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Abstract

Abstract

New strategies for regeneration of damaged or diseased bone tissue are urgently
needed because of difficulties and limitations in conventional therapies for repairing
bone defects. Bone tissue engineering is a relatively new method for clinical treatment
of massive bone injuries and deficiencies. The concept behind this approach is to deliver
osteogenic cells and growth factors to injure site using an artificial matrix called scaffold.
Therefore, there is an ever-growing need to design and develop bioactive scaffolding
materials that provide the appropriate physical, chemical and biological
microenvironments for guiding properly the cells during the regeneration process.
Recently, inorganic polyphosphate (polyP), as a potent inducer for osteogenic cell
activities, has become one of the most interesting research directions in bone tissue
regeneration based on its capability to play numerous functions both in the extracellular
and in the intracellular space. To date, there have been many studies dealing with this
issue, but the results obtained are somewhat controversial. The mechanisms whereby
inorganic polyP induces mineralization of hard tissues likely depend on a number of
factors or conditions. In this PhD thesis, calcium polyphosphate (Ca-polyP) nanoparticles
were prepared from sodium polyphosphate (Na-polyP) via a calcium/sodium ion
exchange in aqueous solution at room temperature and used in cell culture experiments.
The results indicate that exogenously administered Ca-polyP granules or nanoparticles
indeed significantly promote the growth of cell and expression of the alkaline
phosphatase (ALP) of osteoblast, like Sa0S-2 cells. Upon these results, an approach has
been introduced to incorporate polyP with the most common biominerals
hydroxyapatite (HA) and calcium carbonate (CC) to enhance their biological actions. The
microstructural characterization of the obtained calcium phosphate or carbonate phases
show the ability to control nucleation and growth of these inorganic crystallites as a
function of polyP content. After the physical-chemical and morphological
characterization of the synthesized materials, they were assessed via studying their

effects on cell activity and mineral deposition. The work presented here not only
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Abstract

highlights the role of polyP as a morphogenetically active material (i.e. promoting
maturation and functional activity of bone forming cells) but also provides strong
evidence that amorphous phases of calcium phosphate or carbonate have a potential
during biomineralization of bone tissue to act as precursors or nucleation sites for
deposition of the bone mineral hydroxyapatite both in vitro and in vivo. Finally, the
thesis opens new perspectives and paves a way for the development and fabrication of
novel multifunctional hybrid biomaterials for effective bone tissue engineering and

other biomedical purposes in the future.
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Zusammenfassung

Komplikationen Therapien von traumatischen und Knochenerkrankungen haben in den
letzten Jahren zu einer verstarkten Entwicklung neuer Strategien zur Regeneration von
erkranktem oder beschadigtem Knochengewebe gefiihrt. Bei ,Bone Tissue
Engineering” handelt es sich um eine relativ neue Technik zur klinischen Behandlung von
Knochenverletzungen, sowie von Knochenerkrankungen. Das Ziel dieser Methode ist es,
die gerichtete Rekrutierung von knochenbildenden Zellen und Wachstumsfaktoren in
einen definierten dreidimensionalen Raum unter Zuhilfenahme einer kiinstlichen Matrix
(Scaffold) anzustoBen. Fiir die Etablierung solcher Methoden ist die Entwicklung
entsprechender Materialien, die als strukturelles Netzwerk fiir regenerative Prozesse
dienen und die Proliferation sowie Differenzierung der knochenbildenden Zellen
induzieren konnen, unabdingbar. In jlngster Zeit erwies sich die Anwendung
anorganischer Polyphosphate (polyP), die in der Lage sind, sowohl das Wachstum als
auch die Differenzierung der knochenbildenden Zellen zu induzieren, als eine der
interessantesten Stategien im Bereich der Knochenregeneration. Polyphosphate als
anorganische bioaktive Polymere zeichnen sich durch exzellente Biokompatibilitdt und
Biodegradierbarkeit aus. Sie haben auRerdem die Fahigkeit, vielfaltige intra- und
extrazelluldre Funktionen zu (bernehmen. Polyphosphate und ihre Eigenschaften
wurden in einer Reihe von Studien untersucht. Die veroffentlichten Ergebnisse sind
jedoch teils widerspriichlich, was vermutlich damit zusammenhangt, dass die durch
anorganische Polyphosphate induzierte Mineralisation von Hartgeweben aller
Wahrscheinlichkeit nach von einer Vielzahl an Faktoren oder Bedingungen abhangt. Im
Rahmen der vorliegenden Arbeit wurde Natrium-Polyphosphat (Na-polyP) als Vorstufe
von Polyphosphat fiir die Herstellung von Calcium-Polyphosphat (Ca-polyP)
Nanopartikeln verwendet. Die Herstellung der Partikel wurde ({iber einen
Calcium/Natrium-lonenaustausch  in  wassriger Losung bei Raumtemperatur
durchgefiihrt. Anschlieend wurden die Partikel fir in vitro Zellkulturversuche genutzt.
Die gewonnenen Ergebnisse zeigen, dass exogen verabreichtes Ca-polyPGranulat bzw.
Nanopartikel im Vergleich zu Na-polyP tatsdchlich zu einem deutlich gesteigerten
Wachstum sowie zu einer starkeren Expression der alkalischen Phosphatase in Knochen-
bildenden Sa0S-2 Zellen fihrt. Basierend auf diesen Daten wurde ein weiterer Ansatz
entwickelt, bei dem Polyphosphat mit den wichtigsten Biomineralien des Knochens,
Hydroxylapatit (HA) und Calciumcarbonat (CC), zusammengebracht wurde. Diese
Kombination sollte zur Steigerung der biologischen Leistung der verwendeten
Materialien flihren. Anhand der durchgefiihrten mikrostrukturellen Charakterisierung
der erhaltenen Calciumphosphat-oder Calciumcarbonat-Phasen konnte gezeigt werden,
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Zusammenfassung

dass sich sowohl die Nukleation als auch das Wachstum der anorganischen Kristallite
liber den Polyphosphat-Gehalt steuern lassen. Die vorliegende Arbeit stellt nicht nur die
Wichtigkeit von Polyphosphat als morphogenetisch aktives Material mit der Fahigkeit
zur Induktion von knochenbildenden Zellen heraus, sondern liefert auch deutliche
Hinweise dafiir, dass die amorphen Phasen von Calciumphosphat und Calciumcarbonat
das Potential haben, als Vorstufen £iir die Ablagerung des Knochenminerals zu fungieren.
Die im Rahmen dieser Arbeit erzielten Ergebnisse ebnen den Weg flir neue Ansétze in
der Entwicklung von multifunktionalen Hybrid-Biomaterialien, die zukiinftig fir ein
erfolgreiches ,,Bone Tissue Engineering” und weitere biomedizinische Anwendungen
genutzt werden kénnten.
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Chapter 1:

General introduction

1.1 Bone tissue

1.1.1 The basic structure and functions of bone

Bone or Osseous tissue is a dynamic connective tissue that undergoes continual
changing or remodeling during human lifetime to attain and preserve body skeletal [1,
2]. Unlike other connective tissues, Bone tissue is defined as a tissue and as an

organ. Bones have many functions, including the following [2-4]:

e Support: Bones provide a framework for the attachment of muscles and other
tissues.

e Protection: Bones such as the skull and rib cage protect internal organs from
damage.

e Mobility: Bones enable body movements by acting as levers and points of
attachment for muscles.

e Mineral storehouse: Bones serve as a reservoir for calcium, phosphorus and other
ions for various cellular activities throughout the body.

