
equilibrium between dissolution and growth reactions. After the
plateau, representing the completion of transformation and complete
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Fig. 6. Titrant addition (solid line) and calcium electrode potential (dotted line) with respect to time recorded during unseeded transformation of brushite in additive free medium (A),
the percentage conversion of brushite to HA in the unseeded system as a function of time in the absence and presence of additives (B).

disappearance of solid brushite, a fast decrease in calcium signal was
observed due to the consumption of ions by HA growth.
Representation of titration data in terms of percent conversion is
given in Fig. 6B for all systems. We note that low conversion
percentages were maintained for longer in the presence of additives
before reaching the steepest gradient of the titrant addition curves that
represents the growth dominated region. Seeded transformation ex-
periments conducted at the same conditions showed additives were not
highly influential in decreasing the rate of transformation during the
growth dominated region of the transformation reactions. In the
unseeded experiments, titrant addition curves showed similar steep
gradients in the growth dominated region, but the presence of alginate
additives effectively prolonged the time required to generate the critical
surface area needed before crystal growth could dominate the reaction
kinetics. Therefore by coupling the seeded and unseeded experiments it
can be deduced that the alginate additives interfere in the nucleation
period of HA and the most effective nucleation retardation was
observed in the presence of G-block oligomers. The variations in
nucleation kinetics under the same initial experimental conditions
can result from the effective interactions of additives with the building
units that can influence the nucleation rates via varying mechanisms
such as affecting the interfacial energy of nuclei or chelating the ions.
Adsorption of additives on crystal surfaces can result in changing the
interfacial energy between two phases that would affect the kinetics of
heterogeneous nucleation [38,39]. In addition, recent studies suggest
formation of an amorphous phase prior to HA nucleation, even at low
supersaturation, and relate the retardation effect of additives on HA
nucleation to the stabilization of this precursor phase by surface
adsorption of additives [40—42]. Future studies will be conducted to
clarify the operating mechanism of additives on HA nucleation.

4. Conclusion

HA formation via the transformation of brushite under alkaline
conditions was studied by determining the supersaturation profiles.
This method allows for detailed kinetic analysis of hydrolysis that
cannot be studied by conventional methods used for investigation of
phase transformations such as microscopic or thermal analyses. It was
shown that under specified experimental conditions transformation
was growth-controlled until the dissolution and growth rates were
balanced at the point of near complete brushite consumption.
Transformation rates were reduced towards the end of reactions due
to both a diminishing HA growth rate with decreasing supersaturation
and size dependent suppression of brushite dissolution. The presence
of alginate additives at low concentration was not highly influential on
decreasing transformation rates during the growth dominated region.
Their effect became more pronounced as the dissolution and growth
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rates reached equilibrium where both reactions were effective in
governing transformation kinetics. Decoupling of seeded and unseeded
transformation experiments suggested a retardant effect of alginate
additives on HA nucleation and this was most evident in the presence
of G-block oligomers.
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SUPPLEMENTARY INFORMATION

Table S1. The reactions and their corresponding equilibrium
constants (-log K) used to calculate the solution speciation at 25 °C

H,0 & H + OH 13.997
Ca” + H,0 & CaOH' + H' 12.697
H;PO4 < 3H' + PO, 21.721
H,PO4- < 2H' + PO~ 19.573
HPO4” & H + PO, 12.375
CaH,PO4 — Ca’" +2H" + PO4" 20.923
CaHPO, > Ca’" + H' + PO, 15.035
CaPO; « Ca”" + PO4~ 6.46

CaHPO4.2H,0 (s) < Ca’" + H' + PO,> + 2H,0 18.995
Cas(PO4)3(OH) < 5Ca’" + OH + 3PO,> 4433

{ca®T}tu™}{poi"}

Surs = ( })1/3 (Eq. S1)

Ksp,brs

2405 (313 oy 1/
Sp = <{C“ *}'{poi} ton }> (Eq. S2)

Ksp,HA
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ABSTRACT

Hydroxyapatite (HA) is the main mineral in vertebral tooth and bone tissue, thus, it is often
incorporated into synthetic composite materials designed for hard tissue engineering
applications. Investigating the formation mechanism of apatitic minerals and the effects of
matrix molecules during mineralization is important for the development of better designed
materials. This work is motivated by mineralization studies of an alginate hydrogel and
explores the mechanism of HA formation via an amorphous calcium phosphate (ACP)
precursor and the effects of alginate based additives on this process. In order to highlight the
course of the formation reaction a combination of potentiometric measurements and
characterization methods were used. Results indicated the presence of prenucleation

complexes prior to ACP formation which was followed by HA crystallization. The effects of



high molecular weight alginate and its well-defined oligomers with M- or G-block structure
were investigated on HA formation and it was shown that alginate and M-block oligomers
delayed HA formation by reducing both the nucleation and growth rates of HA. In the
presence of G-block oligomers a phase change was induced and coexistence of octacalcium
phosphate (OCP) and HA was detected. The information obtained in this study enabled

further understanding of the mineralization reactions observed within the alginate hydrogels.
INTRODUCTION

Calcium phosphates (CaP) are an important class of biological minerals found in natural hard
tissues; among them hydroxyapatite (HA) is the dominant mineral phase in mammalian
calcified tissues. Consequently, composite biomaterials designed for bone tissue engineering
applications often incorporate either HA or a precursor CaP phase that can transform to HA
under in vivo conditions. Understanding the formation mechanisms of apatitic minerals and
the effects of organic components on the crystallization process can inform the development
of improved biomaterials,' in vitro model systems of biomineralization, > and may also inspire

new synthetic syntheses of non-biogenic minerals.’

Extensive studies on the nucleation mechanism of biological HA agree that rather than
forming directly from solution HA follows a crystallization pathway via an amorphous
calcium phosphate (ACP) precursor.*> However, there is an ongoing debate regarding how
this ACP-mediated process is driven, from the initial formation of ACP to its transformation

mechanism to HA.

Posner’s clusters, Cag(PO4)s, were initially proposed as the building blocks for ACP, and
samples from both synthetic and biological systems have been shown to contain these ion

clusters.” However, further studies also proposed that other pre-nucleation species and ACP



phases that vary in structure and chemical composition depending on the reaction conditions,
may be present.’ Several hypotheses regarding the mechanism of ACP formation have been
suggested: stable prenucleation clusters which aggregate and form ACP . the presence of
soluble ion-complexes that lead to ACP precipitation by aggregating and consuming extra
calcium ions from solution *, and a two-step formation that includes the formation of an initial
ACP phase via ion-complexes that later transforms into a second ACP phase through
densification.’ In the presence of polymeric additives in the reaction medium, formation of
ACP through a polymer induced liquid precursor (PILP) mechanism has also been

suggested.'’

The transformation mechanism of the ACP precursor to HA is also a subject of active debate
and multiple mechanisms have been proposed. According to the classical theory, phase
transformation is governed by the chemical potential difference between phases (i.e. activity
based supersaturation), and can either follow a dissolution-reprecipitation pathway in solution
or a solid state transformation which is particularly common at high temperature.'""'* The
solvent mediated phase transformation through dissolution- reprecipitation reactions can be
governed either by dissolution of the metastable phase or nucleation and growth of the stable
phase depending on the supersaturation and the relative kinetics of the individual reactions as
modeled by Cardew and Davey.13 In an attempt to describe phenomena occurring during
transformation, various alternative or ‘nonclassical’ mechanisms have also been suggested.
For example, Tang ef al. proposed a solution mediated surface nucleation process where HA
heterogeneously nucleates on ACP, but the transformation rate in these studies was stated to
be a function of the amount of initial ACP formed and calcium activity in solution, rather than
solution supersaturation."*"” Nancollas er al. and Wang er al. proposed an alternative

mechanism whereby HA nucleation takes place within the ACP precursor through a solid-



solid transformation. In these theories the kinetics of transformation are also not directly

linked to the solution supersaturation.”'®

Different proposed mechanisms of the ACP-mediated nucleation process consequently infer
different roles of additives on HA nucleation kinetics. The presence of additives can directly
affect the dissolution rate of ACP, the nucleation rate of HA, or the chemistry and the
solubility of the ACP phase, which consequently reflects on the solution supersaturation and
thus the nucleation rate of HA, from a classical point of view.'' In contrast, if the phase
transformation is independent of supersaturation as proposed by some studies, additives gain
the role of stabilizing the ACP phase through surface interactions. This may occur either by
interfering with the surface nucleation of HA or limiting the mass transfer between the solid

. 1
and solution.”'®

Recent studies in our group focused on the composite biomaterials composed of alginate
hydrogels with CaP mineral content. Alginate is a polysaccharide polymer which is composed
of 1-4 linked B-D-mannuronic acid (M) and o-L-guluronic acid (G) residues with an
alternating or block structure. The M- and G- units of alginate differ in the configuration of
carboxyl groups that in turn highly affects their functionality. Calcium ions show specific
affinity towards the outward carboxyl groups of the G- units of alginate, therefore, how
alginate regulates mineralization is highly dependent on its chemical composition, sequential
structure of the repeating units and molecular weight. Spatiotemporal analysis of the evolution
of CaP phases within the hydrogel network showed precipitation of ACP as a metastable
precursor phase and its transformation to more stable crystalline phases such as brushite,
octacalcium phosphate (OCP) and HA depending on the reaction conditions." Detailed
investigations on the transformation phenomenon brought up new questions on the nucleation

events of HA such as the nucleation mechanism, and the roles of ACP precursor and alginate



additives on nucleation.”® Thus, the present study aims to explore the mechanism underlying
HA formation via the amorphous precursor in the presence of alginate additives. For this
purpose, the effects of alginate additives with varying molecular weight and functionality
have been investigated to shed a light on the operating mechanism of the chosen matrix

molecule on HA formation.

EXPERIMENTAL SECTION

Materials

All chemical reagents were purchased from Sigma-Aldrich unless stated otherwise. Ultrapure
deionized water (DIW) was used to prepare all aqueous solutions. Alginate, isolated from
Laminaria hyperborea (L.hyp) stipe, was obtained from FMC Biopolymer (Norway) with a
molecular mass of 274 kDa and 68% G content. Two different oligomers of alginate, denoted
as G- and M-blocks, consisted of 90% and 5% G monomer, respectively, with the degree of
polymerization = 20 for both. The G-blocks were produced from L. hyp stipe alginate by acid

1

degradation and fractionation.”’ The M-blocks were produced from alginate from

Ascophyllum nodosum by acid degradation and calcium fractioning as described elsewhere.*

Methods

All experiments were carried out in a magnetically stirred 0.5 L double-walled glass reactor,
and two baffels were attached to the lid. Temperature was controlled by a water bath at 25°C
for all experiments. Nitrogen, presaturated with water, was constantly bubbled into solutions
2 h prior to and during the experiments to exclude atmospheric carbon dioxide. The chemical
speciation and activity based supersaturation (S) was determined by the thermodynamic

calculation program PHREEQC Interactive 3.1, using Minteq v4 database (Equation 1). The



equilibrium constants used for solution speciation are given in the supplementary information

(Table S1).

s= (@)

IAP represents the ionic activity product in solution, K, is the solubility product and v is the

number of ions in one mole of the corresponding compound.

The pH was recorded continuously by means of a combined glass electrode with a KCl
reference electrolyte and calcium ion activity in the vessel was monitored online via a calcium
ion specific electrode with Tiamo software (Metrohm). Phosphate concentration was

determined spectrophotometrically following formation of its molybdate complex.23

Characterization of solid phases were conducted via powder X-ray Diffraction (XRD) (D8
Advance, Bruker AXS GmBH) in the range of 4-75°with a step size of 0.013° and a step time
of 0.67 s. Fourier transform infrared (FTIR) (Bruker, Tensor) spectra of powder samples were
also collected between 4000-550 cm™. Scanning electron microscopy (SEM) (Hitachi S-
3400N) analyses were performed at an accelerating voltage of 5 kV, where samples were
placed on carbon tape and sputter coated with gold. Transmission electron microscopy (TEM)
(Jeol, JEM 2100, LaB6 camera) investigations of particles were conducted at an accelerating
voltage of 200 kV by sampling via drop-casting at various time points. Diffraction patterns

were analyzed using DiffTools in Digital Micrograph software (version 2.32, Gatan).
Hydroxyapatite Precipitation in Batch Experiments

Spontaneous precipitation of HA was achieved in batch experiments by preparing
supersaturated solutions of HA (Sya= 25.6) and allowing precipitation to occur under constant

stirring (300 rpm). Supersaturation level of the working solution was defined by scanning



through a range of values between S= 17.1- 34.0 in accordance with the previous studies of
HA formation in our group, and choosing the supersaturation at which the two-step
precipitation behavior was observed within reasonable time span. For this purpose, the
phosphate solution (2.4 mM) containing KNO; for ionic strength adjustment and KOH to
adjust the final solution pH to 7.40 + 0.02, was prepared from its stock to a total volume of
250 mL and calcium solution (20 mL, 50 mM) was added in the reaction medium at a rate of
150 mL/min via an automated dosing unit (907 Titrando, Metrohm). In experiments with
alginate additives, the corresponding amount of filtered polymer solution (1 mg/L) was added

to the phosphate solution initially.

Seeded Constant Composition Growth Experiments

HA growth experiments were conducted by the constant composition method at: (i) a low
supersaturation range (S= 4.1-6.3) to determine the effects of additives on surface-controlled
growth of HA and (ii) the supersaturation value (S= 21.5) at which HA nuclei were first
detected during the spontaneous precipitation reactions via ACP transformation. In order to
examine the interactions of alginate-based additives with HA surface seeded growth
experiments were conducted at four different supersaturation values in the absence and
presence of additives and a minimum of three replicates were carried out at each experimental
condition. The growth rate of HA at the single supersaturation value related to spontaneous
precipitation experiments was determined in the absence and presence of additives with two
replicates at each experimental condition. HA seeds were prepared by the method previously
described by Nancollas and Mohan.* Briefly, 0.5 M of Ca(NOs),.4H,0 solution was added
slowly to a 0.3 M KH,POj solution under nitrogen environment and constant stirring at 800
rpm. During the precipitation reaction the pH of the solution was maintained between 8.5-

10.0 by addition of KOH and the temperature was kept at 70 °C. The precipitate was refluxed



at 70 °C overnight. Crystals were then washed with DIW by repeated centrifugation and dried
at 80 °C. Phase purity of seeds was verified by XRD and FTIR analyses. Specific surface area
(SSA) of the seeds was determined by the multiple point BET nitrogen adsorption method
(Tristar 1I, Micromeritics) and found to be 62.52 + 0.14 m%g. For the seeded growth
experiments solutions of calcium and phosphate precursors were prepared from their stock
solutions of Ca(NO;),.4H,0 and KH,PO,4 and working solutions were prepared at defined
supersaturation levels including KNO; salt to adjust the ionic strength and KOH for pH
adjustment (Table S2). All solutions were bubbled with presaturated nitrogen 2 h prior to and
during the experiments. Carefully weighed amounts of HA seed crystals were added in
phosphate precursor solution and allowed to thoroughly disperse for 45 min under stirring.
Crystal growth was initiated by the addition of calcium solution to the reaction medium up to
the desired concentration. In experiments with alginate additives, a corresponding amount of
filtered polymer solution was added to the phosphate containing solution prior to addition of
calcium. A decrease in pH of more than 0.002 units associated with HA growth triggered the
addition of titrant solutions from two mechanically coupled titrant burettes (907 Titrando,

Metrohm) to maintain a constant supersaturation.

Compositions of titrant solutions were adjusted for each working solution to compensate for
ion consumption, changing ionic strength and alkalinity in the reaction media. A detailed
study on the preparation of titrant solutions has been previously published by our group for
the calcium carbonate system.” In this study, the same methodology was used with the
modifications for HA growth as given in in the supplementary information (S1). Following
the addition of titrant solutions, pH was maintained at a constant value with a maximum

overshoot of 0.005 units which occurred only at the initial growth period. Constancy of



supersaturation was confirmed by calcium and phosphate ion analyses at arbitrary time points

and showed that concentrations deviated less than 4% during titrant addition.

The growth rate of HA (R) was calculated using titrant addition curves (Equation 2), where
the effective concentration (C.y) denotes number of moles precipitated per liter of titrant
addition and dV;,/dt is the titrant curve gradient. Titrant addition curves were normalized to
the changing surface area (A4) of the seeds with proceeding growth. The mass change of HA
was calculated from the volume of titrant added and related to the change in surface area by a

factor of (wy/w) ”

, where w; is the weight of seed crystals added initially and w is the weight
of crystals present at time 7, assuming three dimensional growth with a constant shape
factor.”® The growth rate constant, £ (mol/min.m?), and the apparent order of growth, g were
calculated by using the rates of reaction at different supersaturation values (Equation 3). The &

values demonstrate the effects of additives on the kinetics of the reaction and g values are

used to assess the growth mechanism of HA and the changes induced by the additives.

1 thitr
R = Zceff dt (2)

R= k(S-1)9 &)

RESULTS & DISCUSSION

Hydroxyapatite Growth Experiments at Low S

Crystal growth experiments in the presence of HA seeds were conducted under constant
composition to quantify the effects of alginate additives on the growth kinetics of HA. The
experiments conducted in the low supersaturation range ensured surface-controlled growth

mechanisms in order to examine the interactions of additives with the crystal surface. The



highest growth rates were obtained from additive-free experiments and the presence of
alginate additives in the reaction medium resulted in substantially reduced rates of growth
(Figure 1). The reduction in the overall growth rates (R) varied with different additives as a
function of the growth rate constants, &, and the apparent growth orders, g, due to different

intermolecular interactions between the crystals and each additive (Table 1).

Vtitrant (ML)

no additive

----- 1 ppm alginate

oo+ 1 ppm M-block oligomers
1 ppm G-block oligomaers

0 160 260 360 46D S(Illl SEQ TIIIIJ M;O QII]II 10‘00

time (min)
Figure 1. Titrant addition curves of HA seeded constant composition experiments at S= 6.3 in
the additive-free medium and in the presence of indicated alginate additives (mgeeq= 30 mg,

Cer= 0.5 mM).

Table 1. Values of the growth rate constants (k) and the apparent growth orders (g) obtained

for HA seeded growth experiments under constant composition.

k (1071° mol / min.m?) g
no additive 3.45 1.99+0.08
1 ppm alginate 1.47 2.30+0.12
1 ppm M-block 2.29 1.96 £0.15
1 ppm G-block 0.63 2.52+£0.12
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The presence of additives resulted in lowered £ values up to different extents that scaled with
the concentration of G-units. M-block oligomers and alginate resulted in ~34 % and 58 %
reduction in & respectively, whereas the most prominent decrease (~82 %) was observed with
the addition of G-block oligomers. Previous studies of HA growth in the presence of alginate
associated its retardation effect with the high affinity of carboxyl groups of G-units in alginate
towards calcium and subsequent blocking of growth sites.””** Other polyelectrolytes and
amino acids with carboxyl and hydroxyl functionality also led to growth retardation of HA in
a similar manner, and the adsorption hypothesis was confirmed by fitting growth data to
Langmuir type adsorption curves.”>" The increasing magnitude of reduction in k values with
increasing concentration of G-units observed in this study also supports the hypothesis that
high affinity functional groups result in more effective adsorption to active growth sites and
thus lower the kinetics of growth more effectively. In the case of M-block oligomers where
carboxyl groups do not exhibit specific affinity towards calcium ions, nonspecific interactions
with the crystal surface are still likely to occur via ionic interactions and hydrogen bonding
where nonspecific adsorption of the oligomer chains onto the crystal surface can affect the

accessibility of the active sites.”

The apparent growth order, g, was determined from the rate expression (Equation 3) to infer
possible mechanistic growth models and the effects of additives on the HA growth
mechanism. It should be noted however, only general deductions on the overall growth
mechanism can be made by using data obtained via indirect measurement methods such as ion
concentration measurements.” In the absence of additives, the HA growth rate showed a
parabolic dependence on the relative supersaturation. It has been frequently observed that the
growth rates of sparingly soluble salts at low to moderate supersaturation are determined by

the development of steps on the crystal surface and the kinetic order of this surface integration
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controlled mechanism is generally excepted as g ~ 2.** Previous studies conducted under
similar experimental conditions and supersaturation also revealed parabolic rate laws for HA
growth.””?>* The growth order was not altered when M-block oligomers were present;
however the presence of both alginate and G-block oligomers resulted in g values higher than
2 which indicates a change in the mechanism towards polynuclear growth. In the presence of
additives which cause an effective reduction in active growth sites by adsorption, growth may
proceed via surface nucleation to generate new growth sites when the driving force is high
enough.’” Thus, the additives with G-units can induce changes in the growth mechanism via
their strong specific interactions with the active sites on the crystal surface. A g value slightly
above 2 with the addition of alginate indicated a combined mechanism of surface integration
and polynuclear growth.”® In the presence of G-blocks the increase in g value was higher
which showed a stronger contribution of surface nucleation mechanism on the overall growth

process.

The stronger influence of G-block oligomers compared to alginate and M-block oligomers on
both growth kinetics and mechanism can be associated with the higher G-unit content,
however, molecular weight of these additives should also be considered as an effective
parameter on the intermolecular interactions between the additive and the crystal surfaces.
High molecular weight of alginate additive and consequent steric hindrance may interfere
with the molecular adsorption mechanism on the crystal surface whereas in the case of short
G-block oligomer chains adsorption on the surface would be more effective. Therefore, the
strongest retardation effect and change of mechanism observed on growth in the presence of
G-block oligomers can be assessed as a result of the synergistic effect of both functionality

and size of the molecules. In the presence of M-block oligomers, although similar in size,
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such a change in the growth mechanism was not induced since nonspecifically adsorbed

molecules do not cause a significant blockage of active sites.

Spontaneous Hydroxyapatite Formation

HA formation in the batch experiments was investigated by spontaneous precipitation from
supersaturated solutions by addition of calcium ions to a phosphate solution. The pH and
calcium electrode potential profiles were monitored during the reactions and same

characteristic regions were observed in all systems as shown in Figure 2.
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Figure 2. pH and calcium electrode potential monitored as a function of time during the
spontaneous precipitation of HA in the absence of additives. Curves were sectioned in five

stages (labeled s1-s5) in accordance with distinct changes in signal profiles.

In all systems, addition of calcium ions to the reaction medium resulted in an immediate drop
in pH, shortly followed by a sharp rebound which was then followed by a more gradual
increase and leveling off (stage 1). Since the pH of the system is a function of the speciation
of phosphate, changes in pH can be interpreted in terms of their changing ratios.'® Upon

addition of calcium in the reaction medium, ion pairs can form between calcium and
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phosphate species. Under the specified experimental conditions, the dominant ion pairs were
[CaH,PO4]" and [CaHPO,]’, and the formation of [CaPOs]” could be neglected.
Thermodynamic calculations showed the initial activity based ratio of H,POy4 / HPO42' in
solution before addition of calcium was 0.481, and the ratio of ion pairs [CaH,PO,]" /
[CaHPO4]" that would form with the addition of calcium was 0.0302. As the calculations
demonstrated, ion pairs changed the ratio of free phosphate species towards a higher H,PO4
content and thus resulted in an overall decrease in pH. The fluctuations in pH before its
stabilization has been attributed to possible formation of unstable clusters and solid due to
high local supersaturation caused by the addition of high concentration calcium solution,

which then dissociate immediately to establish the equilibrium.'®

Following s1 the pH remained stable and this was accompanied by a stable signal for Ca®*
(stage 2). The first discernable drop in either signal was considered as evidence of the first
nucleation event which indicated the appearance of the first new phase from the solution. This
point determined the onset of stage 3. The second abrupt drop in the monitored signals was, in
accordance, interpreted as a second nucleation event and the emergence of a second separate
phase in the system. This point determined the onset of stage 4. Any units (clusters) formed in
the solution before the first nucleation point, i.e. during stages 1 and 2, are termed as
prenucleation species in this context. Reaction products were monitored to observe the
structural and chemical evolution of species at different stages to illustrate the formation

mechanism of final precipitates.

Detailed analyses were conducted on the additive-free experiments to identify the chemical
and structural progression of precipitates that correspond to the distinct stages in pH and
calcium electrode potential profiles. During stage 2, the pH and Ca signals were stable and

there was no obvious indication of a phase separation in the system, however, poorly
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structured species were observed by TEM (Figure 4A) and the calcium electrode signal
indicated lower calcium activity in solution (1.30 mM) then the thermodynamically calculated
value (1.33 mM). In order to better determine the nature of these initial species replicate
experiments were conducted whilst varying the rates of Ca’" addition (Figure 3). If the
prenucleation species formed during this stage are represented by a complex structure of
[Cay(HPOy),(H,PO,), 1”7, equilibration of the pH and the calcium electrode signal at the
same level under both conditions suggests that the composition of the species was not affected
by the rate of Ca®" addition.*” The different pH profiles observed before the equilibrium point
can be related to the slow dehydration rate of Ca*"and thus the instability of the initially
formed complexes.’ Faster addition of Ca®" can augment the formation of calcium-deficient
and unstable complexes (resulting in the severe drop in pH) which then dissociate and release

the extra phosphate species during the equilibration of the solution.
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Figure 3. pH (A) and Ca electrode signal (B) profiles of additive-free phosphate solutions

with the addition of Ca at the indicated rates.

Following stage 2, the first abrupt drop was detected in both pH and Ca signals, followed by a

plateau region (stage 3). FTIR analysis of the first post-nucleation species collected at stage 3
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revealed broad PO43' bands around 1020 cm'l, weak band at 875 cm™! associated with HPO4*
and water associated bands and peaks around 3300, 1630 and 640 cm-' (Figure 5A). No XRD
peaks were detected which, together with the FTIR results, indicate an amorphous nature or
small crystallite size lower than the detection limit of the instrument (Figure 5B). TEM
analysis of precipitates collected during stage 3 confirmed that during the initial part of the
plateau, only spherical particles with an amorphous nature were present (Figure 4B). Near the
end of the plateau region of stage 3, primary crystalline nuclei were also detected along with
the previously observed amorphous phase and identified as HA (Figure 4C). The electron
diffraction patterns indicated the (111) and (210) planes of HA with the d-spacing of 0.389
and 0.309 nm, respectively. Thus, it was concluded that the first discernable drop in the pH
curve was associated with the formation of ACP and the second drop was due to the

appearance of the crystalline phase.

200 nm i -1:.5 pm

Figure 4. TEM micrographs and corresponding electron diffraction patterns of samples
collected during the reaction in the absence of additives; (A) 3-10 min (s2), (B) 16-22 min
(s3), (C) 33-38 min (s3), (D) 55-60 min (s4), (E) 85-90 min (s5) and (F) after 48 h of aging in

the mother liquor.
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Figure 5. FTIR (A) and XRD (B) spectra of the intermediate and final products of the

precipitation reaction collected at stage 3 and stage 5, respectively, in the additive-free

medium.

Following the appereance of the crystalline phase, both pH and Ca signals showed a
substantial decrease during stage 4, where ACP was completely transformed to HA. TEM
analysis showed the co-existence of both amorphous and crystalline phases at the beginning
of stage 4 (Figure 4D). When stage 5 was reached only HA was present in the solid phase and
the prominent (002) and (112/211) planes were expressed in the diffraction data (Figure 4E).
During stage 5, a continuous slow decrease was observed in both pH and Ca”" signals up to
48 h (data not shown) which indicated further HA growth and maturation (Figure 4F). FTIR
analysis of the precipitates collected at stage 5 showed sharp distinguishable peaks of PO, at
1025 and 962 cm’'; and splitting of the v4 bending of PO,> at 600 and 560 cm™ indicated HA
crystallization (Figure 5A).'° The weak band at 875 cm™ was still present as an implication of
non-stoichiometric composition. XRD spectrum revealed the characteristic HA peaks at this

stage (Figure 5B).

Previous studies have reported intermediate phases such as a denser ACP phase, brushite and

OCP during transformation of ACP to HA, as well as direct transformation to HA depending
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on the reaction conditions such as temperature, pH, reactant concentrations and presence of
impurities.*” Under the specified experimental conditions, no intermediate crystalline phase
was detected prior to HA formation, however a morphological change was observed in the
amorphous phase at subsequent stages that might indicate further structuring of ACP as
shown in Figure 6. The structural evolution of particles followed by solution chemistry and
observed in TEM micrographs was also evident in SEM images of precipitates collected at
stage 3 and 5 which showed the change in particle morphology from spherical particles to thin

flake-like particles, respectively (Figure 7).

Figure 6. TEM micrographs of amorphous samples collected during the reaction in the

absence of additives; (A) 16-22 min (s3), (B) 33-38 min (s3), (C) 55-60 min (s4).
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Figure 7. SEM images of the (A) intermediate amorphous (stage 3) and (B) final
hydroxyapatite (stage 5) precipitates of the spontaneous precipitation reaction in the absence

of additives.

The course of reactions was examined by means of pH signals (Figure 8) and characterization
of precipitates when alginate based additives were introduced in the reaction media (Figure S
1-3). In the presence of M-block oligomers and high molecular weight alginate, pH curves
displayed the same five characteristic regions as in the additive-free experiments (Figure 8)
and characterization of intermediate (stage 3) and final products showed very similar features.
Spherical aggregates with an amorphous structure were observed following the first
nucleation point and the final products with a flake-like morphology showed XRD and FTIR
spectra characteristic of HA. In the presence of G-block oligomers, the pH curve followed the
same behavior until stage 4 and showed a slight difference at this stage compared to the
continuous drop observed in the previous cases (Figure 8 inset). Characterization of
precipitates by XRD and TEM revealed amorphous behavior after the first nucleation point

whereas the final products were a mixture of OCP and HA.
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Figure 8. pH profiles of spontaneous precipitation experiments in the absence and presence of

the indicated alginate based additives. Inset shows pH profile in the presence of G-block

oligomers. Note the different time scales.

Although the characteristic regions of the pH curves and the forming phases indicated at

subsequent stages remained unchanged in the presence of alginate and M-block oligomers, the

duration of each stage was highly affected (Figure 8). In the presence of G-block oligomers,

the mineralization kinetics were more substantially retarded, as given in Table 2. Note that the

duration of s5 was not included since it was not possible to estimate accurately as the

endpoint was difficult to discern and relatively arbitrary.

Table 2. The discrete time periods for the mineral formation stages in the absence and

presence of alginate based additives.

s, (min) s, (min) s, (min) s, (min)
no additive <2 14+1 30+2 1004
alginate <2 55+10 6142 210+4
M-blocks <2 92+18 5545 185+5
G-blocks <2 158+18 206£10 790+20
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As can be seen from Table 2, the presence of additives had no influence on s1, however, they
prolonged the time both for ACP nucleation (s2) and crystalline phase formation in the system
(s3). Stage 4 was also prolonged which is the period when ACP transformation to crystalline

phase is complete.

The induction time for ACP precipitation (s2) was prolonged in the presence of additives
where short oligomer chains were found to be more effective inhibitors. It should be noted
that the supersaturation calculations were repeated in the presence of additives assuming all
G-blocks present in solution bind to calcium ions. The low molar concentration of G-blocks at
any experimental condition with respect to the total calcium ion concentration did not cause
any significant decrease in the free ion concentration to affect the initial solution
supersaturation. Previous studies showed that the presence of additives can alter the ACP
solubility and thus affect its induction time as a result of the changing supersaturation with
respect to ACP.'"*! However, calculation of supersaturation by using the momentary pH and
ion concentrations showed that the plateau region was attained at the same supersaturation
level for all experiments (Spa=21.5 and Sacp = 1.0) prior to observation of any crystalline
particles. This indicates that the solubility of the precipitates, and thus the initial
supersaturation was not affected due to the presence of additives. Thus, we concluded that the
increase in induction times of ACP nucleation was not resulting from a decreasing driving

force in the system under the specified experimental conditions.

The calcium activity at stage 2 was measured constant under all experimental conditions with
a value lower than calculated by the thermodynamic software. In addition, the initial pH drop
and equilibration between stage 1 and stage 2 was not affected by the presence of additives
suggesting that the additives did not significantly affect the initial prenucleation complex

formation (Figure S4). In light of the gathered information and elimination of the
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thermodynamic factors, the prolongation of induction times for ACP should have kinetic
origins. If ACP forms via the prenucleation species, the presence of additives can suppress the
reaction progression by being operative on aggregation/ dehydration/ complexation
mechanisms through electrostatic interactions. In their study, Habraken et al. reported the
presence of prenucleation complexes with similar characteristics that transforms to ACP via
binding of calcium and loss of structural water, and their formation was stated to be a
reaction-limited aggregation process involving hydrogen bonding.® The increasing effects of
additives by the order of alginate, M-block oligomers and G-block oligomers supports that
electrostatic interactions are dominantly effective on this process and G-block oligomers
induce the strongest effect due to high concentration of hydroxyl groups and their specific

interactions with calcium ions.

Stage 3 was also prolonged when the additives were present in the reaction medium. At the
beginning of this stage, ACP growth continues with the accompanying drop in the pH until
the plateau prior to the appearance of any crystalline nuclei. In the presence of alginate and
M-block additives, the time spent until reaching the plateau were doubled with respect to the
additive free experiments, and in the presence of G-block oligomers the effect was even more

significant which showed the reduction in the rate of ACP growth in the presence of additives.