 Hematopoiesis: The formation of different types of blood cells occurs in the bone
marrow which found inside certain bones.

o Energy storage: Lipids, such as fats, stored in adipose cells of the yellow marrow and
serve as an energy reservoir.

More than 200 bones with different shapes form the skeleton of human body. They are

assorted into four main groups: long, short, flat and irregular bones [4]. Bone as a tissue

has different arrangement either in a compact form (also known as cortical bone)

forming the outer layer of natural bones [3, 5] or in a cancellous bone (spongy bone)

which is located under the compact bone and consists of a highly porous interconnected

network of bone basic unites close to bone marrow [6].
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1.1.2 Hierarchical organization of bone: a bottom up approach

Bone has architecture fashion with different levels of sophisticated hierarchical
structures which are arranged in a way to minimize weight, disperse-bearing stresses at
the joints, and sustain external loads in the body. Actually, bone as a framework tissue
has an optimal combination of properties, namely high stiffness, strength and toughness
with low weight or density [7-9]. These characters of bone tissue are attributed to its
unigue composition as a nanocomposite biological material with amazing hierarchical
structures from nano to macrostructure as shown in Fig. 1.1. However, the composition
and morphology of bone differ greatly according to the site in the skeleton, but the
basic chemical or structural components of bone consisting of collagen matrix
reinforced with calcium phosphate HA tiny crystals remains the same overall the human

body[10].Bone tissue exhibits distinct levels of organization [7, 10]:

(i) 1* level of bone tissue represented by the components of bone matrix which is
mainly composed of two major molecules at the nanoscale namely, collagen and
bone mineral HA. The collagen has a typical fibrous structure, whose diameter
varies from 100 to 2000 nm. Similarly, bone mineral HA is in the form of
nanocrystals, with a size of about 1.5 - 4 nm thick and 30-50nm length.

(ii) 2" |evel is formed of mineralized collagen fibrils [7, 11]. It had been proposed
that these mineral needles are arranged in parallel like a stack of cards within
the interstices of the fibril [12].

(iii) 3" level is the arrangement of mineralized collagen fibrils in parallel arrays,
woven arrangements, or plywood-like structures [11, 12].

(iv) 4™ level is the parallel arrays, woven arrangements, plywood-like structures, and
radial arrays like those found in dentin [13].

(v) 5" level is the cylindrical structure called osteons. They are formed with
significant cellular activity, osteoclasts resorb bone and form a small tunnel, and
osteoblasts subsequently lay down lamellae in stacked layers until Haversian

canal is left behind [9]. These channels transport nutrients to bone cells.
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(vi) 6™ level of bone organization reflects the classification of osseous tissue as
either spongy or compact. Spongy bone has a high porosity (75-95%), providing
space for marrow and blood vessels, but has much lower compressive strength.
Cortical bone is the dense outer layer (5-10% porosity) that supports various
functions of bone [6, 14].

(vii) 7" level is simply the whole bone on the macroscopic scale, incorporating all of

the lower levels of arrangement [15].

Haversian

Whole bone ~ Osteons Lamellae Extrafibrillar Matrix
rgg—%‘%:]l O;zt:cng:e Gt Coﬂagm Fiber Arrayg Mineralized Coﬁagen Fibnl

Cement Flbsil Extrafibillar

,“' : canal Fdnaral Type | collagen
£ae5 53
Cortical ".,i‘*. "_“I,‘ Hydoyapatite

bone g xdl/uunmnplals

U U
: | _\In:raﬁbrilla:

Twisted phowood B AR malrix

nmangement Extrafibrillas
mataix
Macrostructure Microstructure Nanostructure

Figure 1.1.

Bone tissue exhibits a distinct hierarchical structural organization of its constituents on
numerous levels including: macrostructure (cancellous and cortical bone),
microstructure (Harversian systems, osteons and single trabeculae), and nanostructure
(fibrillar collagen and embedded HA minerals) [15].

1.1.3 Molecular component of bone matrix

As mentioned before bone is composed of inorganic or mineral salts and organic matrix.
The organic bone matrix contains collagenous proteins (90%), predominantly type |
collagen, and noncollagenous proteins including osteocalcin, osteonectin, osteopontin,
fibronectin and bone sialoprotein Il, bone morphogenetic proteins, and growth factors
[9]. Bone matrix plays important role in the release of several molecules that control
bone cell functions activities in order to control bone tissue development and
remodeling [16]. Bone defects are not only caused by loss of bone mass but also other

3
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reasons, including changes or modifications of physical or chemical structure of bone
matrix proteins and are of great importance to understanding and prediction of bone

tissue complications.

Indeed, it is known that collagen plays a critical role in the structure and function of
bone tissue [17]. Collagens are a family of structural proteins that are found in the
extracellular matrix, which represents the main component of skin, blood vessel, tendon,
cartilage and bone. Collagens account for approximately 25% of the total protein within
the body. In the connective tissue, collagens constitute about 80% of all proteins. The
chemistries underlying the formation of these tissues are quite similar and the
fundamental differences are based on different hierarchical fibrillar architectures [9, 18].
The existence of more than 20 human collagens has been reported, many of them
display a 67 nm periodicity, due to the axial packing of the individual collagen molecules
[19]. Among them, collagen type | is the most abundant protein in the human body and
provides much of the structural integrity for several connective tissue. The chemical
structure of collagen is composed of the amino acids glycine, proline, and
hydroxyproline, which together account for more than 50% of the amino acid
composition, often as Gly-X-Y repeats (where X and Y are either proline or
hydroxyproline) [20]. The collagen is synthesized intracellular, and then extruded to
extracellular space where it undergoes fibrillogenesis, and subsequent self-assembly
and mineralization [21]. Finally, it is important to note that the minerals are not directly

bound to collagen, but bound through non-collagenous proteins (Fig. 1.2) [22].