The plateau region of stage 3 was reached at the same supersaturation level in all experiments
and this metastable state was maintained until appearance of the crystalline phase in the
system expressed with the second nucleation point. Alginate and M-block oligomers did not
induce any change on the reaction products and HA was the crystallizing phase in their
presence (Figure S1). In order to observe the second nucleation point, there should be
sufficient HA nucleation and growth to express an effective change on the pH and Ca signals.

Therefore, any retardant effect of additives on the rate of HA nucleation, J, or growth results
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in the prolongation of stage 3. The contribution of growth rate on the experimentally
determined induction time can be calculated when the method used for detection of induction
time is based on the appearance of a certain volume (or mass) of many nucleating crystallites
such as in the case of pH indication. For a primary nucleation event where particles have a 3-

dimensional growth with a constant shape factor, a, the induction time, t;g, can be given as;

4+ 9
tina = PTE] )

where v is the minimum detectable volume fraction of the new phase.*? In order to determine
the impact of growth rate on the induction time observed for HA formation, growth rate of
HA was determined at the experimental conditions simulated from the plateau region (Sya=

21.5) in the absence and presence of additives (Table 3).

Table 3. The growth rate (R) values of HA calculated from the seeded constant composition
experiments at Sya= 21.5 and the ratios of nucleation rates, J, of HA in presence of indicated
additives to the additive-free nucleation rate, Jxa, calculated by using Equation 4. Induction
times, ti,g, Were defined as the time period from the start of the plateau region to the second

nucleation point.

R (moV/min.m?) x 10 tina (Min) R7ATN
no additive 1.110+0.035 16
1 ppm alginate 0.755 +0.062 30 0.3
1 ppm M-block 0.748 £ 0.116 25 0.5

By using Equation 4, the effects of additives on the nucleation rates were determined by

deducing the contribution of growth rates. It was shown in Table 3 that alginate and M-block
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additives resulted in prolonged induction times for HA via reducing both the nucleation and
growth rates of this phase up to different extents. Determination of supersaturation showed
that HA nucleation occurred under constant driving force at all experimental conditions, thus,
the thermodynamic origins for the nucleation suppression were eliminated. Previous studies
of ACP-mediated HA formation suggested that the additives can induce such an effect by
interfering with the heterogeneous nucleation of HA on the ACP surface.'”* The stronger
retardation of nucleation observed with the more G-block containing additives, which can
better interact with the surface, can indicate the possibility of this hypothesis in the

corresponding system also.

HA proceeds to grow and ACP completely transforms to HA at stage 4. Previous
transformation studies held in our group showed that HA growth was the limiting reaction on
the rate of transformation even at higher supersaturation with respect to HA and against the
dissolution of brushite which has a lower solubility than ACP at constant temperature.”’ Thus,
it was concluded that stage 4 was controlled by the HA growth where the presence of

additives extended the time span via the growth inhibition.

In the presence of G-block oligomers, XRD spectra of precipitates collected at stage 5 showed
a mixture of OCP and HA (Figure S1). Although the crystalline phase was formed at the same
supersaturation level in all systems, the presence of G-block oligomers induced a change in
the precipitating phase. TEM investigations also showed the coexistence of both crystalline
phases where small HA crystals were observed together with large OCP plates (Figure 9)
Considering the stronger effect of alginate observed in decreasing the nucleation rate of HA
compared to M-block oligomers, a higher content of G-blocks might further hold down the

HA nucleation. In addition growth rate studies revealed that G-block oligomers were highly
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effective in blocking the active sites on HA crystal surface. Therefore, OCP mineralization

can be kinetically favored in the system as a result of effective suppression of HA formation.

Figure 9. TEM micrographs of final products precipitated in the presence of 1 ppm G-block

oligomers. The circled area in (A) is shown in higher magnification in (B).

CONCLUSION

HA formation via ACP precursor was investigated by combining potentiometric
measurements of pH and calcium activity in solution with solid characterization techniques.
The subsequent stages of the HA formation was determined from the pH and calcium signal
curves and the characterization of precipitates at each stage showed that each step was
associated with a separate phase with its own chemistry. Prenucleation complex species were
suggested to form prior to ACP phase separation in the system which was followed by
transformation of ACP to HA via a dissolution-reprecipitation pathway. The effects of
alginate-based additives with varying functionality and size were examined on the course of
reaction and it was shown that the presence of high molecular weight alginate and M-block
oligomers affected the kinetics of HA formation whereas in the presence of G-block
oligomers the final precipitating phase was a mixture of OCP and HA. Understanding the

effects of alginate molecules on the formation of CaP minerals paves the way for gaining
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better control on the final properties of the composite materials designed for tissue

engineering applications.
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SUPPLEMENTARY INFORMATION

Table S1. The reactions and their corresponding equilibrium constants (-log K) used to calculate

the solution speciation at 25 °C.

H,O0 — H' + OH 13.997
Ca +H,0 & CaOH + H" 12.697
H;PO, < 3H' + PO, 21.721
H,PO,- — 2H™ + PO, 19.573
HPO,” — H' + PO, 12.375
CaH,PO," « Ca™ +2H" + PO, 20.923
CaHPO, « Ca’" + H' + PO, 15.035
CaPO4 — Ca” + PO, 6.460

Cas(PO4);0H (s) <> 5Ca™ +3PO,” + H,0 - H 44.333
CasH(PO4);.3H,0 (s) < 4Ca’ +3PO4 +3H,0 +H™ | 47.95

Ca3(POy), <> 3Ca’” +2P0O,> (amorphous 1) 25.500
Cas(POy), < 3Ca”™ +2PO4> (amorphous 2) 28.250
Cas(POy), — 3Ca” +2PO4 (beta) 28.920

Table S2. Experimental conditions for seeded constant composition growth experiments of HA

at 25 °C (Ca/P= 1.67).

Ca™* (mM) pH S Cerr (mM) Mgeeds (M)
0.60 7.40 +0.02 4.1 0.50 30
0.70 7.40 +0.02 4.7 0.50 30
0.80 7.40 +0.02 52 0.50 30
1.00 7.40 +0.02 6.3 0.50 30
3.48 7.30+0.02 21.5 0.80 20




Preparation of Titrant Solutions for Constant Composition Growth Experiments

Compositions of titrant solutions were adjusted for each working solution to compensate for ion
consumption, changing ionic strength and alkalinity in the reaction media. For this purpose, first,
the effect of the extent of HA crystallization on total alkalinity and ion consumption were

computed in moles (n) according to the equations given below:

Neq2t = Neg2+j = Nea2+ cryst (D
Npo,3~ = Npo,3~i — Mpo,3~ cryst (2
Non~- = Nyg+; — NoHcryst (3)
Naik = Naik,i — Naik,cryst 4)

Naik,cryst = 3nP043_,Cryst + NoH~ cryst %)

Then, an arbitrary calcium concentration (c) was chosen to be added to the reaction medium
from burette 1 in order to compensate for the calcium ion consumed by crystallization. The
calcium concentration in burette 1 should be higher than the concentration in the working
solution and should be adjusted according to the growth kinetics. Next, the composition of titrant
solution 2 was calculated, according to the titrant solution 1 and the total volume of titrant

solutions to be added, to fulfil Equations 6-11.

Cca2t = Ceq?t (6)
CP043— = CP043‘,i (7)

Cy+ = Cy+i (8)



Cg+

Cnoz

Calk =

= Cno3,i

Ck+,i )
(10)
(11)

Caik,i

The adjustment for the ionic strength was also ensured with burette 2 to keep the ionic activity

coefficients constant. The composition of burette 2 should be recalculated for each initial

working solution and the calcium concentration in burette 1.
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Figure S1. (A) FTIR and (B) XRD spectra of precipitates collected during stage 5 in the absence

and presence of indicated additives. Asterisk marks the distinguishing XRD peak of OCP

precipitated in the presence of G-block oligomers.



Figure S2. SEM images of the (A,C,E) intermediate (stage 3) and (B,D,F) final products (stage
5) of the spontaneous precipitation reactions in the presence of (A,B) alginate, (C,D) M-block

oligomers and (E,F) G-block oligomers with the concentration of 1 ppm.

Figure S3. TEM micrographs of final products collected (A) in the absence of additives; and in
the presence of (B) alginate; (C) M-block oligomers and (D) G-block oligomers with the

concentration of 1 ppm.
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Figure S4. pH profiles of spontaneous precipitation experiments in the absence and presence of

the indicated additives where t= 0 denotes the time point calcium solution was added in the

reaction medium.
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Abstract

Due to high solubility and fast resorption behaviour under physiological conditions, brushite
(CaHPO,2H,0, calcium monohydrogen phosphate dihydrate, dicalcium phosphate dihydrate)
has great potential in bone regeneration applications, both in combination with scaffolds oras a
component of calcium phosphate cements. The use of brushite in combination with hydrogels
opens up possibilities for new cell-based tissue engineering applications of this promising material.

However, published preparation methods of brushite composites, in which the mineral phase
is precipitated within the hydrogel network, fail to offer the necessary degree of control over the
mineral phase, content and distribution within the hydrogel matrix. The main focus of this study

is to address these shortcomings by determining the precise fabrication parameters needed to
prepare composites with controlled composition and properties. Composite alginate microbeads
were prepared using a counter-diffusion technique, which allows for the simultaneous crosslinking
of the hydrogel and precipitation of an inorganic mineral phase. Reliable nucleation of a desired
mineral phase within the alginate network proved more challenging than simple aqueous
precipitation. This was largely due to ion transport within the hydrogel producing concentration
gradients that modified levels of supersaturation and favoured the nucleation of other phases such
as hydroxyapatite and octacalcium phosphate, which would otherwise not form. To overcome this,

the incorporation of brushite seed crystals resulted in good control during the mineral phase, and by
adjusting the number of seeds and amount of precursor concentration, the amount of mineral could
be tuned. The material was characterised with a range of physical techniques, including scanning
electron microscopy, powder x-ray diffraction and Rietveld refinement, Fourier transform infrared

spectroscopy, and thermogravimetric analysis, in order to assess the mineral morphology, phase
and amount within the organic matrix. The mineral content of the composite material converted
from brushite into hydroxyapatite when submerged in simulated body fluid, indicating possible
bioactivity. Additionally, initial cell culture studies revealed that both the material and the synthesis
procedure are compatible with cells relevant to bone tissue engineering.

1. Introduction

In cell-based tissue engineering (TE) there is a need
for synthetic materials that can act as scaffolds for cells.
These materials must be biocompatible, preferably
biodegradable, and be able to provide an environment
that ensures attachment, proliferation and sustained
function of specific cell types [1, 2]. For bone TE, an
ideal scaffold should have appropriate mechanical
properties, provide an environment for nutrient and

growth factor exchange and have a certain porosity
for cell migration and vascularisation [3]. Hydrogels
are a class of polymeric networks capable of retaining
large amounts of water and have shown good promise
as TE scaffolds [4, 5]. Their hydrated form allows for
the diffusion of nutrients and the delivery of bioactive
agents, but their high water content also means that
hydrogels are inherently soft materials with low
mechanical strength and are therefore more suitable
for soft tissues [6]. However, hydrogel-based scaffolds

©2016 IOP Publishing Ltd
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do possess the potential to be non-invasive, injectable
temporary scaffolds which can deliver cells, growth
factors, drugs or combinations of these to a damaged
site [7]. Hydrogels can also be used in combination with
load-bearing structures in order to promote the growth
of new healthy bone and to aid in overcoming some
of the challenges of metal implants, i.e. corrosion or
implant rejection [8,9].

Human bone tissue consists mainly of hydroxyapa-
tite (HAp) nanocrystals in an ordered collagen matrix.
The interplay between the stiff, but brittle, inorganic
phase and the soft, but tough, organic phase, combined
with a hierarchical design provides the extraordinary
mechanical strength of this natural composite [10].
Adding an inorganic phase, such as HAp, to a hydrogel
is one approach to improve the mechanical properties
of the biomaterial, although so far the level required
for load-bearing applications has not been reached
[11-16]. However, cell response to mechanical stimuli
has gained attention lately and tuning the mechanical
properties of a scaffold may hold great potential [17].
It has also been shown that alginate mineralised with
HAp improves cell adhesion, and the mineral itself can
actas an osteoconductive surface [18—-20].

For many years HAp has been the calcium phos-
phate (CaP) phase of choice for application in bone
augmentation procedures owing to its likeness to
natural bone mineral and stability under physi-
ological conditions. There are, however, several other
CaP phases that may dissolve or transform in vivo to
allow or encourage natural remodelling procedures,
thereby creating a bioactive implant. Both brushite
(CaHPO42H,0) and octacalcium phosphate (OCP)
have been suggested as natural precursor phases to
HAp, although in vivo evidence of this is rarely found
[21]. Brushite has, over the past two decades, received
a great deal of attention as a potential bioceramic in
the repair of osseous tissue [22, 23]. The solubility of
brushite is higher than that of HAp and OCP (pK,,
of 6.6, 58.6 and 48.7, respectively, at 37 °C) [24] and
it therefore transforms readily into these phases in
physiological conditions. The increased solubil-
ity offers a considerable advantage over alternative
calcium phosphate-based materials as it may pro-
vide the space and necessary ions for natural bone
remodelling and regeneration [23]. It has also been
shown that the resorption rate of brushite is higher
than for HAp [25]. There are, however, some issues
with the long-term fate of large volumes of implanted
brushite, as it has been shown to transform into more
stable phases like OCP and HAp [26, 27]. This effect
seems to be site-specific and is likely related to the in
vivo fluid exchange in the sample location [28, 29].
Such behaviour has implications for the choice of
brushite to fill large bone lesions. Interest in brush-
ite as a biomaterial is mounting, and while there are
many examples of promising HAp-alginate compos-
ites, there is very little literature regarding brushite
in combination with hydrogels. Brushite powder has
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been incorporated into an alginate matrix for ferti-
liser purposes and the recrystallisation of brushite in
alginate ata cement-hydrogel interface has been stud-
ied by Raman-spectroscopy [30, 31]. A recent attempt
was made by Amer et al to precipitate brushite in situ
with alginate [32]. While mineral was formed within
the hydrogel, little attention was paid to the reaction
conditions or biocompatibility, which resulted in
poorly defined composites and unstable gels. During
preliminary experiments, we found that taking such
an approach for the synthesis of a brushite alginate
composite was unsatisfactory in terms of reaction
control and reproducibility. Therefore, we sought
to improve this synthesis by controlling the inher-
ently dynamic reaction conditions of pH by using
appropriate buffers and employed crystal seeds as a
means to encourage the growth of phase pure brush-
ite within the alginate matrix without recourse to use
extreme reaction conditions that would be toxic to
cells [33].

The driving force for the nucleation and growth
of a specific phase in solution is supersaturation, i.e.
the difference in chemical potential of a molecule in
the solution and one in the crystal [34]. According to
the literature, brushite is thermodynamically stable
below approximately pH 4, but due to the nucleation
and growth kinetics of different CaP phases, brushite
can be precipitated at higher pH [35, 36]. However, it
has been seen that for increasing precursor concen-
tration, the pH at which brushite nucleates decreases
[37, 38]. The pH affects the solubility and hence
the supersaturation of the different phases in the
Ca(OH),-H3PO,—H,0 system. The precipitation of
CaP consumes, depending on the phase, either PO}~
or HPO?~, which leads to a decrease in pH due to:

H,PO; — HPO; ™+ H* (1)

HPO}™ — PO}” +H' ()

An indication of the bioactivity of a biomaterial for
bone tissue engineering can be obtained by the forma-
tion of bone-like apatite on its surface when it is soaked
in simulated body fluid (SBF) [39]. Despite the criti-
cism and limitations of this technique [40-42], SBF has
been regularly used to indicate the apatite-forming and
bone-bonding abilities of biomaterials, and is generally
accepted asa good initial test for in vitro behaviour. Here
this technique was employed to study the transforma-
tion of brushite into HAp within an alginate-brushite
composite, not to predict the in vivo behaviour of
the material.

Our group has previously developed several strate-
gies to mineralise alginate beads with HAp [14, 43].In
this study we investigated the mineralisation of alginate
in the pH range of 5-7 with the specific aim of creating
abioactive composite material of alginate and brushite
with controllable phase and mineral content, where the
synthesis and/or material itself is cell-compatible.
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2. Materials and methods

2.1. Chemical reagents
All the chemical reagents were purchased from Sigma-
Aldrich, Norway unless otherwise stated. De-ionized
water (DIW with aresistivity of 10-15 M{2cm) was used
in all of the experiments.

2.2. Preparation of brushite-seeds

Thebrushite crystals were synthesised as follows. 500 ml of
26 mM KOH were prepared and bubbled with nitrogen
gas. The solutions were mixed and the pH was monitored.
The precipitates formed were aged by stirring for 2 h after
the changes in pH stopped, before they were filtered and
washed with DIW and ethanol. The crystals were dried at
room temperature and their size was measured using a
Coulter Counter Multisizer 3 (Beckman Coulter).

2.3. Composite beads made by counter-diffusion
precipitation

The beads were made in a similar way to that which
we have previously described [43]. Briefly, alginate
with a guluronic acid residue fraction of F; =0.68,
corresponding to 68% (FMC Biopolymer) was
dissolved in DI-water to a final concentration of 1.8
wt% containing 0.9 wt% sodium chloride. A mixture of
Na,HPO, - 7H,0 and NaH,PO, - 2H,0 was added to a
phosphate concentration of 300 mM, where the ratio was
decided by the final pH (5-7). The solution was stirred
for atleast 1h. A gelling solution was made by dissolving
calcium chloride in DI-water to givea final concentration
of 1 M. Tris(hydroxymethyl)aminomethane (TRIS) or
sodium acetate (NaAc) was used to buffer the solution at
pH 7, 0r 6 and 5, respectively. The alginate solution was
drawn from a needle with the help of a syringe pump and
an electrostatic potential between the needle tip and the
gelling bath. The needle diameter was 400 ;sm and it was
electrostatically charged ata potential of 7kV to ensure a
uniform bead diameter of ~500 pm.

2.4. Composite beads made by counter-diffusion
precipitation with brushite-seeds

For the seeded beads, brushite-powder was ground using
an agate mortar and pestle to disrupt the aggregates
formed during the drying process, and mixed with
alginate solution (1.8% alginate, 0.9% NaCl, 300 mM
PO; ", pH 5) toa final concentration of 0.1 wt%, 1 wt%
and 5 wt% of wet mass. The alginate solution was stirred
foratleast 1 h to ensure homogeneous mixing. Control
beads with no phosphate precursor were made with the
same seed concentration. The beads were made using
the same technique described previously, however, only
gelling bath with 1 M CaCl,, 0.9 wt% NaCl,and 100 mM
sodium acetate at pH 5 was used.

2.5. Incubationin SBF
Simulated body fluid (SBF) was made following the
instructions given by Kokubo and Takadama [39].

SHBjorney etal

Beads made from 4 ml alginate solution were added
into plastic tubes filled with 50 ml SBF-solution and
placed at 37 °C. Beads containing originally 0.1 wt%,
1 wt% and 5 wt% brushite-seeds were kept in SBF-
solution for 24 h, 72h and 168 h, respectively, before
they were removed and characterised. Non-mineralised
beads without seeds were kept for 168 h in SBF before
characterisation as a control.

2.6. Material characterisation
The beads were optically imaged in the wet state using
an inverted microscope (Eclipse TS100, Nikon, Japan).

SEM analysis (Hitachi S-5500 S(T)EM) was per-
formed with an acceleration voltage of 1-10kV. The
sample beads were dehydrated in increasing concen-
trations of ethanol. The ethanol was then substituted
with acetone before they were critical point dried
(Emitech K850 critical point dryer). The beads were
placed on SEM-stubs with carbon tape and sputter
coated (Cressington 208 HR) with a 5-10 nm layer of
platinum/palladium (80/20). The chosen beads were
cut in the wet state by embedding them in an alginate
cylinder, gelled with the in sifu technique [44], or aga-
rose cylinder, where a 2% agarose solution was heated
onahot plateand the beads were introduced before the
gel had set. These cylinders were cutinto 100 or 200 yim
sections using a vibrating blade microtome (VT1000S,
Leica Biosystems, Nussloch GmBH, Germany). These
sections were then dried and mounted using the same
procedure as for the whole beads.

Powder XRD (D8 Advance DaVinci, Bruker AXS
GmBH, Germany) was performed in the range of 5-75°
with a step size of 0.013° and a step time of 0.67 s. The
alginate-CaP composites were air-dried and crushed
withamortar and pestle before they were analysed. Riet-
veld analysis (Topas4.2, Bruker) was performed in order
to assess the relative number of mineral phases. The
background parameters, sample displacement, scale fac-
tor, crystallite size and cell parameters were refined. In
order to check the reliability of the Rietveld analysis on
the samples, an analysis of mixes of pure mineral sam-
ples with known sample ratios was performed.

Thermogravimetric analysis (TGA) (Netzsch
STA449C TGA, Netzsch-Geritebau GmbH, Germany)
was performed in the temperature range of 25-1000 °C
at a heating rate of 20 °C min~! under an air flow of
80 ml min~'. A 20 min hold between 70-100 °C was
performed in order to remove any adsorbed water.
In order to estimate the mineral content in the beads,
curves describing the sample residual mass m(T) were
modelled by addinga fraction fof the curve for the pure
minerals to a fraction 1-fof the curve for pure alginate,
where the fraction fdenotes the assumed mineral con-
tent. For cases where there was more than one mineral
phase the relative amount of the mineral, as found with
Rietveld analysis, was used:

Am(T) = fy Amp(T) + fyAmp(T) + (1 — fr — f3)
Ampg(T) 3)
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where Amy(T)and Amp(T)are the massloss curve
for pure HAp and brushite mineral phases, Anyg(T)
is the mass loss curve for the alginate gel, and fyand f3
are the fractions of HAp and brushite. The total min-
eral fraction (f}; + f5) was then fitted in order for the
modelled TGA curves to match the experimental data
atat 1000 °C. An example of this can be seen in figure S1
in the supplementary information (stacks.iop.org/
BMM/11/015013/mmedia). The error was calculated
based on the control samples.

Attenuated total reflection Fourier transform infra-
red (ATR-FTIR) spectroscopy (Nicolet 8700 ATR-FTIR
spectrometer, ThermoFisher Scientific, USA) was per-
formed in the range of 550-4000 cm ! at room temper-
ature. An average of 32 scans was taken.

2.7. Cell experiments

Murine calvarial pre-osteoblast cells, MC3T3-E1L
subclone 4 (ATCC® CRL-2593™), were cultured to
80% confluency in a-MEM supplemented with 1 ;g
ml ™! gensumycin, 2 mM glutamine and 10% fetal calf
serum, before trypsinising and mixing with alginate at
afinal concentration of1 x 10°cellsml~'.300 mM PO,
and 1 wt% brushite seeds were added to the alginate
and 0.9% saline was added to give a final alginate
concentration of 1.8 wt%. Alginate was also prepared
in the same way without phosphate solution or brushite
seeds. Microbeads containing cells were produced by
electrostatic extrusion, as described previously [43].
The gelling solution used either 300 mM CaCl, or 1M
CaCl, containing 0.9% NaCl and was adjusted to pH 5
with 50 mM or 100 mM NaAc, respectively, or 50 mM
CaCl, for non-mineralised control samples containing
no phosphate or brushite seeds. 10 ml of alginate
microbeads were left in the gelling solution for 10 min
prior to washing with PBS and then culture media,
and were then suspended in 10 ml of culture media
and placed in an incubator. To assess the cell viability
post-encapsulation a combination of a calcein-AM /
ethidium homodimer-1 assay (LIVE/DEAD ® Viability/
Cytotoxicity Kit, L-3224, Molecular Probes®) and an
AlamarBlue® viability assay (DAL1100, Molecular
Probes®) were used. This combination of assays was
used because of difficulties in accurately counting
the cells stained using the LIVE/DEAD assay in
the mineralised samples, which were much more
optically dense than the non-mineralised controls. The
AlamarBlue assay relies on optical measurements of
the incubating media and is therefore not influenced
by the optical properties of the samples. Viability was
monitored at 1,3, 10 and 15 d post-encapsulation on 6
repeat samples of known mass (between 0.4-0.6 g).
Ateach pointin time thelive/dead cell countin the non-
mineralised control samples was taken and AlamarBlue
reduction was measured for all the samples (optical
absorption at 570 and 590 nm, Perkin Elmer Victor
3). Comparing the results obtained by the AlamarBlue
reduction assay allowed the % viability of the
experimental samples to be normalised to the viability
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of the non-mineralised control samples measured by
the live/dead assay. The viability of the control sample
was normalised with respect to the total number of
encapsulated cells at the start of the experiment.

3. Resultsand discussion

3.1. Investigating parameters for CaP precipitation
within alginate microbeads

Thealginate/CaP composite beads were prepared by the
counter diffusion method, as described in section 2.3.
This arrangement created a highly dynamic system
in which the phosphate ions diffused out of the bead,
Ca*" diffused into the bead, and gelling of the alginate
and precipitation of CaP happened simultaneously.
Formation of the mineral consumed phosphate ions,
which lowered the pH locally in the hydrogel, as can be
seen from equations (1) and (2). Asaresult,alocal pH-
gradient within the alginate beads was formed, and the
pH in the gelling bath decreased over time, see figure 1.
Both the gelling and the mineral precipitation processes
consumed calcium ions.

In the first instance, we investigated an approach to
produce alginate/brushite composites similar to that
proposed by Amer et al [32], although with a reversed
Ca/P ratio and a smaller bead size. The reversed Ca/P
ratio was needed to form stable alginate gels [43]. Thisis
due to the fact that the affinity between phosphate ions
and calcium ions is greater then that between alginate
and calcium ions. Consequently, if the calcium con-
centration in the gelling bath is too low, the available
Ca-ions are consumed by the forming mineral phase
and a stable alginate gel is not formed.

Surprisingly, no evidence of monetite or brushite
was found within the hydrogel network. Contrary to
their observations, the mineral phase within the beads
produced in this study was poorly crystalline HAp,
asseen in the lower spectrum of figure 2. An optical image
of a representative sample can be seen in figure 3(a).
Itwasalso observed that some of the phosphate precursor
diffused out of the beads and formed brushite-precip-
itates in the gelling bath. It is not only the Ca/P ratio
that plays a role in the formation of CaP-precipitates;
the pH is a determining factor for the nucleation of
the different phases [24]. Unfortunately, no informa-
tion about pH is given in the work of Amer et al. In this
work, the pH in the gelling bath was observed to change
from an initial value of pH 7 to as low as pH 3 during
bead formation. This large drop in pH can also contrib-
ute to destabilising the gel. The pK, of alginate ranges
from 3.4 to 4.4 depending on the type of alginate and
the conditions [45]. At such a low pH the alginate can
begin to lose its charge and hence affinity for Ca®*. This
effect in combination with the consumption of Ca?*
due to mineral formation can lead to destabilisation
of the gel bead, seen as wrinkles in figure 3(b). Similar
observations have been reported previously, although
the charge neutralisation was then due to an oppositely
charged polymer, not pH [46].
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Figure 1. A schematic diagram illustrating the gelling and mineralising system. After the alginate drop has entered the gelling bath,
Ca?" diffuses inwards (blue arrows), the phosphate ions (PO}) diffuse outwards (grey arrows), gelling and mineralising occurs at
the front of the Ca?* diffusion illustrated by a colour difference in the figure. On the right, the green colour indicates gelled alginate.
On the left, the brown colour illustrates mineral formation and the associated local release of HT, their diffusion being indicated by
black arrows. The mineral front trails slightly behind the gelling front.

Ca2t

Ca2t

20 22 24 26 28

NaAc buffer. e denotes brushite, M denotes HAp.

Figure 2. XRD-spectra for samples made with 300 mM phosphate in the alginate solution and 1 M calcium chloride in the gelling
bath. Bottom: no buffer. Middle: a representative sample from the pH-study with a 50 mM NaAc buffer. Top: a sample with a 500 mM

30 32 34 36 38 40
20

In order to investigate the role of pH on both the
nucleation and growth of different CaP crystal phases,
a series of experiments was performed where the ini-
tial pH in both the alginate solution and the gelling
bath was systematically varied between pH 5 and pH 7
(a total of nine combinations) by the addition of a
buffer (see Materials and methods). For a sample
formed using a 50 mM buffer, upon inspection with
optical microscopy (figure 3(b)), it was clear that the
mineralisation was inhomogeneous in the sense that
individual beads were mineralised differently. This
sample was representative for most of the experiments.
Note that this buffer concentration was not sufficient to

keep the pH stable during bead formation. This time-
dependent change in the pH-value was believed to be
the cause of the inhomogeneity observed in figure 3.
The XRD-results showed that the mineral formed was,
in most cases, not pure phase, but a mixture of brush-
ite and HAp, as can be seen in the top spectrum of fig-
ure 2, and in some cases minor amounts of OCP. The
estimated amount of mineral for the different samples
varied between 2—49 £ 3 weight percent of dry mass,
corresponding to 0.1-1.8 + 0.2 weight percent mineral
content in the hydrated gel.

The buffer strength was increased to 100 and
500 mM in an attempt to stabilise the pH at pH 5. In
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Figure 3. Optical images of (A): a sample gelled in an unbuffered bath. (B): a sample made with alginate solution at pH 7 and a
gelling bath at pH 6 with 50 mM NaAc buffer. The brown beads are mineralised throughout, while the black spots are larger brushite
crystals on the surface of the beads. (C): a sample with 0.1% brushite-seeds without phosphate precursor. (D): a sample with 0.1%
brushite seeds with phosphate precursor and a gelling bath at pH 5 with a 100 mM NaAc buffer. The scale bars are 500 zzm.

both cases the change in pH was lower, as expected,
although these experiments resulted in phase pure
HAp within the alginate composite as can be seen in
figure 2 for a sample with a 500 mM bulffer. A possible
explanation for this is that the ideal pH for the forma-
tion of brushite is somewhere below pH 5, although if
the pH within the microbead is too low, the phosphate
precursor might diffuse out of the alginate network
before any mineral is formed. Hence, at no buffering,
HAp is formed initially and the pH drops quickly to a
value where no new crystals are nucleated. For strong
buffering the pH does not drop into the region where
brushite formation is favoured. A lower concentration
of buffer (50 mM) allowed for the formation of some
brushite, but the process was poorly controlled. For
further experiments an initial pH 5 in the gelling bath
was chosen as a compromise between brushite forma-
tionand cell survival. The buffer concentration was also
increased to 100 mM in order to ensure more stable
conditions over time in the gelling bath.

The variation in mineral amount and the occur-
rence of several phases indicated a complex crystallisa-
tion process within the alginate microbeads, sensitive
to the local supersaturation, pH, precursor concentra-
tion and precursor ratios, all of which changed during
bead formation. A lack of control over the process was
identified, as the resulting mineral phase and amount
varied between experiments performed under the same
conditions. However, a clear trend from these experi-
ments was that a lower pH in the alginate solution led
toalower amount of mineral within the hydrogel beads,

regardless of the initial pH in the gelling bath. A possible
explanation for this is that the higher local pH within
the gel network immediately after the droplet entered
the gelling bath affected the local supersaturation and
allowed for faster nucleation of the mineral. In cases
where the initial pH within the beads was lower, more
of the phosphate precursor diffused out into the gelling
bath before precipitation occurred. The high initial pH
is incompatible with the formation of brushite, at least
in a controlled manner. To overcome this, brushite seed
crystals were incorporated in the alginate solution in
order to promote the early growth of brushite and to
gain control over which phases nucleated in the sample.

3.2. Control of brushite formation withinan
alginate matrix using seed crystals

To promote the growth of brushite within the alginate
network, brushite seeds were introduced into the
alginate solution at three different concentrations:
0.1, 1 and 5 weight percent (hereby referred to as low,
medium and high concentration of seeds). The seed
crystals had a size range of approximately 30 pm,
measured by a Coulter counter. The dried seeds were
ground using a mortar and pestle prior to mixing with
the alginate solution to distribute the seeds evenly and
to avoid clogging the needle. The phase purity of the
seeds was verified with XRD. The beads were then made
with alginate solutions containing seeds and phosphate
precursor. The pH of the gelling bath was kept at pH
5 with a 100 mM sodium acetate buffer and contained
1M CaCl, and 0.9% NaCl.
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Table1. The results for seeded beads gelled in 1 M CaCl,, 0.9 wt% NaCl, 100 mM NaAc.

Seed conc. POy mM Final pH Dry mass % ‘Wet mass % Brushite %
0.1% 300 4.88 71+£3 45+0.6 95
0.1% 0 5.00 0+3 0.0£0.1 100
1% 300 4.85 79+3 69+1.2 99
1% 0 5.00 3243 0.8£0.2 100
5% 300 4.73 85+£3 10.6 2.5 98
5% 0 5.00 72+£3 4.7+£05 100

Note: The mass percentage refers to the mineral content, while the last column refers to the brushite percentage of this mineral.

Figure4. SEM micrograph of the surface an alginate microbead made with medium seed concentration and phosphate precursor.
(A): before and (B): after 168 h in SBE. The scale bars are 30 zm and 2 pum for the inset.