The second important component in bone matrix is made up of the inorganic mineral
HA (also called biological apatite). These tiny crystals are formed at the spaces left
between the collagen fibers and exhibit the particular feature of being monodispersed
and nanosized platelet or needle like crystal structure [18, 23]. The crystalline structure
of HA, Caio (PO4)s (OH),, belongs to the hexagonal systems with lattice parametersa =
b=9.423 A and ¢ = 6.875 A [24]. The crystallographic axis c of these crystals is oriented in

parallel to the collagen fibers [25]. Besides the main ions Ca*, PO, and OH, the
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composition of bone mineral HA always includes ~4.5%C05%", and also a series of trace
elements, mainly Mg?*, Zn, Na*, K%, CI” and F~ which are known for their anabolic effects
in bone metabolism [26]. These ions modify the lattice parameters of HA crystal
structure as a consequence of different size of the substituting ions. This is an important
difference between minerals grown in biological environment [27]. Hence, bone mineral
is often described as a poorly crystalline carbonated apatite, which probably relates to
the nanosize of the crystals as well as residual stresses in the crystal lattice due to
substitution mechanisms with the addition of new ions into the crystal structure

replacing both calcium and phosphate ions [28].

1.1.4 Bone matrix mineralization: how nature works

Composite materials are made by combining two or more distinct phases and called
nanocomposite where one of the component has one dimensions in the nanometer size
range [29]. Nature has a powerful ability to fabricate composite materials with
remarkable and unique properties and functions [30, 31]. For instance, biological tissues
such as bone, dentin and wood are nominated as natural composite materials. Bone is
one of the biogenic ceramic—polymer nanocomposite materials that is still waiting for a
man-made bone-like material. This could be due to the actual mechanism involved in
the formation of bone nanocomposite material (Biomineralization process) remains

poorly understood [32].

Generally, the building unit of natural bone tissues is mineralized collagen fibril, which is
composed of organized collagen and HA [7, 33, 34]. Tropocollagen is the subunit of
collagen fibrils formed of three polypeptide strands (each offset by one amino acid),
approximately 300 nm long and 1.5 nm in diameter [21, 23, 35]. Each of the three chains
forms a left-handed helical polyproline Il type helix with three residues per turn. The
tropocollagen units assemble in a parallel, quarter-staggered arrangement. There is a
gap of 40 nm size, called the “hole zone”, in between the ends of each of these units,
with 27 nm of overlap between adjacent units [35]. These hole zones are essential for

mineralization process, as they appear to be the nucleation sites for HA mineral. The
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crystals appear to grow and proliferate from this area. The size of the gap also appears

to constrain the growth of HA crystals [36].

During mineralization process of collagen, nucleation sites are of great importance for
the formation of the mineral crystals. In this regard, a number of reports suggested that
the negatively charged carboxyl groups (—-COOH), which are present in about 11% of the
amino acid residues of collagen molecules, are the major nucleation sites for the
mineralization of collagen fibrils, and the binding of calcium ions (Ca’*) on these
carboxyl groups is a key factor for the initial step of the biomineral nucleation [37, 38]. A
subsequent study indicated that not only the carboxyl group, but also the carbonyl
groups (C=0) on collagen serve as another site for nucleation of the HA crystals [21, 39].
The oxygen atoms of both types of groups react with Ca’" as the core of non-
homogenous nucleation reaction. The mineralized collagen fibrils further assemble to
form bone matrix with a three-dimensional net structure as a template for further
mineral deposition. Within the mineralized collagen, the conformation of the collagen
protein changes and collagen fibrils cross-link through coordination bonding between
saccharide hydroxyl and Ca®', thus making the collagen undissolvable in water [40, 41].
The assembly and organization of the collagen provide intramolecular space for the
nucleation and growth of the HA crystals [24]. At the initial stage, the nucleation occurs
within the gap and overlap regions created in the assembly of collagen molecules
(Fig.1.2) [21]. After nucleation, the mineral crystals develop into small platelets, and
grow in the direction of c-axis as a preferred orientation along and parallel to the long

axis of a collagen fibril [25].

However, some reports have been conducted to develop bone-like material via physical
mixing of nanosize HA with collagen or in situ nucleation and growth of HA in collagen
solution; the obtained nanocomposites were very different from nanostructure and
architecture of natural bone [42, 43]. Thus, It has been assumed that mineralization of
collagen during bone formation can be achieved using a polymer-induced liquid-

precursor (PILP) process [43]. In such a PILP process, a fluidic amorphous liquid-phase
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mineral acts as a precursor for deposition and maturation of HA and the fluidic
character enables the amorphous precursor to be naturally drawn into the nanoscale
gaps and grooves of collagen fibrils by capillary action to facilitate intrafibrillar
mineralization of type | collagen [44]. The amorphous precursor then solidifies and
crystallizes upon loss of hydration waters into the more thermodynamically stable phase,
leaving the collagen fibrils embedded with nano-sized HA crystals [25, 44, 45]. The
existence of a transient precursor is an ongoing controversy in the field of bone
biomineralization. It had been assumed that crystal growth during biomineralization
occurs via an octacalcium phosphate (OCP) intermediate [38, 46, 47]. OCP has nearly the
same crystal structure as HA but contains an extra hydrated layer that may be
responsible for the observed plate-shaped crystals in natural bone. Further, Amorphous
calcium phosphate (ACP) was also found to spontaneously precipitate to apatite at
physiological values in vitro [48, 49]. As a result, the role of amorphous phases in
mineralization of HA in biological tissues such as bone continues to be a subject of great

research interest [50-52].
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Figure 1.2.
Mechanism of nucleation and growth of HA crystals on collagen during bone matrix
mineralization.

1.1.5 Cell types in bone tissue

The cellular components of bone tissue play an essential role in formation and control of
bone metabolisms [53-56]. Five types of cells are found in bone tissue and involved in its

biological activities [53, 57]: Osteoprogenitor cells, osteoblast cells, osteocytes




General INntroduction.............cccoooiieiiecie e Chapter 1

cells, lining cells and osteoclast cells. Each cell type has a different function and found in
different locations in our bones. These cell names all start with "Osteo" because that is

the Greek word meaning bone [57].

Osteoprogenitor cells (or osteogenic cells) [55, 57]
are undifferentiated cells with high mitotic activity.

They are the only bone cells that divide. Immature

osteogenic cells are found in the deep layers of the
periosteum and the bone marrow. They differentiate

and develop into bone forming cells osteoblasts.

Osteoblast cells [58] are responsible for formation of
new bone tissue. They originate from the osteogenic

cells and are related to structural cells. They have only

one nucleus and work in teams to build bone. They
produce new bone called "osteoid" which is made of
mineralized collagen fibrils. They are found on the

surface of the newly formed bone tissue.

When a team of osteoblasts has finished closing up the
gap, few of them become flat and look like pancakes.
They line on the surface of the mature bone tissue.
These old osteoblasts are called bone lining cells [57,
59]. They regulate passage of calcium and other ions
into or out of the bone tissue and also respond to
hormones by making special signal molecules to

activate the osteoclasts.
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\ Osteocyte Cells [60, 61] are inside the bone and long-
lived cells, with a lifespan of up to 25 years. They also
come from osteoblasts. Some of the osteoblasts turn
into osteocytes while the new bone is being formed.
They are not isolated from bone tissue and connected
to each other to communicate during bone formation
and resorption. These cells can sense pressures or
cracks in the bone and help to direct where osteoclasts

will dissolve the bone.

Osteoclast cells [62] are giant cells that dissolve the
bone. They come from the bone marrow and are
related to white blood cells. They are formed from two

or more cells that fuse together, so the osteoclasts

usually have more than one nucleus. They are found on
the surface of the bone mineral next to the dissolving

bone.

1.2 Bone tissue regeneration

1.2.1 Current scenarios of bone regeneration

Bone tissue has a powerful self-regenerative capacity as part of the healing process after
injury, as well as during skeletal growth and continuous remodeling throughout human
body development [63-66]. Natural bone regeneration following damage can be defined
as interdependent series of biochemical pathways targeting the activation of different
cellular and molecular responses. It is mainly consisted of two steps: clean-up or
resorption of broken bone parts by osteoclasts followed by the rearrangement of bone
matrix through the osteoblasts. The entire process is controlled by intracellular and
extracellular signalling molecules in order to optimise regeneration process [65, 67].
These signals include the action of several hormones, such as parathyroid

hormone, vitamin D, growth hormone, steroids and calcitonin, as well as a number of

10
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bone marrow-derived membrane and soluble cytokines and growth factors [64, 67].
Unlike in other tissues, most of bone tissue fractures heal without the formation of a

scar and regenerates with its pre-existing form [66].

Unfortunately, in some cases bone auto-regeneration ability is limited, such as sever
and large volume bone defects caused by trauma, infection, tumor, skeletal
abnormalities, or bone diseases [68, 69]. Due to these burdens in which the natural
process of bone healing is either restricted or insufficient, there are currently a number
of treatment methods available in the clinic, which can be used to overcome and
management of these significant situations [70].It should be noted that bone is the
second most transplanted tissue in humans after blood. Standard approaches widely
used in clinics to aid natural bone regeneration process include a number of different
bone grafting methods [67, 71]. The roles of bone grafts are to provide mechanical or
structural support, fill defective gaps, and induce bone tissue healing process [72, 73].
They are widely applied in orthopedic and dental surgery. The grafts not only replace
missing bone but also help the body to restore its own lost bone tissue. By this method,
bone healing time is reduced and new bone formation supports the defective site by

bridging grafts with surrounding tissue [74].

Autogenic bone grafting [75-79] is a method in which bone tissue is taken from one site
to another site in the same individual. Bone can be taken from non-essential bones,
often from the iliac crest. This process is the most preferred because there is less risk of
the rejection because the graft isolated from the patient's own body. However,
autograft is the gold standard for treatment of bone defects; donor site morbidity and
additional surgical operation are complex problems. However, Allogenic and xenogenic
bone grafts [76, 80] are alternatives to autografts, they are expensive, and suffer from

potential risks such as disease transmission and adverse host immune response.

Synthetic bone grafts or biomaterials have also been developed as alternatives to
autologous bone grafts [80-85]. A wide range of biomaterials is currently used as bone

substitutes or scaffolds including natural or synthetic materials such as, titanium,

11
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collagen, HA, tricalcium phosphate, other calcium phosphates, and glass ceramics [83,

84].

1.2.2 Challenges and limitations of bone regeneration

Most of the current applied techniques for the treatment of bone defects or diseases
exhibit relatively satisfactory and sufficient results [86-90]. However, there are a
number of queries concerning the benefits of their usage, availability and cost-
effectiveness as well as even controversial biological outcomes about their efficacy [89,
90]. To date, it is clear that the features of synthetic bone grafts or biomaterials are still
away from even coming close to the desirable physical, chemical and biological
characteristics of natural bone. Therefore, there is a necessity to develop novel
biomaterials and treatment approaches as alternatives to the current methods used for
bone healing and as a new direction to overcome these obstacles which had been a

challenge for many decades [86].

Currently, advances made in cellular and molecular biology have introduce more
detailed information about in vitro and in vivo performances of osteogenic or bone-
forming cells and identification of a number of genes and proteins involved in the
process of bone fracture repair [63, 91]. As a result trends are turned to isolate these
cells from a patient to grow them on a temporary matrix under controlled in vitro
culture conditions and deliver them to the damaged site in the patient’s body with the
aim to guide and direct new tissue formation into the matrix that will be degraded over

time [53, 92].

1.2.3 Emerging of tissue engineering

Regenerative medicine is a fast growing medical field that aims to fabricate biological
active implants or living tissues in vitro to restore and regenerate damaged or
malfunctioning tissues and organs in vivo [15, 18, 93]. This approach has the potential to
replace organ transplants. It is also called tissue engineering because regenerative

medicine generates tissues or organs using engineering technology to build up the

12
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template structure of the target tissue or organ before transplantation. To make
regenerative medicine successful, three components are required: stem cells, scaffolds
and growth factors [72, 93]. Translational research, which takes results from the
laboratory and translates them to the clinics, and industry-academic collaborations also

play important roles in making regenerative medicine suitable for practical use.

Tissue engineering is an interdisciplinary field of research that applies the principles of
engineering and the life sciences towards the development of biological or living
substitutes for restoring, maintaining or improving a damaged tissue, which fails to heal
spontaneously or regenerate [74, 94]. This field aims at a fundamental understanding of
structure—function relationships in normal and pathological tissue, as a route to
generate new functional tissues, rather than just to close up the gap by non-living
implant [72]. Tissue engineering approach would be able to overcome the limitations of
current therapies, by combining the principles of orthopaedic surgery with knowledge
from biology, materials science and engineering and its clinical application offers great

potential [95, 96].

1.2.4 Biomaterials in bone regeneration

In an attempt to solve a critical issue, poor tissue regeneration capacity after severe or
large mass defects, tissue engineering has been introduced as a potential therapeutic
treatment to induce natural regeneration mechanisms that require during wound
healing process and tissue developments [11, 98]. Thus, a combination between scaffold,
specific cell types and growth factors is supposed to promote regeneration or
replacement of degenerated tissue or organs [15, 97]. Therefore, tissue engineered
materials have to mimic a certain extent the chemical, physical and biological properties
of natural extracellular matrix of the target tissue to help in the restoration of the full

structure and functionality of the tissue [72, 99].