Table 1 summarises the results obtained for the
seeded experiments in the conditions described above.
All the samples made with a phosphate precursor and
brushite seeds contained close to pure phase brushite
with 71 £ 3 to 86 £ 3% mineral amount (dry mass)
corresponding to 4.5 & 0.6 t0 10.6 £ 2.5% wet mass.
Figures 3(c) and (d) show optical images of low concen-
tration seeded beads with and withouta phosphate pre-
cursor. Comparing figures 3(a) and (b) to figure 3(d),
the mineralisation of the beads was clearly more homo-
geneous when seed crystals were incorporated in the
alginate solution. As can be seen from table 1, there was
an increase in mineral content from the seeded control
sample withouta phosphate precursor to the beads with
seeds and a phosphate precursor. Calculations based on
the TGA-data indicated that similar amounts of new
mineral were formed in all the samples. This increase
can either arise from the growth of the seeds, the nucle-
ation of new crystals or a combination of these.

Optical microscopy indicated the formation of
new mineral crystals, as can be seen when comparing
figures 3(c)—(d). This was confirmed by SEM images
of the surface and cross-sections. Figure 4(a) shows
the surface of a medium concentration seeded bead.
Alarge number of crystals can be observed on the sur-
face which were not observed for beads with brush-
ite seeds, but without a phosphate precursor (figure
S2 supplementary information (stacks.iop.org/
BMM/11/015013/mmedia)). The SEM images from
the cross-section of a low concentration seeded bead
(figure 5) clearly show mineral crystals (white arrows)
situated within the alginate network. These are much

smaller in size than the seed crystals, which suggests that
they were nucleated during bead fabrication.

Although the mineralisation was homogeneous
between the beads, the mineral distribution inside the
alginate network was not homogeneous. The mineral
formed a denser shell on the outside, and the beads
appeared less mineralised towards the centre. This
was as expected from previous work with the counter-
diffusion method at high supersaturation [14]. The
difference in mineral content can be seen in figure 5,
where images from the centre and the edge of a cross-
section from a bead are shown. There is also an image
(figure 5(c)) of a seed crystal showing the difference in
size between the seeded crystals and nucleated crystals.
Note the difference in size of the seed crystal and surface
crystals compared to the crystals within the network
(figure 4(a) versus figure 5(a)). The smaller crystals
within the network suggested a different growth rate
than for the crystals on the surface.

To assess the quality of the XRD analysis, control
experiments were performed. Three samples of 33.3%
brushite and 66.7% HAp were made individually and
characterised. Rietveld analysis resulted in 38.8 + 0.7
% brushite. For a series of six mixtures ranging from
0 to 100% brushite, the analysis consistently overes-
timated the amount of brushite by 3.2 4= 2.4 percent-
age points. These results indicate that the analysis had
good precision, albeit with a systematic overestimation.
One should note a large increase in the brushite signal
between the control and 0 h sample in the XRD spectra
shown in figure 6. The control sample contained only
seeds (0.1%) and no mineral precursor while the 0 h
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mineral crystals. The scalebaris 1 m.

Figure 5. SEM micrographs of the cross-section of alow concentration seeded bead. (A): mineralised network in the outer region,
(B):less mineralised network towards the centre. (C): the surroundings of a brushite seed. The white arrows indicate the selected

sample was mineralised with 300 mM phosphate. There
was a large increase in the brushite signal, indicating
growth or the formation of new brushite crystals within
the sample (also seen in figure 3(d)), at the same time
no peaks associated with the HAp phase were present.
These peaks appeared only after storage. From the con-
trol samples of pure HAp and brushite crystals mixed at
aknown ratio, the HAp peaks were easily detectableina
mixwith 20% HAp and 80% brushite (datanotshown).
This indicates that a minimal amount HAp was formed
initially.

For TGA-modelling, low, medium and high con-
centrations of seeds corresponding to dry mass percent
of 5.3,35.7 and 73.5, assuming only alginate and CaP
remains after drying, were introduced into an alginate
solution without phosphate precursor. The TGA of
these samples resulted in a calculated dry mass percent
of 0 £ 3,32 + 3and72 + 3. The expected ideal values are
outside the uncertainties of the calculated values for the
lower seed concentrations, although they show a similar
increase in mass as would be expected, suggesting that
the method is reliable although somewhat inaccurate.
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Figure 6. XRD-spectra for the different timepoints for a sample with low concentration brushite seeds with PO} . e denotes
brushite, @ denotes HAp. The legend numbers indicate the number of hours in SBF and the control sample did not contain
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For the pure alginate control there was a pronounced
weight loss from 650-800 °C related to the decompo-
sition of calcium carbonate into calcium oxide. This
behaviour was not observed when the phosphate min-
eral was precipitated during gelling (see figure S1 and
a short discussion given in the supplementary Infor-
mation (stacks.iop.org/BMM/11/015013/mmedia)).
Due to this change in decomposition behaviour and
the overestimation of brushite from the Rietveld analy-
sis, the TGA model overestimated the mineral content
by about five percentage points dry mass for heavily
mineralised samples. The values presented in figure 7
are midpoints between the original model and a model
with 3% less brushite and five percentage points less
estimated dry mass, with error bars reaching the two
extremes.

The seeds introduced into the alginate solution
affected the crystallisation conditions for the whole
bead, not just in the immediate proximity of the seeds.
As can be seen from figure 5, new crystals of brush-
ite were nucleated within the alginate network. This
could either result from a change in the conditions of
the alginate solution, where a combination of pH and
supersaturation favoured the nucleation of brushite or
it may have been a secondary nucleation mechanism
[47].Nucleation occurs much more readily when solute
crystalsare already present in the medium due to alow-
ered energy barrier, where parent crystals act as catalysts
for nucleation [48].

3.3. Bioactivity of alginate composites in SBF

In order to evaluate the potential bioactivity of these
CaP mineral—alginate composite materials, the samples
were incubated in SBF for 24,72 and 168 h before they
were characterised. Figure 6 shows the XRD results for
the low seed concentration sample. The results clearly
show a gradual increase of HAp and decrease of the

brushite signal, which was observed for all the different
seed concentrations. This data is summarised in
figure 7, where a clear transformation of initial brushite
into HAp is observed over time. An initial decrease in
the total mineral content can also be seen. The image
in figure 4(a) was taken before incubation in SBF, and
the one in (b) was taken after 168 h incubation in SBE.
For the composite containing a phosphate precursor
there was, before incubation, alarge number of brushite
crystals on the surface. These appear to have dissolved
and reprecipitated as smaller HAp crystals, seen in the
inset in figure 4(b). This dissolution is presumably
the cause of the decrease in the overall mineral
content. These results also show that the lowest seed
concentration transformed into HAp earlier than the
other samples. As controls, alginate beads with seeds,
but no phosphate precursor and alginate beads without
seeds or phosphate precursor were also kept in SBF for
168 h. The seeded control showed no conversion into
HAp (see figure S2 in supplementary information
(stacks.iop.org/BMM/11/015013/mmedia)), while the
pure alginate control showed no mineral formation.
This study was performed under static conditions
and was therefore not a prediction of actual in vivo
behaviour [49]. This was done in order to study the
transformation behaviour of the mineral in a solution
supersaturated with respect to HAp. The dissolution of
brushite and the formation of HAp occurred under the
same initial conditions in the different sample groups.
Comparing these results with the work of Miller et al
[50], who performed a study of brushite transforma-
tion in four different SBF solutions, including a TRIS-
buffered solution similiar to the one used in this study,
the behaviour is similar except for two main points. In
this study, the initial brushite was not completely dis-
solved or transformed within 168 h. That is probably
due to the fact that static conditions were used. A more



10P Publishing

Biomed. Mater. 11 (2016) 015013

SH Bjornoy etal

Low seed concentration

IS

Wet mass %
[\

(=}
P

0 24

72 168
Medium seed concentration

Wet mass %
W >
T T

M)

24

72 168
High seed concentration

Wet mass %

72

Time in h

Figure7. Graphs of the mineral evolution for the three different sample groups as estimated by XRD and TGA (equation (3)). Black
points: total mineral content. White points and orange area: HAp content. Grey area: brushite content. The area before the 0 h point
shows the amount of mineral introduced as seeds. The y-axis is scaled so the figures are directly comparable.

interesting observation is that no OCP was observed in
this work. This can be seen in figure 6, where two dis-
tinct peaks of OCP (9.45° and 9.77°) are absent.

FTIR analysis, as shown in figure 8, confirmed the
formation of brushite for all the samples seeded with
brushite, with strong absorbance bands at 986 and
1005 cm ™! corresponding to the v2 P-O symmetri-
cal stretching mode and 1059, 1125 and 1137 cm~!
corresponding to the v6 triply degenerated P-O
stretching mode [51]. Changes in the FTIR spectrum
occurred forall the samples exposed to SBE which indi-
cated a change from HPO3 ™ to PO; . This can be seen
in the disappearance of the v3 P-O(H) stretching mode
at875cm ™! and the appearance of a strong adsorption
at 1025cm™'. Changes also occurred in the v4 O-P—
O(H) bending mode, which is located at 578 cm ™" for
brushite and 602 cm ™! for HAp [51,52]. These changes
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occurred more rapidly for the samples formed with less
initial seed material. After 168 h incubation, low con-
centration seeded composites had almost completely
lost the vibrational modes associated with brushite and
the resulting spectra resembled poorly crystalline HA;
by comparison, the high concentration seeded samples,
however, had only partially converted by this time.

The FTIR results largely reflect what was found by
XRD analysis, as shown in figure 6, although the loss of
intensity of the brushite signal appears earlier for FTIR.
This could suggest a loss of protons and the formation
of an intermediate amorphous phase, before reprecipi-
tation to HAp. As XRD techniques rely on crystalline
samples for a signal, amorphous phases would not be
detected by XRD.

The accelerated transformation of brushite into
HAp atadecreased seed concentration may derive from



10P Publishing

Biomed. Mater. 11 (2016) 015013

SHBjorney etal

Low seed concentration

T
1025

Absorbance [a.u.]

1 1
700 600
1

| | | |
1,300 1,200 1,100 1,000 900 800
Wavenumber cm™

Medium seed concentration

Absorbance [a.u.]

168 h-|

72 h |

24 h

0h -

1
500

Absorbance [a.u.]

1,300 1,200 1,100 1,000 900 800 700 600
Wavenumber cm ™!
High seed concentration
T T T T T
ng "
M i
F 24 h+
= 0 h |
1 1 1 1 1 1 1
1,300 1,200 1,100 1,000 900 800 700 600 500

Wavenumber cm ™!

Figure8. FTIR-spectra of the samples with 0.1%, 1% and 5% seed concentrations following the indicated periods of incubation in SBE.

the smaller size of the newly formed brushite crystals.
For higher seed concentrations, a higher amount of the
initial phosphate will be consumed in the crystal growth
of these seeds. In the cases of higher seed loading, the
consumption of ions by growth would likely have caused

adecrease in the number of newly formed particles [48].
The smaller crystals had a higher surface area and there-
fore dissolved more readily. The increased bioactivity
of smaller crystals is further corroborated by a con-
trol sample in which beads containing a medium seed
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concentration without a phosphate precursor showed
no conversion into HAp after 168 h in SBF solution.

3.4. Cell encapsulation and survival

Alginate hydrogels provide a good matrix for cell
encapsulation; we have previously shown that cells
can also be encapsulated and survive in alginate
microbeads mineralised with HAp [53,54]. Gryshkov et
alhave also shown that high voltage does not affect cell
viability [55]. Previously, the mineralised alginate was
synthesised under mild conditions of mineral precursor
concentrations and near physiological pH. Here we
used more acidic conditions to achieve the desired
brushite mineral phase. Since cells cannot survive
such a low pH, we tested the viability of pre-osteoblast
cells post-encapsulation. Cells were encapsulated in
alginate containing 1% brushite seeds, 300 mM PO,
and gelled in 1 M CaCl, and 100 mM NaAc at pH 5 or
300 mM CaCl, and 50 mM NaAc and the viability of
encapsulated cells was compared to non-mineralised
control beads made with pure alginate and gelled in
50 mM CaCl, (see figure 9). Surprisingly there was
little difference in cell viability 24 h after encapsulation
between the controls and the mineralised beads gelled
in 300 mM CacCl, (87.2 + 6.0% versus 88.3 + 6.2%).
However, a lower viability for the mineralised samples
gelled in 1 M CaCl, was recorded (79.4 4 6.7%). The
cell viability reduced gradually over the 15 d of the
culture period for all the samples. After 15 d of culture
the cell viability was 60.5 £ 9.9% and 62.2 + 11.2%
for the mineralised samples and 71.2 + 9.7% for the
non-mineralised controls. This gradual reduction was
probably due to natural cell death without renewal
since the cells appeared to not divide within the alginate
matrix as very similar numbers of cells were observed
within each bead at each point in time. Since the rate of
cell death was very similar for all the samples it would
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appear that the mineral made in either condition had
little influence on cell viability.

4. Conclusions

Building upon our previous work regarding the
counter-diffusion synthesis of alginate-calcium
phosphate (HAp) composite materials, here we
have formulated robust methods to control the
phase purity and amount of brushite formed within
alginate hydrogels. These new materials may have a
significant advantage over HAp containing alginates
as bone tissue engineering constructs, since brushite
is metastable under physiological conditions and will
convert to HAp, as we have demonstrated in simulated
body fluid, and may act as a reservoir for essential
ions for bone remodelling. Reliable nucleation of the
preferred brushite phase inside the alginate network
proved more complicated than in aqueous solution in
the absence of alginate, where control over the initial
parameters of pH and stoichiometry was enough
to predict the resulting phase. The incorporation
of brushite seed crystals into the alginate solution
prior to gelation resulted in improved control and
reproducibility of the mineral phase and by adjusting
the number of seeds and amount of precursor
concentration, the amount of mineral could also be
tuned. The bioactivity of the precipitated mineral was
shown to be higher than that of mixtures of preformed
mineral incorporated in an alginate matrix, likely due
to the smaller crystal size of the mineral precipitated
within the alginate matrix. Furthermore, we found
that our synthesis method was well tolerated by pre-
osteoblast cells, and cell viability was similar to the
non-mineralised control samples post-encapsulation
and survived well over a period of 15 d. This is
significant for the intended use of these materials as
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support structures for cells in the context of bone
tissue regeneration.
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Figure S1 Illustration of the method used to determine mineral amount from TGA-data. Black curves:
HAp, DCPD and alginate. Blue curve: 1 % seeds. Red curve: Model with fp=0.82 and fy = 0.

Figure S1 shows the principle of the method used to determine the mineral amount. The
curves for control samples of pure alginate, pure brushite and pure HAp are added and fitted
to the experimental curve. For samples with more than one mineral phase, the relative amount
of each phase was found by Rietveld analysis. ICDD standards used for Rietveld analysis:
Brushite: PDF# 04-013-3344 ! and HAp: PDF# 00-055-05922.

The reason for the discrepancy between the model and the experimental data in the range
of circa 500-800°C is not known. The pure alginate sample has a pronounced weight loss from
650-800°C due to the decomposition of CaCO3 into CaO. There are two possible explanations
why this is not observed in the experiments. It could be that the presence of mineral influences
the reaction where Ca reacts with the carbon from the burning alginate and prevents the



2

formation of CaCOj3. Another explanation could be that the presence of mineral affects the
temperature at which the CaCO3 decomposes into CaO. Newkirk and Aliferis has shown that
the temperature at which the decomposition of NaCOj3 occur can be altered due to its chemical
environment.> They observed that simply by changing the cruicible material which the sample
was kept in the decomposition temperature changed. Also by mixing silica grains with the
NaCOs3, the decomposition temperature was reduced and this effect was increased for smaller
grains providing a large surface area. We speculate that a similar effect might be present
in this case, and the mineral present in our sample provides a large surface area due to the
small crystal size. As the model is based on adding a fraction of the pure alginate curve and
fractions of the mineral curves, it does not take into account changes in the thermal behaviour
of the different compounds. We therefore chose to fit our model to match the final weight of
the experimental sample rather than minimize the discrepancy between the curves.

Bioactivity

Figure S2 shows that seeded beads without phosphate precursor did not transform after 1 week
in SBE.

Medium seed concentration no POy

Ifau]

5 10 15 20 25 30 35 40 45 50
20
Medium seed concentration no PO4 168 h in SBF

Ifau]

Figure S2 SEM micrograph of the surface of an alginate microbead (A) and a corresponding
XRD-spectra (B) of a sample made with medium seed concentration and without phosphate precursor.
C and D: data for the same samples collected after 168h incubation in SBF. No mineral formation is
visible on the surface of the bead. The XRD-spectra show no indication of HAp formation. Scale bars
are 30 um and 2 pm for inset.
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component may provide mechanical enhancement, introduce osteoconductive or osteoinductive proper-
ties, or change other aspects of interactions between native or implanted cells and the material. A thor-
ough understanding of the interactions between such components is needed to improve the rational
design of such biomaterials. To achieve this goal, model systems which could allow study of the forma-

ﬁfyi"r‘l'gg‘eis’ tion and transformation of mineral phases within a hydrogel network with a range of experimental meth-
Hfdrogel ods and high spatial and time resolution are needed. Here, we report a detailed investigation of the

Raman spectroscopy formation and transformation process of calcium phosphate mineral within an alginate hydrogel matrix.
Calcium phosphate A combination of optical microscopy, confocal Raman microspectroscopy and electron microscopy was
used to investigate the spatial distribution, morphology and crystal phase of the calcium phosphate min-
eral, as well as to study transformation of the mineral phases during the hydrogel mineralization process
and upon incubation in a simulated body fluid. It was found, that under the conditions used in this work,
mineral initially formed as a metastable amorphous calcium phosphate phase (ACP). The ACP particles
had a distinctive spherical morphology and transformed within minutes into brushite in the presence
of brushite seed crystals or into octacalcium phosphate, when no seeds were present in the hydrogel
matrix. Incubation of brushite-alginate composites in simulated body fluid resulted in formation of
hydroxyapatite. The characterization strategy presented here allows for non-destructive, in situ observa-
tion of mineralization processes in optically transparent hydrogels with little to no sample preparation.

Statement of Significance

The precipitation and transformations of calcium phosphates (CaP) is a complex process, where both for-
mation kinetics and the stability of different mineral phases control the outcome. This situation is even
more complex if CaP is precipitated in a hydrogel matrix, where one can expect the organic matrix to
modulate crystallization by introducing supersaturation gradients or changing the nucleation and growth
kinetics of crystals. In this study we apply a range of characterization techniques to study the mineral
formation and transformations of CaP within an alginate matrix with spatiotemporal resolution. It
demonstrates how a detailed investigation of the mineral precipitation and transformations can aid in
the future rational design of hydrogel-based materials for bone tissue engineering and studies of biomin-
eralization processes.

© 2016 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction
* Corresponding author.

E-mail addresses: sindre.bjornoy@ntnu.no (S.H. Bjerngy), david.bassett@ntnu.no Hydrogels combined with inorganic materials are attractive
(D.C. Bassett), seniz.ucar@ntnu.no (S. Ucar), berit.l.strand@ntnu.no (B.L. Strand), candidates in the search for an injectable composite material for
jens-petter.andreassen@ntnu.no  (J.-P.  Andreassen), pawel.sikorski@ntnu.no

(P. Sikorski), hard tissue regeneration. The hydrogel can be used as a carrier
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material for cells, drugs or other bioactive molecules and also act
as a scaffold for tissue formation [1]. The inorganic phase provides
nucleation sites and the necessary ions for in vivo bone formation
and also modifies the mechanical properties of the resulting com-
posite material [2,3]. In cases where calcium phosphate (CaP) has
been used as the inorganic phase, hydroxyapatite (HAp) has long
been the material of choice due to its similarity to the mineral
found in bone [4-6]. However, HAp is thermodynamically stable
under in vivo conditions, and therefore will not readily dissolve
and provide ions for bone formation. Therefore, in recent years, less
stable CaP phases such as Octacalcium phosphate (OCP) and brush-
ite (the abbreviation DCPD has been used in sample names and fig-
ure legends to indicate brushite) have attracted increasing interest
in this regard [7]. These acidic phases are often present in the early
stages of precipitation in vitro, even at mildly alkaline conditions,
as they tend to nucleate more easily than HAp [8]. In the more
complex in vivo environment, evidence of such precursors has been
elusive. Whether this stems from the influence of templating mole-
cules or is due to dehydration or other artifacts during sample
preparation is not entirely clear. Peptide motifs from dentin matrix
proteins have been shown to accelerate the formation of crystalline
HAp in vitro, which supports the first scenario [9]. On the other
hand, using in situ characterization techniques or minimal sample
preparation there have been reports of several non-apatitic precur-
sor phases during early mineralization, including amorphous phos-
phate (ACP) and OCP [10]. More recently, ACP has been shown to
act as a precursor to HAp during osteogenesis within a ceramic tis-
sue engineering scaffold loaded with bone marrow mesenchymal
stem cells and implanted in a murine model [11]. Also, cellularly
derived ACP nanospheres have been shown to transform into crys-
talline platelets of HA upon contact with the collagen matrix of
continuously mineralizing fin bones of zebrafish [12]. Similar min-
eralization pathways have also been suggested for other types of
biominerals, such as calcium carbonate found in sea urchins and
mollusks [13].

Our group focuses on the formation of alginate-CaP composite
materials by counter-diffusion in which mineral is precipitated
simultaneously with hydrogel crosslinking. This approach allows
control over the resulting CaP phase and has recently been investi-
gated in particular for the formation of HAp and brushite [14,15].
In order to produce phase pure alginate-brushite composites, seed
crystals were used to initiate nucleation, since conditions which
normally produce brushite when precipitated in solution, resulted
in HAp inside the gel network, irrespective of the precursor con-
centrations and initial pH [15]. Further investigation into this phe-
nomena revealed an inhibitory effect of alginate on the growth and
nucleation of brushite in the presence of small amounts of alginate
[16].

A thorough understanding of CaP formation and transformation
processes is essential for both fundamental studies of biomineral-
ization and for the development of synthetic hard tissue engineer-
ing scaffold biomaterials. CaP mineralization, although dependent
on reaction conditions such as pH and ionic strength, is often dic-
tated by kinetics rather than thermodynamics. In addition, the
crystallization process may be influenced by both (bio) organic
molecules and spatial confinement [17-25]. This represents a par-
ticular scientific challenge, since it is difficult to precisely monitor
mineralization processes in situ. We have recently presented a new
approach that enables the correlative application of a range of
characterization techniques to closely monitor crystallization pro-
cesses within hydrogels [26]. Here we apply this toolbox to study
the formation and transformation of CaP-mineral within an algi-
nate matrix at low pH (approx. pH 5) and the influence of brushite
seeds dispersed in the matrix under otherwise identical conditions.
The non-destructive characterization techniques were also used to
monitor the transformation behavior of minerals within alginate

hydrogels during incubation in simulated body fluid (SBF), provid-
ing a means to measure the same samples over several time points.
This resulted in a thorough spatiotemporal description of the gel
and mineral formation, maturation and transformation pathways
at the microscale in unprecedented detail.

2. Experimental
2.1. Flow cell samples

De-ionized water (DIW, with a resistivity of 10-15 MQcm) was
used in all of the experiments. Alginate solutions were prepared
with 1.8 mass% alginate (LF200S, M, =2.74 x 10° g mol !,
Fc=0.68, FMC Biopolymer, Sandvika, Norway), 0.9 mass% NaCl
(27810.295, VWR, Philadelphia, PA, USA) and a mixture of Na,-
HPO,4-7H,0 (206515000, Thermo Fisher Scientific, Oslo, Norway)
and NaH,P0,4-2H,0 (04269, Sigma Aldrich, Oslo, Norway) to a
phosphate concentration of 100 mM or 300 mM at pH 7. A 1.5 pL
droplet of alginate solution was placed between two glass slides
separated by 140 pm in order to produce a disc. A 1M CaCl,
(C8106, Sigma Aldrich, Oslo, Norway) solution buffered either at
pH 5 with sodium acetate (NaAc) (A6283, Sigma Aldrich, Oslo, Nor-
way) or at pH 7 with tris(hydroxymethyl) aminomethane (TRIS)
(252859, Sigma Aldrich, Oslo, Norway) was introduced into the
flow cell initiating the gelling and mineralization process as the
calcium diffused into the disc. The reaction occurs in a large excess
of calcium ions to ensure proper gelation of the alginate. SBF was
made according to Kokubo et al. [27]. Samples were placed in
50 mL of SBF and the solution was replenished with fresh SBF every
24 h.

2.2. Preparation of crystals for seeding and Raman analysis

Brushite seed crystals were made by mixing 500 mL of 0.4 M Ca
(NOs),-4H,0 (31218, Sigma Aldrich, Oslo, Norway) and 500 mL of
0.4 M KH,PO4 (P3786, Sigma Aldrich, Oslo, Norway) and 26 mM
KOH (221473, Sigma Aldrich, Oslo, Norway). The resulting precip-
itate was aged for 2 h before they were washed and filtered with
DIW and ethanol. The size of the crystals was measured using a
Coulter Counter Multisizer 3 (Beckman Coulter, CA, USA). The seed
crystals were ground using an agate pestle and mortar in order to
disrupt any aggregation and 0.2 mass% were added to alginate
solutions under stirring. The solutions were left stirring for 1 h to
ensure uniform distribution of the seed crystals.

OCP and HAp were made according to methods described by
Elliott [28]. Briefly, OCP was made by hydrolysis of brushite crys-
tals in 0.5 M NaAc (pH > 9) at 37 °C for 1 week. The solution was
replenished daily. HAp was made by slowly dripping a solution
with 640 mM Ca(NOs), into an equal volume of 250 mM (NH,),-
HPO,4 (215996, Sigma Aldrich, Oslo, Norway) under rapid stirring.
Both solutions had an initial pH above 10 and NH,OH (221228
Sigma Aldrich, Oslo, Norway) was used to maintain pH above 10.
The resulting precipitate was aged over night.

The resulting crystals were in all cases washed and filtered
using DIW and ethanol and crystalline phase purity was measured
using powder XRD (D8 Advance DaVinci, Bruker AXS GmBH, Karl-
sruhe, Germany) prior to Raman measurements, see Figs. S1-S3 in
the Supplementary Information.

2.3. Characterization

Dark-field and phase contrast images of alginate samples with
varying phosphate content, see Table 1, were recorded using an
optical microscope (Eclipse TS100, Nikon Instruments Europe BV,
Amsterdam, Netherlands) through a 4x lens at 4 FPS for the first
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Table 1
An overview of the composition of the different alginate samples studied. Alginate
concentration was in all cases 1.8 mass%. AlgP0 and AlgPODCPD were not buffered.

Sample Phosphate conc. Initial DCPD seed conc. [mass
[mM] pH %]

AlgP0O 0 ~7 -

AlgP100 100 7 -

AlgP300 300 7 -

AlgPODCPD 0 ~7 0.2

AlgP300DCPD 300 7 0.2

15s and at 0.2 FPS during the remaining gelation process. The
images were analyzed with MATLAB (2014b) in order to extract
the velocity at which the gel front moved, briefly a series of images
of the moving gel front was recorded and the position of the front
was fitted with an ellipse. A gel front radius was calculated by
averaging the two ellipse axis (in all cases the shape was close to
circular) and the position of the front was plotted as a function
of time. The approximately linear region of the resulting plot was
used to calculate the gel front velocity, cf. Fig. S4. Further details
of the analysis are given elsewhere [26].

Selected samples were critical point dried (Emitech K850 criti-
cal point dryer, Quorum Technologies Ltd, East Sussex, England),
mounted on aluminum stubs using carbon tape and coated with
3-5 nm platinum/palladium (Cressington 208 HR, Cressington Sci-
entific Instruments Ltd, Watford, England) before SEM-analysis (S-
5500, Hitachi, Tokyo, Japan).

Raman microspectroscopy (InVia Reflex, Renishaw, Gloucester-
shire, England) was performed by making 120 measurements
(integration time 1 s, 30 accumulations) at one spot directly after
the gelling solution had been introduced. Line scans consisting of
recorded spectra (integration time 1s, 30 accumulations) from
50 points along the radius of mineralized alginate discs were also
collected 1h and 24 h after the gelling solution had been intro-
duced. All measurements were performed with a 535 nm laser
through a 10x lens. Confocality was reduced at the expense of spa-
tial resolution in order to obtain an average signal from the whole
thickness of the disc.

By adding 20 uM R6G-EDA (rhodamine 6G modified with
ethylenediamine according to published methods [29,30]) and
5 uM sulforhodamine 101 (SR101, S7635, Sigma Aldrich, Oslo, Nor-
way) pH measurements were performed using confocal laser scan-
ning microscopy (TCS SP5, Leica Microsystems, Wetzlar, Germany).
Images were recorded at 0.1 FPS for a duration of 33 min. Details of
the measurements settings and analysis are presented elsewhere
[26]. Briefly, the intensity ratio between a pH-sensitive and pH-
insensitive dye was compared to a standard curve made using
the same measurement conditions in order to calculate the pH in
each pixel of the images.

3. Results and discussion

Previously we have shown that the velocity of the alginate gel
front was limited by inwards diffusion of Ca?* [26]. Tanaka et al.
have shown that the diffusion of molecules with a molecular
weight lower than 2 x 10% is the same in water, as it is in gels made
with 2% or 4% alginate, indicating that viscosity does not affect the
diffusion of small molecules in this system [31]. With the addition
of phosphate to this system, there is a simultaneous consumption
of calcium ions due to precipitation of a mineral phase within the
gel network. Therefore it follows that the gel front velocity is likely
to reduce. To investigate this experimentally we studied the gel
front evolution in our flow cell with additional phosphate present
in the hydrogel phase using optical microscopy. Fig. 1a-c shows a
typical phosphate containing sample during the gelation process.

Due to a difference in refractive indexes between gelled and
ungelled alginate, the position of the gel front was clearly visible
in phase contrast microscopy, see Fig. 1a. Using dark field micro-
scopy, the mineralized gel was clearly visible due to the fact that
it scattered more of the incoming illumination, seen in Fig. 1b
and c. Fig. 1d shows a bar plot of the gel front velocities recorded
for the different samples.

As expected, the gel front velocity was greatest for phosphate
free samples and decreased with increasing phosphate concentra-
tion. Table 1 provides a summary of the conditions used for the dif-
ferent samples. An interesting characteristic of the mineralization
process was observed in dark field microscopy: the leading edge
of the mineralization zone contained a narrow region which scat-
tered more light, indicated by asterisks in Fig. 1b and c. This region,
appearing as a brighter band, moved inwards immediately behind
the gel front as the mineralization progressed and was formed at
the same time or just after influx of the Ca-ions and the resulting
gelling of alginate (cf. Fig. 1b and c). This change of position indi-
cated that the origin of this region was a metastable phase which
transformed or dissolved after a relatively short time (~120s as
estimated from the images). The nature of this phase is investi-
gated in detail below. In this geometry, supersaturation with
respect to CaP was highest close to the gel front and would be
quickly reduced once the mineral phase had formed. It is therefore
likely that this transient zone was located close to the region with
the highest supersaturation, and contained a metastable form of
CaP.

We have previously shown the potent effect of brushite seed
crystals on phase selection within alginate hydrogels and with
the added benefit of our spatiotemporal characterization toolbox
we further investigate this effect here [15]. It has previously been
shown that alginate, and especially the guluronate residues (G-
blocks) which have a high affinity for calcium, have an inhibitory
effect on the nucleation (and growth) of calcium phosphate crys-
tals [16]. Chelation of calcium ions is a likely explanation for the
nucleation inhibition, while non-specific interactions between
alginate and crystals and specific interactions between G-blocks
and active growth sites are probable causes of growth inhibition.
Considering this inhibitory effect of alginate on the nucleation
(and growth) of calcium phosphate, as observed by us and others,
we expected that the addition of seed crystals would increase the
Ca?* consumption rate, as it would not rely on nucleation of new
crystals [16,32]. We tested this hypothesis by incorporating
0.2 mass% brushite seed crystals with an average size of 30 um in
alginate containing 300 mM phosphate precursor and monitored
gel front velocity and crystal growth. For these samples, one might
expect the gel front velocity to be reduced to a larger extent com-
pared to samples without seed crystals, due to an increased con-
sumption of Ca?*. However, no significant difference was
observed experimentally (Fig. 1d). A transient zone similar to the
one observed for unseeded samples was also observed close to
the mineral front for seeded samples, see Fig. 2. These observations
indicate that a similar process was responsible for the initial
reduction in the calcium and phosphate concentrations for both
seeded and unseeded samples. For brevity, we term the three
observed regions ungelled, transient and gelled; however, note
that the transient zone has also been crosslinked and is to be
considered a gelled region. Details of this transformation
process focusing on phase composition, transformation kinetics
and morphology of the formed mineral phases are described
below.

To characterize the phase composition of the mineral formed in
the experiments described above in real time, we used confocal
Raman micro-spectroscopy (CRM) since this technique allows both
spatial and temporal resolution of small sample volumes (typical
sample volume was 1.5 pL). In addition CRM can be used, contrary
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Fig. 1. (a) A phase contrast image of a partially gelled AlgP300 sample. The gel front is clearly visible between the gelled and the ungelled part. Scalebar: 500 pm. (b) A dark
field micrograph showing the gelation and mineralization of an alginate disc after 150 s. (c) The same sample as in b after 300 s. A moving bright band of mineral is marked by
an asterisk in b and c. (d) Bar plot of the gel front velocity as a function of phosphate concentration and the presence of brushite seeds. The asterisk marks statistically

different values (One way ANOVA, p < 0.05).