In tissue engineering, biomaterials are used in two or three dimensions (3D) form and
usually described as matrices or scaffolds. The basic role of scaffolds is to provide a

temporary template for guiding newly formed tissue and regeneration process [100-

13
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102]. The scaffold also plays a critical role in providing the appropriate chemical,
morphological and structural cues to direct the cells towards a targeted functional
outcome. Since, there is no final conclusion about the use of definite type of scaffolding
materials (ceramics, polymers or their composites)in tissue regeneration and due to
native extracellular matrix is complex, dynamic and highly specific, the characteristics of

the scaffold materials are based on tissue or organ type [103, 104].

For instance, bone has a complex 3D form and cells do not grow in this fashion in vitro.
Hence, a 3D scaffold or supporting material must be used so that new tissue can be
grown in a 3D manner [105]. In general, tissue engineering scaffolds should have the
following characteristics [106-108] : {a} 2 or 3D structure configuration; {b} High porosity
with an interconnected pore network for cell growth and flow transport of nutrients and
metabolic waste; {c} Gradually degrade while the new tissue is formed; {d} appropriate
physical and chemical composition as well as topography for cell attachment, migration,
proliferation, and differentiation; {e} Adequate mechanical strength to support and
maintain the initial space of the defect site during regeneration process. Moreover,
scaffolds should also mimic the reactivity of natural target tissue, sterilizable without
chemical or physical modifications and for clinical use the design and fabrication

methods must be easy, reproducible, economical and scalable [86, 89].

Recently, development of biomaterials has become one of the central themes in bone
tissue regeneration due to the material composition of the scaffold plays an important
role in guiding cell behavior [10, 89]. Over the past decades, several biomaterials have
been developed and successfully used for replacement soft and hart tissues. They are
commonly made of metals, ceramics, polymers, and their composites. In most of the
cases, metals (e.g., stainless steel and titanium alloys) [75, 77] and ceramics (e.g.,
alumina, zirconia, HA and bioglass) are used in hard tissue replacements [26, 29, 103],
whilst polymers (poly(methyl methacrylate), collagen, gelatin and poly(a-hydroxy
esters)) in soft tissue applications. Composites (e.g., HA/collagen and HA/ poly(a-

hydroxy esters) ) are widely used in both the applications[101, 102]. Although there are
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numerous types of biomaterials from natural or synthetic origin, tissue engineering
requires the use of bioresorbable or biodegradable ones in the fabrication of template
scaffold or matrices for initial cell attachment and subsequent tissue formation both in

vitro and in vivo[89, 98].

1.3 Polyphosphate: an inorganic biopolymer

Organic polymers are characteristically hydrocarbon chains that by their extreme length
provide entangled materials with unique properties. On the other hand, the most
obvious definition for an inorganic polymer is a polymer which has inorganic repeating
units in the backbone. Among the inorganic polymers, polyP which is formed of
phosphate groups linked together by bridging oxygen atoms is currently getting a great

attention in biomedical application [109].

1.3.1 Biological importance of phosphate

Phosphate is the naturally occurring form of phosphorus element and found in
many salts or minerals. Phosphorus is estimated to have the ninth largest total
concentration in igneous rocks (rocks formed from cooled magma), without oxygen and
nitrogen. Most naturally occurring phosphates on our Earth are found in the apatite
phosphate mineral [110, 111].Phosphates move quickly through plants and animals,

however the processes that move them through the soil or ocean are very slow [111].

Phosphate is assumed to be one of the fundamental anions for living organisms.
Phosphate-containing compounds have important roles in cell structure (maintenance
of cell membrane integrity and nucleic acids), cellular metabolism, regulation of
subcellular processes (cell signaling through protein phosphorylation of key enzymes),
maintenance of acid—base homeostasis (urinary buffering), and bone mineralization
[112-116]. The primary biological importance of phosphates is as a component of
nucleotides, which serve as energy storage within cells (ATP) or when linked together,

form the nucleic acids DNA and RNA [113].
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In our human body, phosphate is the most abundant anion and comprises upto 1 % of
total body weight [113]. It is a predominantly intracellular anion where its concentration
is 100-fold higher than that in the plasma. The majority of phosphate is present in
skeleton bone (60 to 70%) and teeth (90 %), with the remainder distributed between
other tissues (14 %) and extracellular fluid (1 %) [114]. In human body skeleton,
phosphate is primarily bound to calcium in the form of HA crystals, the remaining
phosphate appears as amorphous calcium phosphate [115]. In soft tissue and cell
membranes, phosphorus exists mainly as phosphate esters and to a lesser extent as
phosphoproteins and free phosphate ions. In the extracellular fluid, about one-tenth of
the phosphorus content is bind to proteins, one-third is compound to sodium, calcium,
and magnesium, and the rest is present as inorganic phosphate [117]. Serum phosphate
concentration varies with age with the highest concentration being in infants [normal
range 4.5-8.3 mg/dL] and concentrations declining towards adult [normal range 2.5—

4.5 mg/dL [118].

1.3.2 Phosphate forms in biological systems

Phosphates can be found in different forms: free inorganic phosphate, phosphate
conjugates of organic molecules, and inorganic polyP. Inorganic polyP is a structurally
very simple polymer, consisting of linear chain of orthophosphate linked by high-energy
phosphoanhydride bonds [109, 119]. According to the chain length of polyP, two types
of those polymers are distinguished [120, 121]: (i) very long-chain polyPs, ranging from
hundreds to thousands of Pi units, existing in microorganisms and (ii) short-chain polyPs

that are abundant in mammalians.

1.3.3 Chemistry of polyphosphate or condensed phosphate

The chemistry of polyPs has received considerable attention as a biopolymer used in
numerous biomedical and industrial applications [122-126].PolyP is an inorganic
polymer arises by polymerization of monomeric phosphate or phosphoric acid
derivatives [110]. The process starts with two phosphate units coming together in a

condensation reaction and proceeds under release of water; during this process
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phosphoanhydride (P-O-P) bonds are formed [127]. This process occurs in the absence
of enzymes at high temperature [128] or enzymatically under physiological
environments [109, 128]. In contrast to silica formation via polycondensation that
results in the formation of three-dimensional networks, the condensation products of
phosphate could be adapted to linear or cyclic molecules [122, 124]. Even though the
monomers within the polyP polymer are linked via energy-rich phosphoanhydride bonds,
the degradation of the polymer in vitro at physiological conditions and neutral pH and in

absence of catalysts (enzymes) is consider to be slow [123, 128].