Fig. 2. Phase contrast microscopy images showing an AlgP300 (a) and an AlgP300DCPD (b) sample during the gelling process. Three regions are marked in the images: the
ungelled region shown in green, the transient zone shown in white, and a gelled region shown in blue. The marker indicates the approximate position of the CRM time scan.
The frame width of the images is 845 um. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

to IR-spectroscopy, to monitor hydrogels in their native hydrated
state [33]. Initially, Raman spectra were collected from an area
approximately 200 pm from the edge of the sample, as indicated
in Fig. 2. 120 scans were recorded consecutively for one hour from
the same location following the introduction of Ca®* to allow
observation of mineral evolution. Fig. 3a shows Raman spectra of
an AlgP300 sample at the indicated time points. These spectra have
not been normalized, and are scaled according to the measurement
time. The spectrum denoted 0s was recorded from the alginate
droplet before the calcium solution had been introduced and con-
tains four main peaks: the three peaks with highest intensity orig-
inate from the phosphate ions in the solution. The peaks at
879 cm™! and 1078 cm™! were assigned to symmetric stretching
of P-(OH), and P-0O, respectively for H,POz, while the peak at
990 cm~! was due to symmetric stretching of P-O; in HPO3~
[34]. The weaker P-OH stretching from this ion was found by curve
fitting at 852 cm~' overlapping with the 879 cm~! peak from
H,POj3. The weak peak located around 810-816 cm ™! was assigned
to the alginate polymer [35]. Alginate also has a peak located at
890-892 cm™!, which overlaps with one of the H,PO; peaks and
could not be resolved. As calcium was introduced the HPO3~ peak
intensity was quickly reduced, while the H,PO; peak intensities

were gradually reduced. We note that the transient zone did not
give any strong Raman signal. However, a weak and broad peak
located at 955 cm™! which, over time, split into two overlapping
peaks located at 946 cm~! and 957 cm~! was observed. The inten-
sity of the 946 cm™' peak was reduced while the 957 cm™' peak
increased in intensity, became sharper and shifted towards higher
wavenumbers as time progressed, as shown in Fig. 3a. The appear-
ance and reduction in intensity of this broad peak corresponded to
the appearance and disappearance of the transient region observed
in optical microscopy. Peak sharpening is indicative of increased
crystallinity and the observed peak shift is indicative of mineral
maturation similar to that which was previously observed in a
bone tissue model [10]. Different literature sources report the
Raman signal from amorphous calcium phosphate ACP to be a
broad peak centered at 945-955 cm ™! [9,10,36]. Although the sig-
nal was weak, this was interpreted as an indication that the min-
eral in the transient region was amorphous. After 15 min a peak
appeared around 928-935 which was assigned to the C-C stretch-
ing of acetate, which was due to the buffer diffusing into the
hydrogel [37]. The same measurements were repeated on a similar
sample infused with a TRIS-buffered Ca?* solution at pH 7. The
same weak ACP peak at 955 cm~! was observed here without the
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interfering acetate peak at 932 cm™!

tion Fig. S5b.

After 1 h, a line scan consisting of 50 points from the edge of the
disc towards the center was recorded in order to investigate any
spatial differences along the radius. The line scan was repeated
over the same area after 24 h in the mother liquor. Fig. 3c and d
shows Raman spectra recorded from three such points in an
AlgP300 sample after 1h and 24 h, respectively. The position of
the spectra are given as a distance from the center. The phosphate
in CaP-phases such as brushite, HA and tricalcium phosphate (TCP)
have easily distinguishable Raman spectra [38]. However, it is
more challenging to differentiate between HA and OCP. Crane
et al. used a weak peak, arising from v; HPO, stretching, positioned
around 1010 cm™! to identify OCP [10]. As a result of the experi-
mental design in this work, the 1010 cm™! peak was almost at
the same level as the background noise (cf. Supplementary Infor-
mation Fig. S5a), and was not deemed suitable. Instead the peak
shape and position of the main phosphate peak was used to deter-
mine the dominating phase. Fowler et al. have thoroughly assigned
the different Raman bands of OCP and show a main peak situated
around 956-959 cm~! with a strong shoulder at 966-967 cm™!,
both arising from v; PO, stretching [39]. The v; PO, stretching of
HAp is reported to be a single peak located at 959-962 cm™" with
a weak and broad shoulder at around 950 cm~! leading to an
asymmetric peak shape of the main phosphate peak of HAp [40].
The difference in peak shape between OCP and HAp are clearly vis-
ible in the spectra of pure phase samples shown in Fig. 3b. There-
fore, fitting of the recorded spectra in a region between 920 and
980 cm ™! was used to determine the dominating crystal phase,
shown in red (OCP) and blue (HAp) in Fig. 4. Fig. 4a and b shows
micrographs of an AlgP300 sample after 1h and 24 h incubation
in the mother liquor. The line scans from the sample are visualized
in Fig. 4c and d, where the intensity of the peak located at

, see Supplementary Informa-

958 cm ™! (the main phosphate peak in the spectra arising from
v1 POy stretching [38]) has been plotted as a function of distance
from the center for the two samples. The intensity at 987 cm™!,
corresponding to the main peak of brushite has also been plotted.
The lines mark the position of the CRM line scans and the numbers
refer to the position of SEM-images shown in Fig. 7. It was found
that the mineral present in the hydrogel after 1h was mainly
OCP, although a narrow band towards the edge of the disc was pre-
dominantly HAp, see Fig. 4c. After storage for 24 h in the gelling
solution, a more heavily mineralized band was seen in optical
microscopy along the edge of the disc, see Fig. 4b. The Raman
intensity in the outer region of the disc and the width of the HAp
dominated region had both increased compared to the 1 h sample,
as shown in Fig. 4d. No brushite was observed within the alginate
network in these experiments, the small rise in the black curve is
due to background noise.

The same set of CRM measurements was repeated for samples
containing 0.2 mass% brushite seeds mixed into the alginate solu-
tion with 300 mM phosphate, denoted AlgP300DCPD. A weak
broad peak located at 955 cm™~! was also seen for these samples,
however instead of shifting towards higher wavenumbers, it disap-
peared as the brushite peak at 987 cm™' increased in intensity, as
seen in the inset of Fig. 5a. The initial peak at 955 cm™' was present
for less than a minute, which corresponds to the appearance of the
transient region observed by optical microscopy. Fig. 5b shows the
Raman spectrum for a pure phase brushite sample. After 1 h and
24 h, line scans were performed. Three spectra from chosen posi-
tions at both time points are shown in Fig. 5¢ and d. Micrographs
of this sample after 1 h and 24 h incubation in the mother liquor
are shown in Fig. 6a and b. The intensity at 960cm~! and
987 cm™! have been plotted as a function of distance from the cen-
ter in Fig. 6¢ and d. In contrast to the line scan for unseeded sam-
ples, which was relatively smooth with the Raman signal intensity



S.H. Bjerney et al./Acta Biomaterialia 44 (2016) 254-266 259

(a)

|3 2 1
() AIgP300 1h (d) AIgP300 24h
10 T T 10

—OCP/HAp - —OCP/HApInt

== DCPD == DCPD
8of 1 80 1
60} 1 60 1
400 1 40 1
20f 1 20 1

R O R T 600 700 % 300 300 400 soo 600 700

Position ym

Position pm

Fig. 4. Optical images and Raman data for an unseeded hydrogel disc (¢ ~ 1.3 mm) with 300 mM phosphate gelled and mineralized in a 1 M calcium solution at pH 5. (a)
After 1 h in the gelling solution. (b) After 24 h in the gelling solution. The numbers correspond to positions of the SEM-images shown in Fig. 7. (c) A line scan (shown by the
blue line in (a)) showing the intensity of the 958 cm~! peak, corresponding to the dominant phase as determined by curve fitting, either OCP in red and HAp in blue. The
intensity of the 987 cm™' peak, corresponding to DCPD, is shown in black. (d) A line scan (blue line in (b)) over the same area of the same sample after 24 h in the gelling
solution. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

highest at the edge of the disc and gradually decreasing towards
the center, the seeded samples resulted in a more jagged signal
which persisted into the center of the disc. This was interpreted
as a result of the larger brushite crystals present in the hydrogel.
These crystals were larger than the laser beam spot size and more
dispersed within the hydrogel network. As a result the Raman sig-
nal originating from the mineral crystals appear more discrete
along the line scan for the AlgP300DCPD samples. For the AlgP300
samples, the crystals were much smaller than the spot size and a
more averaged signal from both mineral and hydrogel was
obtained in every point spectrum. Both optical images and CRM
measurements indicated that there was less mineral towards the
center, but nevertheless growth of the seeds occurred throughout
the sample. A micrograph of the sample before CaCl, was intro-
duced can be seen in the Supplementary Information (Fig. S6). A
line scan was repeated in the same area following 24 h incubation
in the mother liquor, seen in Fig. 6d. The brushite peak at 987 cm™!
disappeared towards the edge of the disc and was replaced by a
peak located at 960 cm™', indicating conversion of brushite to
HAp. There was no evidence in the Raman data that OCP was part
of the transformation pathway when brushite had precipitated
first.

To determine the crystal morphology and distribution of the
mineral within the hydrogel network, selected samples were pre-
pared for SEM-analysis. Fig. 7 shows images recorded for an
AlgP300 sample kept in the gelling solution for 1 h (a-c) and for
24 h (d-f). Their corresponding positions (1=a, 2=b etc.) are
shown in Fig. 4. Fig. 7a shows an image recorded from the center
of a disc. No mineral could be seen in this area corroborating the
CRM and optical microscopy results. The images in Fig. 7b and ¢

shows a combination of nodules intertwined with alginate fibers
(black arrowheads) and flaky plate-like crystals (white arrow-
heads). These crystals were more numerous in Fig. 7c which was
recorded at a position closer to the edge of the disc. Following stor-
age for 24 h in the gelling solution, mineral located in the same
region as Fig. 7b had grown considerably and appeared more
plate-like (Fig. 7d). The Raman signal from the same region did
not increase in intensity and showed no sign of peak sharpening
which indicates that the amount of mineral or degree of crys-
tallinity did not change. The larger crystals seen in Fig. 7d as com-
pared to Fig. 7b are then likely the result of Ostwald ripening,
where larger crystals have grown at the expense of smaller crystals
without changing the total amount of mineral within this region.
Peak fitting of the OCP dual-peak revealed that the center of the
two peaks was shifted from 957 to 958cm~' and 965 to
966 cm ™!, respectively. The exact origin of this shift is not known,
however it could be a similar maturation process as previously
described for HAp [10]. The images in Fig. 7e and f, show an abun-
dance of well formed crystals. Within the hydrogel, large platelets
with feathered edges were found (Fig. 7e), contrasting to well
defined acicular crystals at the outermost region of the disc
(Fig. 7f). See Fig. S7 in the Supplementary Information which
shows a lower magnification overview to confirm the uniform
mineral distribution over the different regions. Raman spectra
from these regions revealed that the mineral in Fig. 7b-d was
OCP while the mineral in e and f was HAp.

Fig. 8 shows an AlgP300DCPD sample prepared at pH 5 and kept
in the gelling solution for 1h (a-c) and 24 h (d-f). For samples
stored for 1 h, large brushite crystals were observed throughout
the alginate matrix, as shown in Fig. 8a and b. The size of these



260

Time scan, fixed point AlgP300DCPD

@ T s
MMy ZE

= 0s

IAU]

900 1,000
Wavenumber cm™
AlgP300DCPD 1 h

O % —a

1,100

1[AU]

e —

900 1,000
Wavenumber cm™

800 1,100

S.H. Bjerney et al./Acta Biomaterialia 44 (2016) 254-266

Database sample

() .

== DCPD

987
E)
<
850 900 950 1,000 1,050 1,100
Wavenumber cm™
AlgP300DCPD 24 h
(d) —3800 um
r =500 pm-
- 20 um
— [ % 1
2
= i
- 816 890q3

1,000
Wavenumber cm™

Fig. 5. (a) Raman spectra of an AlgP300DCPD sample from a single spot at 5 time points. The inset shows a close up of the 66 s and 99 s plots where a peak located at
955 cm ™! is visible after 66 s (black arrow) and gone after 99 s (red arrow). (b) Raman spectra of phase pure DCPD prepared in solution. (c) and (d) Raman spectra from a line
scan of an AlgP300DCPD sample after 1 and 24 h respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

brushite crystals, and the absence of smaller crystals, indicated
that nucleation of new crystals did not occur within the hydrogel
network. This was further supported by observations described
below, where the mineralization process was visualized immedi-
ately after precipitation of the mineral phase. No evidence of small
brushite crystals was found and dissolution of ACP which was con-
sumed by growth of brushite seeds was observed (cf. Fig. 9e). In
addition, a dense layer of crystals on the outer surface of the disc
was also present. This layer, shown in Fig. 8¢ was probably a result
of the high supersaturation in this region, in combination with
uninhibited growth into the surrounding solution. After 24 h, this
surface layer was not present and the crystal structure close to
the surface of the disc had changed from large brushite platelets
to acicular HAp crystals similar to those observed in the same
region of the AlgP300 samples, (cf. Figs. 8f and 7f). This sample
fractured during mounting and the surface to the left in Fig. 8d
shows a cross-section of the disc. A magnified image of this section,
shown in Fig. 8e, reveals that the crystals were also needle-like fur-
ther into the alginate network in contrast to unseeded samples
which had platelets in the same region. This also confirms that
the crystals were present throughout the thickness of the disc.
CRM analysis of this region showed that these crystals were HAp.

Both optical microscopy and CRM showed that a metastable
phase was present in the early stages of mineralization in the algi-
nate discs. Based on observations from optical microscopy we esti-
mate that, once formed, this phase was stable for no more than
120s. In order to study the morphology of this phase, samples
were kept in the gelling solution until the gel formed approxi-
mately halfway through the disc, after which they were flushed
with DIW. This was immediately followed by opening the flow
cells and plunging the hydrogel discs into 96% ethanol in order
to prevent any dissolution or transformation of precipitated CaP
phases. The samples were exposed to the gelling solution for

approximately 3 min, leaving three distinct regions corresponding
to the regions shown in Fig. 2. Fig. 9a-c shows an AlgP300 sample
prepared at pH 5 and arrested after 3 min reaction time. In the
overview image (Fig. 9a) the gelled region, transient region and
ungelled region are marked with the same colors as in Fig. 2. The
image in Fig. 9b was recorded within the gelled region, nodules
and flaky crystals similar to the ones observed for 1h samples
were present (cf. Fig. 7b). The transient region, shown in Fig. 9c
contained spherical particles with a size range between 30 and
400 nm. These particles were uniformly distributed within the
alginate network. Several nodules, intimately connected with algi-
nate fibers, were also observed in this region. These nodules were
larger and less numerous than the spherical particles which sug-
gests that the transformation of the spherical particles into nodules
and later flaky platelets is solution based and not a solid state
transformation.

Fig. 9d-f shows an AlgP300DCPD sample prepared at pH 5
and arrested after 3 min reaction time. Spherical particles were
also observed for this sample in the transient zone (marked
white in Fig. 9d). 9e shows a brushite seed crystal located in
the transient zone. The spherical particles were not observed
in the immediate vicinity of this seed, shown at higher magnifi-
cation in Fig. 9f. In the gelled region, (marked blue in Fig. 9d), no
spherical particles were observed and an abundance of brushite
crystals (size range 20-80 um) could be seen within the hydro-
gel, similar to those observed by optical microscopy. The absence
of spherical particles in the gelled region, and the consumption
of these particles around the brushite seeds indicated that they
consisted of a metastable phase which appeared to reprecipitate
into growing DCPD crystals. This is consistent with CRM
observations. The SEM observations are strong indications that
this transformation happens via a dissolution-recrystallization
process.
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Fig. 6. Optical images and Raman data for an AlgP300DCPD hydrogel disc (@ ~ 1.6 mm) gelled and mineralized in a 1 M calcium solution at pH 5. (a) After 1 h in the gelling
solution. (b) After 24 h in the gelling solution. (c) A line scan (shown by the blue line in (a)) with the intensity of the 960 cm~! peak corresponding to HAp shown in blue and
the intensity of the 987 cm™! peak, corresponding to DCPD, is shown in black. (d) A line scan of the same sample after 24 h in the gelling solution. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 7. SEM-images of an AlgP300 sample gelled and mineralized in a 1 M CaCl, solution at pH 5. (a), (b) and (c) are recorded from a sample incubated in the gelling solution
for 1 h, while (d), (e) and (f) are recorded from a sample incubated in the gelling solution for 24 h. Black arrowheads indicate to selected alginate/mineral nodules. White
arrowheads indicate selected flaky plate like crystals. The scale bar applies to all of the images in this figure.

Fig. 9g-i shows magnified images of spherical particles found in ple prepared at pH 7 (i). The spherical particles had a non-uniform
the transient region of an AlgP300DCPD sample prepared at pH 5 diameter ranging from 30 to 400 nm and appeared identical
(g), an AlgP300 sample prepared at pH 5 (h) and an AlgP300 sam- regardless of the initial conditions in which they were made. Elliott
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Fig. 8. SEM-images of an AlgP300DCPD sample gelled and mineralized in a 1 M calcium solution at pH 5. The sample shown in (a), (b) and (c) was incubated in the gelling
solution for 1 h and shows large brushite crystals within the alginate network and a dense layer of crystals at the surface, seen in (c). The sample shown in (d) (this images is a
collage of two separate images), (e) and (f) was incubated in the gelling solution for 24 h and shows a few remaining brushite crystals marked with white arrowheads and
acicular HAp crystals within the alginate network. White boxes show the position of higher magnification images. The asterisk denotes the image was from a similar region in

the sample geometry.

reports that ACP is often present as spherical particles in the range
of 20-120 nm, which fits well with our conclusion that these par-
ticles are ACP [28]. The SEM analysis in combination with CRM
suggests that ACP was formed initially which then rapidly trans-
formed into OCP or HAp for unseeded samples and into brushite
for samples seeded with brushite crystals. In both cases transfor-
mation into the more stable HAp phase occurred gradually and
all transformations were likely to have taken place via a dissolu
tion-reprecipitation process.

pH is an important factor in determining nucleation and growth
of different CaP-phases [41]. In solution, ions diffuse readily and
the pH can be expected to be uniform throughout the sample vol-
ume. The situation was somewhat more complex within the sys-
tem studied in this work. The alginate was initially buffered at
pH 7, and the gelling solution was buffered at pH 5 or pH 7 and
as CaP precipitated, H" was released locally. In order to gain infor-
mation regarding the dynamics of the pH in the system, optical
measurements with a pH-sensitive dye were performed. We have
previously shown this method to be highly sensitive to changes
in pH between 4 and 6.5 [26]. Fig. 10a shows the pH value for three
different samples averaged from a 121 x 121 um area in the center
of the alginate discs as a function of time from when the gelling
solution was introduced. The measurements show a local genera-
tion of H* at the mineralization front which consequently diffused
inwards to the center of the disc and outwards into the surround-
ing solution. This can be seen in Fig. 10b and c where a reduction in
pH was observed both in the center of the discs and in the sur-
rounding solution. In the sample subjected to a calcium solution
of pH 5, part of the decrease in pH is due to the inwards diffusion
of the acidic calcium solution. However, the similarity in the shape
of the curves in Fig. 10a indicates that the generation of H" is the
main reason for the change in pH regardless of the initial pH in
the gelling solution. In addition, careful examination of the curve
denoted AlgP300 pH5 edge in Fig. 10b reveals a slight u-shape. This
u-shape is more clear in Fig. 10c, where both the alginate solution
and the calcium solution was initially pH 7. In this case, the only
source of H* was the precipitation of CaP. This shape indicates

the outward diffusion of H* generated from the mineral formation.
It can be seen that the surrounding calcium solution experienced a
reduction in pH as the local generation of H* exceeded the buffer-
ing capacity. A subsequent increase in pH occurred as the solution
regained its buffering capacity due to its comparatively larger vol-
ume. In both cases the pH in the center and at the halfway point
are expected, with time, to reach the same pH-value of the sur-
rounding solution.

As seen in Fig. 10a, the pH in the center of the discs changed
most within 150-350 s after the introduction of the gelling solu-
tion. The results from the SEM and CRM analysis show that ACP
is the dominant mineral phase within this time frame. This sug-
gests that formation of ACP is the main cause of H* release. The
subsequent transformation into OCP or brushite appear to have
occurred under similar conditions, i.e. pH < 5, for all sample types
as can be seen from the similar shape of the curves in Fig. 10a. In
cases were brushite seeds were present, the amorphous phase
was then consumed due to growth of brushite crystals, likely via
a dissolution-reprecipitation pathway. For unseeded samples, con-
sumption of the amorphous phase occurred via nucleation and
growth of OCP at the same pH-conditions as for the seeded sam-
ples. It is likely that the alginate inhibited the nucleation of brush-
ite, as one would expect this phase to nucleate at a pH-value less
than 5 [16,41]. As some of the phosphate was consumed in the
mineralization process, the buffering capacity of the alginate solu-
tion was reduced. Due to the local generation and fast diffusion of
H*, the central region of the disc experienced the lowest recorded
PH, as can be observed in Fig. 10b and c. Due to a lower concentra-
tion of buffer in the surrounding solution, the diffusion of the buf-
fer was slower than the mineral front, leading to a prolonged
duration of reduced pH in the center of the discs, see Fig. S10 in
the Supplementary Information for a brief discussion of this effect.
We speculate that not only the consumption of the available phos-
phate in the sample, but also a reduction in pH led to the unmin-
eralized zone in the center of gelled discs. This is because pH is
an effective variable on supersaturation and reduced pH would
lead to lower supersaturation which in turn results in reduced
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Fig. 9. SEM images of an AlgP300 sample ((a), (b), (c), (h) and (i)) and an AlgP300DCPD sample ((d), (e), (f) and (g)) gelled at pH 5 and arrested after 3 min reaction time. The
image in (a) shows a low magnification overview with the gelled, transient and ungelled regions marked with blue, white and green respectively. (b) and (c) are higher
magnification images from the gelled and transient regions respectively. (d) is a low magnification overview of a seeded sample with similar regions marked as in (a). (e) and
(f) are magnified images of an area surrounding a seed, showing how the metastable phase has been consumed by the crystal seed. Images (g) (AlgP300DCPD made at pH 5),
(h) (AlgP300 made at pH5) and (i) (AlgP300 made at pH7) show similar morphologies of particles found in the transient zone of samples made under different conditions.
White boxes show the position of higher magnification images. The asterisk denotes the image was from a similar region in the sample geometry. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 10. (a) pH-data gathered from a 121 x 121 um square in the center of discs produced under three different conditions (given in the legend). The vertical lines mark the
time point at which the samples were gelled, as determined by optical microscopy. The graphs in (b) and (c) show AlgP300 samples subjected to gelling solution of pH 5 and
pH7 respectively. The pH value was recorded (also 121 x 121 um area averages) over time from 3 positions; at the edge close to the surrounding solution, at a point halfway
into the disc and from the center. It can be seen in both conditions that the surrounding solution experiences a drop in pH followed by an increase back to the initial buffered
pH. This phenomenon is more obvious in (c).

nucleation of new crystals. This may also explain why in seeded HAp in physiological conditions [27]. The relevance of this incuba-
samples crystals grew throughout the geometry (cf. Figs. 6 and tion to predict in vivo behavior is a matter of debate [42]. In partic-
S9) since this process was not dependent on nucleation. ular, there have been investigations with both false positives and

Incubating materials in simulated body fluid (SBF) has previ- false negatives, leaving no definitive trend [43]. However, the
ously been used to indicate the ability of samples to nucleate method is also often used to form an apatite layer on synthetic
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scaffold which is believed to enhance the bone bonding ability of
the implant [2,44-46,21]. In this work, it was used to study how
the incorporation of CaP in the alginate matrix affected the forma-
tion of HAp, and demonstrate the ability to monitor this transfor-
mation with spatiotemporal resolution, not to predict an in vivo
response. AlgP300DCPD samples were examined with CRM (shown
in Supplementary Information, Fig. S9) and SEM as prepared
(Fig. 11a-c) and following 24 h (Fig. 11d-f) and 168 h (Fig. 11g-i)
incubation in SBF. As a control, alginate samples which contained
brushite seeds, but no phosphate precursor, were also incubated
and analyzed with CRM. For the mineralized samples, a large num-
ber of brushite crystals were observed to be protruding out from
the hydrogel surface initially, as shown in Fig. 11a. Fig. 11b shows
a region close to the edge of the sample where a shell of large
brushite crystals could be observed along the edge and individual
crystals were also observed embedded in the alginate network.
Fig. 11c shows brushite crystals from a region nearer the center
of the disc, revealing that large crystals were also present in this
region, in contrast to the unseeded samples (cf. Fig. 7a). Following
24 h incubation in SBF there was a reduction in the abundance of
large brushite crystals in all areas of the sample (Fig. 11d). A dense
band of small plate like aggregated crystals had formed from the
edge and 100-200 pm towards the center of the disc (Fig. 11e).
As shown in Fig. 11f, some of the individual brushite crystals had

these new crystals encrusted directly on their surfaces. The new
crystalline phase was confirmed to be HAp with CRM (see Fig. S9
in Supplementary Information). The dense layer of brushite crys-
tals at the periphery of the sample had completely transformed
into HAp, however the micro-scale morphology of these crystals
was still intact (see Fig. S8). Following one week storage in SBF,
all of the large brushite crystals within the alginate network had
dissolved (Fig. 11g) and a dense shell of HAp had formed along
the edge of the disc (Fig. 11h). This shell extended ca. 200 um
towards the center of the disc (Fig. 11g), and the alginate network
was heavily mineralized throughout the thickness of the disc
(observed from samples which fractured during preparation).
Fig. 11h and i clearly demonstrates that HAp formed uniformly
along the edge of the disc and non-uniformly at the location of
brushite crystals further into the disc. This indicated that the
source of HAp formation was driven by both dissolution of brushite
crystals and inwards diffusion of the SBF-solution along the edge
while further into the disc, the primary source for HAp nucleation
and growth was the dissolution of the resident brushite crystals.
The non-mineralized control samples did not show any HAp for-
mation within the alginate network, however after 1 week of incu-
bation, some HAp had formed on the interface between the
hydrogel and the surrounding solution (see Fig. S9). This shows
that the mineralized hydrogel promotes the formation of HAp at

Fig. 11. SEM images of an AlgP300DCPD sample after 0 h (a-c), 24 h (d-f) and 168 h (g-i) incubation in SBF. (a), (d) and (g) show a low magnification overview images at the
different time points. White boxes show the position of higher magnification images. The asterisk denotes the image was from a similar region in the sample geometry. (b)
shows the extensive growth of brushite crystals along the edge of a disc. (c) shows a higher magnification image of brushite crystals present further into the disc. (e) shows a
region close to the edge of a disc where a uniform region of flaky HAp crystals (a high magnification image can be seen in the inset) is visible as well as areas where the
morphology of previous brushite crystals that have been converted into HAp. (f) shows the nucleation of HAp (seen as flaky crystals in the high magnification inset) close to
and on the surface of a brushite crystal after 24 h incubation. (h) shows a region close to edge after 168 h incubation where a uniform band of flaky HAp crystals could be seen.
(i) shows nanocrystals which have assumed the morphology of an initial brushite crystal.
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physiological pH, probably due to an increased, localized supersat-
uration provided by the dissolution of brushite.

4. Conclusion

In summary, we have shown that by combining a simple exper-
imental design with several correlative advanced characterization
techniques, new insight into the mineralization processes within
hydrogels can be obtained. Simultaneous gelling and mineraliza-
tion of an alginate hydrogel was performed and spatiotemporally
monitored using a thin disc geometry that was particularly conve-
nient for optical based in situ characterization techniques. At high
supersaturation, crystal seeds do not affect the initial nucleation of
ACP, but merely directs the reprecipitation as the ACP dissolves in
the dynamic system, i.e. reduced pH as shown by measurements
and reduced supersaturation due to consumption of precursors.
We have also conclusively discriminated between HAp and OCP
via peak fitting of the v1 PO, stretch in the Raman spectrum, and
shown that this can be monitored in situ in the hydrogel matrix
used herein. Transformation of brushite into HAp following incu-
bation in SBF was also monitored, thereby demonstrating utility
of this characterization toolbox for non-destructive, in situ evalua-
tion of hydrogel based hard tissue scaffold biomaterials.
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Supplementary Information for: A correlative
spatiotemporal microscale study of calcium phosphate
formation and transformation within an alginate
hydrogel matrix
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Figure S.1: The XRD-spectrum of the brushite crystals used for seeding and Raman database
sample. ICDD pdf-card 00-009-0077 has been used to identify the crystal structure (shown in
red lines). Reflections with less than 3 % relative intensity has been removed for clarity.

OCP #00-026-1056

T
— OCP

I [a.u]

5 10 15 20 25 30 35 40 45 50 55
20

Figure S.2: The XRD-spectrum of the OCP crystals used for Raman database sample. ICDD
pdf-card 00-026-1056 has been used to identify the crystal structure (shown in red lines).
Reflections with less than 3 % relative intensity has been removed for clarity
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Figure S.3: The XRD-spectrum of the HAp crystals used for Raman database sample. ICDD
pdf-card 00-055-0592 has been used to identify the crystal structure (shown in red lines).
Reflections with less than 3 % relative intensity has been removed for clarity
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Figure S.4: Plots of typical gel front measurements at different conditions. All samples were
subjected to a 1 M CaClz solution at pH 5. The gel front velocity was calculated by fitting
the approximately linear region of the plots. Linear fits fitted from the 50 s point are shown
in red.
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Figure S.5: a) A comparison of the Raman spectra of alginate with OCP and alginate with
HAp. Peak designations in red and black correspond to HAp and OCP respectively. Note
the HPO4-peak located at 1009 cm '. Peak designation in green indicate peaks arising from
the alginate, while that in blue is a broad peak assigned to the acetate buffer.The inset shows
details of the main peak shape. The OCP peak is shifted slightly to a lower wavenumber,
and has a shoulder at 966 cm ! as compared to the HAp-peak. An example of a two-peak
Gaussian curve-fitting of the OCP-peak is shown. b) A Raman time scan for a sample gelled
at pH 7. This procedure also had an initial peak around 955 cm !, however, there was a
delayed appearance of the main crystalline phosphate peak as compared to samples prepared
at pH 5. The inset shows details of the spectra recorded at 1 min and 60 min, highlighting
the difference in the peak shape of the peak located at 955-960 cm ! over time.

Figure S.6: An AlgP300DCPD sample (@ =1.6 mm) shown before (a)) and 1 h after (b)) the
introduction of CaCl,. Note that the brushite crystals in a) are barely visible as compared
to b). This indicated the growth of crystals across the entire sample, although it is more
pronounced towards the edge of the disc.



Figure S.7: a) shows a low magnification overview image of an AlgP300 sample stored in the
mother liquor for 24 h. b) and d) are higher magnification images of the regions marked in a)
showing the uniformity of the mineral in the respective areas. ¢) and e) show a more detailed
crystal morphology of areas marked in the previous images.

10 pm

Figure S.8: A comparison of mineral located on the outer surface of an AlgP300DCPD disc
prior to (a)) and after (b)) storage in SBF. The mineral has changed phase during incubation
in SBF, but the large scale morphology remained intact, in contrast to what was observed
when the discs were kept in the original gelling solution (cf. Figure 8). The inset in b) shows
a higher magnification image of the marked region, here nanoscale HAp is evident as the de
novo crystalline phase.
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Figure S.9: A comparison of AlgP300DCPD and AlgPODCPD (no phosphate precursor, oth-
erwise identical) upon incubation in SBF over time. The phosphate containing sample quickly
formed a broad HAp band, while there was no formation of HAp in the sample containing
only brushite seeds after 24 h. After 1 week in SBF, there was complete transformation of
brushite to HAp for AlgP300DCPD samples and there was a minor formation of HAp on the
interface between the gelled disc and the surrounding solution for AlgPODCPD samples.
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Figure S.10: A graph showing pH as a function of time at two locations for an AlgP0 sample
gelled with a pH ~ 7 CaCl, solution and subsequently flushed with a pH ~ 4.5 solution
after 400 s and a pH ~ 7 solution after1600 s to show the rate at which the pH change as
the buffers diffuse into the hydrogel. The buffers and concentrations used were the same
as in the experiments in the manuscript. As the hydrogel discs were mineralized the initial
formation of either amorphous CaP, OCP or brushite lead to an initial decrease in pH. One
could speculate that the later transformation into the more stable HAp would sustain this
lower pH, as during the transformation of OCP into HAp there is a consumption of OH~ and
as brushite transforms into HAp there is also a release of HT. However, as the graph shows,
the diffusion of buffers at this concentration into non-mineralized hydrogel discs were slow
and this is probably the main cause for the sustained pH gradient between the surrounding
solution and the center of the hydrogel discs, seen in Figure 10.
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