Inorganic PolyPs are also termed as condensed phosphates or traditionally as
metaphosphates [129, 130, 131]. Condensed phosphates, the general term applied to all
pentavalent phosphorus compounds in which various numbers of phosphate groups are
connected together by oxygen bridges. They are classified into three types [132-134]:
cyclophosphates (metaphosphates), linear polyPs or ultraphosphates (cages, sheets or

3D structures).

Cyclophosphates or metaphosphates have been incorrectly assigned to the whole group
of condensed phosphates, i.e. (MPOs3), , where (M) could be hydrogen or monovalent
ions and (n) is number of repeating phosphate units and can be any value [135]. These
compounds are built up from cyclic or ring structure. The best known metaphosphates
are trimetaphosphate, tetrametaphosphate and hexametaphosphate as shown in Fig.

1.3.

Linear polyPs have the general formula M (n.2)P1O(3n+1)[136]. Their anions are composed
of chains in which each phosphorus atom is linked to its neighbours through two oxygen
atoms, thus forming a linear, unbranched structure which may be represented
schematically as shown in Fig. 1.3. The degree of polymerization, n, can take values

from 2 to 10°[135].

Ultra-polyPs occur in certain melts at high temperature [128, 137]. Unlike the linear

polyPs, contain branching points, i.e. phosphorus atoms which are linked to three rather
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than two neighbour phosphorus atoms, are known as cross-linked or branched polyPs.
Such polyphosphates have a branched structure, a fragment of which is shown in Fig.
1.3. Although branched phosphates have not yet been found in living organisms
(perhaps as a consequence of their unusually fast hydrolysis in agueous environments,
irrespective of pH, even at room temperature), it is believed that their presence in

biological materials cannot be excluded [118, 121].
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Figure 1.3.

Formation of polyPs by condensation reactions and their current classification. PolyPs or
condensed phosphates are divided into three groups: metaphosphates, linear polyP and
ultra-polyP.
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1.3.4 Biochemical roles of polyphosphate: an old player

PolyP is one of the most ancient and well-conserved molecules and is widespread in all
living beings. In fact, polyP is found in all mammalian cells, forming chains of different
lengths and performing a broad range of functions [130, 138]. The biological history of
polyP is back to 1888, when Liebermann [139] found inorganic polyPs in the nuclei of
yeast. After that, Kossel and Ascoli showed that polyPs form a part of plasminic acids
and extracted by the partial hydrolysis of yeast nucleic acids [140, 141]. These
macromolecules are linear inorganic polymers containing from a few to several hundred
residues of orthophosphates [138, 109]. Previously, it was considered either as
“molecular fossil” or as only a phosphorus and energy source providing the survival of
microorganisms under extreme conditions [142-145]. These compounds are now known
to have regulatory roles and to occur in representatives of all kingdoms of living
organisms, participating in metabolic correction and control on both genetic and
enzymatic levels [146, 147]. The biochemical roles of polyPs continue to be discovered;
inorganic polyP plays a significant role in increasing cell resistance to unfavorable
environmental conditions and in regulating different biochemical processes [130, 148].
The functions of polyPs could be summarized as following [149-152]: reservation of
phosphate and energy, sequestration and storage of cations, formation of membrane
channels, participation in phosphate transport, involvement in cell envelope formation
and function, control of gene activity, and regulation of enzyme activities. As a result,

polyP plays an important role in stress response and stationary-phase adaptation [136].

1.3.5 Polyphosphate in animal cells and tissues

PolyP has been most extensively examined in prokaryotes and unicellular eukaryotes,
but roles for polyP in mammalians are rapidly emerging [127, 152, 153]. It is particularly
abundant in bacteria and yeast, where it is present in the millimolar range as a long
polymer material that can reach hundreds of phosphates repeating units in length [123,
154]. By contrast, in mammalian, polyP chains are short and exist in the micromolar

range [137]. It has been described in various tissues, cells and other organelles
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components. For example, polyP polymer of different chains length are found both
extracellularly, in the diverse body fluids (e.g., synovial and blood), and intracellularly in
mammalian cells (predominantly in platelets, mononuclear cells, fibroblasts, and
osteoblasts) [109, 150, 153]. Within the mammalian cells, polyP is found in nuclei,
mitochondria, and also in the plasma membrane [152]. A series of functions have been
attributed or proposed to polyPs [130, 138]. Among those is their potential role as
molecular chaperone[153], as control molecule of mitochondrial function and
membrane depolarization [151], as balancing polymers in the cell energy metabolism
[159], as signaling molecule in the brain [159], as control polyanion during blood
coagulation [160, 161], as well as during inflammation [162].Recently, other functions
has been added to the biochemical roles of polyP in mammalian cells such as, cell
growth, angiogenesis, apoptosis, proliferation and differentiation of osteoblast, energy

metabolism and tumor metastasis [163-167].

The total amount of cellular polyP is highly dynamic and depends on type of human
tissues or cells. For example, in normal osteoblast-like cells, the total concentration of
polyP was shown to be around 500 uM (evaluated as orthophosphate residues) [160,
168], while in human blood plasma cells, it is 10-folds lower and in gingival cells,
erythrocytes, and peripheral blood mononuclear cells is identified to be between 3 and
6 times lower [161, 166]. On the other hand, in platelets the concentration of polyP is
supposed to be within the millimolar range [168]. Generally, in mammalian organelles
polyP is estimated to be within the uM range, usually between ten and several hundred
UM [156, 160]. Regarding the physiological functions of polyP, it has been previously
demonstrated that polyP is known to promote intracellular calcification [169, 170]. In
addition to induction of alkaline phosphatase (ALP) activity in mouse osteoblastic
MC3T3-E1 cells, polyP up-regulates osteoblastic marker genes such as osteopontin and
osteocalcin [171]. Therefore, polyP is thought to play an important role in the
maturation of bone-related immature cells, which might lead to the formation of bone

tissues by osteoblasts [167, 172].
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1.3.6 Biological synthesis of inorganic polyphosphate

An understanding of the enzymes involved in the metabolism of polyPs is essential to
the determination of their functions and a better comprehension of the pathways
modulating their levels. The most studied enzyme involved in the synthesis of inorganic
polyPs is polyP kinase 1 [173, 174]. Such studies led first to the source of inorganic
pyrophosphate and then to a remark about how the many more phosphoanhydride-
linked residues in polyP were assembled [175-177]. The only pathway for the synthesis
of polyP that has been established is the polymerization of the terminal phosphate of
ATP through the action of polyP kinase in Escherichia coli [174]. The gene encoding the
kinase is part of an operon in which the gene for exopolyphosphatase is located
immediately downstream [109, 154]. Interruption of the operon produces mutants
which, for lack of long-chain polyP, are defective in survival in the stationary phase [166,
130]. How the said operon is regulated to balance two counteracting enzymes that are
roughly equal in activity has yet to be explained. Although a polyP Kinase activity has
been purified from other bacteria [178, 179] and reported in yeast [154], such an
enzyme action has yet to be proven in animal systems. While PPK as the device to
produce long chains of polyP (ca. 750 residues) has been validated in E. coli by genetic
studies, mutants lacking this enzyme can still make short poly P chains, about 60

residues long, by an undefined pathway [174].

Several other reasonable mechanisms for the biological synthesis of poly P need to be
considered. These are from ADP by reversal of an AMP phosphotransferase [149, 176]
and of special interest, by proton motive forces, known to fix Phosphate in inorganic

pyrophosphate as well as in ATP [180].

1.3.7 Inorganic polyphosphate biological degradation

However, the phosphoanhydride bond linkage that is characteristic for polyPs is under
hydrolytic degradation, the kinetics of polyP hydrolytic degradation are slow at neutral
pH and ambient temperatures [123, 128, 148]. This tendency suggests that the bond is

an excellent substrate for enzymatic control. The stability of polyP in aqueous solutions
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containing living organisms had been observed to be extremely fast due to the
enzymatic degradation of polyP [109, 153, 166]. Since then, many polyphosphatase
enzymes have been identified to break down polyPs by either transferring an
orthophosphate residue to another molecule, cleaving a free orthophosphate residue
from the end of the chain (exopolyphosphatase) [181], or hydrolyzing the polyP chain

within the middle of the chain, producing shorter polyP chains (endopolyphosphatase)

+

Oligophosphate

&rfﬁ;“‘r%%

[182] as shown in Fig.1.4.

Exopolyphosphatase

Endopolyphosphatase
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Exopolyphosphatase _
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PolyP, + m H,O0 —— > (m+1) OligoPhosphate

PolyP Glucokinase
PolyP, + Glucose — PolyP,, + G6P

ADP Phosphotransferase
PolyP,+ ADP ————»  PolyP, + ATP

Figure 1.4.
PolyP can be degraded via: endopolyphosphatases (which cleave within the polyP chain)

and exopolyphosphatases (which sequentially remove terminal phosphates from polyP).
There are variety of hydrolases and phosphotransferases known to utilize polyP as a
substrate [152].

Exopolyphosphatase is an exophosphatase, which means that it begins at the ends of
the polyP chains to release orthophosphate as it moves along the polyP molecule [166,

167,173]. it has several characteristics which distinguish it from other known

polyphosphatases, namely that it does not work on ATP, has a strong preference for
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long chain polyP and has a very low affinity for polyP molecules with less than 15
phosphate monomers [156, 184]. In general, exopolyphosphatase plays an important
role in the metabolism of phosphate and energy in all living organisms [109, 123]. It is of
particular important for maintenance of appropriate levels of intracellular polyP, which
has been implicated in a numerous cellular activities including response to stressors
such as deficiencies inamino acids, orthophosphate, or nitrogen, changes in pH,
nutrient downshift, and high salt, and as an inorganic molecular chaperone[153,
176].0n the other hand, endopolyphosphatase is an enzyme that catalyzes the
interaction between polyP and water molecule, whereas its product is oligophosphate.
This enzyme belongs to the family of hydrolases, specifically those acting on acid
anhydrides in phosphorus-containing anhydrides.

The first enzyme shown to be involved in mammalian polyP metabolism had been the
ALP. Mammalian ALP is a potent exopolyphosphatase. Among the family of ALP, it is the
tissue-non-specific alkaline phosphatase (TN-ALP) isoenzyme that is highest expressed in
liver, kidney, and bone tissues [166, 167]. Initially, it had been proposed that the ALP
controls the concentration and the homeostasis of P;, required as one substrate for HA
formation [167]. A further human exopolyphosphatase has been described, the DHH
super family human protein h-prune, a binding partner of the metastasis suppressor
nm23-H1 protein [184]. This enzyme degrades polyPs of all chain lengths. Finally, it is
important to mention that polyP is break down not only by exopolyphosphatases but
also by endopolyphosphatases as shown by cell culture studies between polyP and bone

forming cells osteoblasts [185, 186].

1.4 Booming time for polyphosphate based biomaterials

In the last two decades, there was a dramatic shift from inert to biodegradable
(hydrolytically or enzymatically degradable) biomaterials for biomedical and related
applications [17, 29, 187]. The current trend shows that in the next years, the applied
permanent medical devices and tools will be replaced by biodegradable ones [188, 189].

Thus, the damaged part of the body will heal or regenerate without the need for second
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additional operation to remove the tool [29, 189]. The major driving force being the
long-term biocompatibility for the permanent implants and technical issues associated
with revision surgeries [190].

PolyPs are an important family of inorganic polymers with excellent biocompatibility
and biodegradability as well as similar structure to nucleic acids. Some reports that have
been published in the recent decade compel us to take a fresh look at the biological role
of polyP in animal and human cells. One of the examples of polyP activities in animals is
enhancing the proliferation of fibroblasts [191] and stimulating mammalian TOR, a
kinase involved in the proliferation of mammary cancer cells [164]. The most impressive
results were obtained recently on the role of polyP in bone tissue [186] and blood [160,
161]. Therefore, the applications of polyPs have attracted considerable attention in
biomedical fields, including bone tissue engineering, wound healing, bioactive surface

coats, controlled drug release and gene delivery.

1.4.1 Calcium polyphosphate as a bone material

As large polyanions, polyPs have a high affinity for calcium and other divalent cations
and can produce an amorphous and almost charge-neutral complex [143]. The chemical
composition of the Ca-polyP complex is a function of the polyP chain length, but the Ca:
P ratio of these complexes is always less than 1.0 [192]. This complex represents a
concentrated store of Ca?* and PO,> ions, which could be used for bone mineralization
process. The theory of polyPs as an intrinsic source for Ca** and P; for mineralization is
strengthened by the observation that osteoblast cells contain higher amounts of polyP
compared to soft tissue cells [186, 193]. However, the biological effect of polyP on bone
formation is still a matter of controversy: in some cases exogenous polyP is reported to
stimulate bone mineralization [169, 170, 194] while other authors report the inhibition
of mineralization [195, 196]. The above conflicts could be attributed to high solubility of
sodium polyP and the ability of polyP to react with calcium or other cations which leads
to decrease concentration of these ions in the surrounding medium [197, 198]. It is well

known that these cations are of great important for different biological process in the
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cells. Hence, fine tune the solubility of polyP and composition will be of a great interest
for introducing polyP as bone stimulating materials not only as a source for phosphate
ions, but also as a morphogenetic active material able to activate different biological

process intracellular base on the numerous biochemical roles of polyp [199, 200].

1.4.2 Polyphosphate: from blood coagulation to wound healing

Skin wounds heal spontaneously via auto-regeneration capacity leaving a scar which will
become less noticeable with time. However, sever wounds need a stimulus to induce
the healing process [201, 202]. Due to wound healing without scar formation has not yet
been achieved and since doctors are dealing daily with numerous wounds with different
types and levels of severity, novel treatment methods to assist and improve wound
healing are needed and many of these treatments use biomaterials as a support matrix

for promoting damaged tissue regeneration process [203, 204].

In fact, the wound healing process starts at the damaged place where platelets adhere
to the exposed subendothelium of the injured blood vessel and provide a suitable
surface for blood clotting, leading to thrombin generation and fibrin formation [205].
The fibrin net stabilizes the initial platelet plug and creates a matrix for the next step of
healing process [162]. In this context, inorganic polyP exhibits prohemostatic,
prothrombotic, and proinflammatory effects in vivo [160, 161]. The importance of polyP
in blood clotting suggests that polyP may play an important role in the wound healing
[160, 205]. Moreover, a number of studies have been demonstrated the ability of polyP
dressings to sequester various proteinases within the wound sites and promote healing
of chronic wounds though the inhibition of proteases, in turn maintaining a robust
extracellular matrix [206, 207]. In this context, our group has developed PLA fiber mats
containing retinol and polyP as morphogenetic active matrices for healing of chronic

wounds [208].
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1.4.3 Pharmaceutical carriers: subcellular targeting

A drug delivery/carrier system is defined as a formulation or a device that enables the
uptake of a therapeutic molecule in the body and improves its efficacy in a safe way by
controlling the rate, time, and site of release the drug in the body [209]. The term drug
substance also refers to genes or proteins that will increase synthesis of specific active
agent in vivo. Hence, gene therapy can fit in the basic and broad definition of a drug
delivery system [210]. The components of drug delivery system are [210- 212]: (a) drug
or active molecule (b) target place and (c) pharmaceutical carrier or vehicle used to
multiply the number of drug molecules per single targeting moiety. Various
pharmaceutical carriers including liposome, polymer, silica, metal oxide and magnetic
nanoparticles, have been used as carriers in drug delivery systems [209].The ability of a
pharmacologically active molecule to find the target site is closely linked with its
potential as a successful therapeutic drug. It has become increasingly evident that there
are several active molecules that exert their action on a specific molecular organelle
inside cell [210, 211]. Subcellular or organelle-specific targeting has been emerged as a
new direction for drug delivery [212]. In general, the delivery carriers have to be
biocompatible and biodegradable. Both properties are fulfiled by inorganic polymer
polyP [125, 159,213]. Beside, cells use phosphate or polyP as enzyme substrates, second

messengers, membrane structural components and vital energy reservoirs [214].

1.4.4 Surface modifications of bone implants

Metallic alloys are commonly used as orthopedic implants to replenish bone defects,
owing to their high fracture toughness and high tensile strength when compared to
those of other bone substitute materials such as ceramics or polymeric materials [215].
Stainless steel, titanium and titanium alloys are widely used to manufacture these
metallic medical prostheses [216, 217]. They have favorable properties, such as
corrosion-resistance, biocompatibility with human body, and mechanical strength in
order to function as orthopedic or dental implants. However surface modification is

usually required to avoid corrosion, improve bioactivity and increase osteointegration

26



General INntroduction.............ccoooivieie e e Chapter 1

with host bone tissue [218]. It has been described that polyPs promote bone-forming
cell differentiation via increase ALP gene expression and modulate biomineralization
process [169, 170, 194]. In addition, exogenous polyP has attracted considerable
attention as an antimicrobial agent [219, 220]. Thus, polyP seems to be a promising

material for surface modification of metal implants.
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Chapter 2:

Structure and properties of calcium polyphosphate material with
morphogenetic activity

2.1 Introduction

Advances in bone tissue engineering approach demand design and development of
multifunctional biomaterials that will not only replace bone tissue but also induce
regeneration of damaged tissue [1-5]. For tissue regeneration, the initial interaction
between tissue-forming cells and biomaterials is the core task in the regulation and
formation of new tissue [4]. The regeneration process is highly dependent on the
acceptance of the materials by the surrounding tissues and their ability to promote
specific cellular responses as well as on the biomechanical properties and
biodegradation rate of the used materials. There is, therefore, a great need for
developing new biomaterials for bone tissue regeneration that are designed to be:
osteoconductive (i.e., serve as a framework upon which bone cells spread and generate
new bone tissue), osteoinductive and osteogenesis (i.e., promote the proliferation and
differentiation of osteoblasts cells or bone marrow mesenchymal stem cells) as well as

able to integrate with surrounding tissues (osteointegration) [3, 6].

Because of its excellent biocompatibility, biological activity, and strong affinity to
divalent cations, polyphosphate (polyP), a phosphate inorganic polymer found in various
subcellular compartment of mammalian cells, i.e. nuclei, mitochondria, lysosomes and
plasma membranes. PolyP has been introduced with tissue engineering to enhance
bone regeneration as an intrinsic source for phosphate for mineralization is
strengthened by the observation that osteoblast cells contain higher amounts of polyP
compared to soft tissue cells [7-12]. It has been also described that polyP has an
inductive effect on osteoblasts, mainly as an anabolic polymer that stimulates
differentiation of bone cells and mineralization [13-15]. Interesting, polyP induces the
enzyme alkaline phosphatase [ALP] [16, 17], an enzyme that degrades polyP [18]. These

findings suggest that polyP can be expected to promote and control bone regeneration.
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However, the biological effect of polyP on bone formation is still a matter of controversy:
in some cases exogenous polyP is reported to stimulate bone mineralization, while

other authors report the inhibition of mineralization [19].

The above conflicts could be attributed to high solubility of sodium polyP and the ability
of polyP to react with calcium or other cations which leads to decrease concentration of
these ions in the surrounding medium. Thus, fine tune the solubility of polyP and
composition will be of a great interest for introducing polyP as a bone stimulating
material not only as a source for phosphate ions, but also as a morphogenetic active
material able to activate different biological process intracellular base on the numerous
biochemical roles of polyP. The chemical structure of polyP is very simple and consists of
linearly arranged orthophosphate units, linked by high-energy phosphoanhydride bonds.
As large negatively charged macromolecules, polyPs have a great affinity for calcium and
other divalent cations and can produce an amorphous and charge-neutral Ca-polyP
complex [9, 13]. The chemical composition of the Ca-polyP complex is a function of the
polyP chain length, but the Ca: P molar ratio of these complexes is always less than 1.0
[13, 20].

This chapter describes the synthesis of Ca-polyP nanoparticles via a simple chemical
precipitation method and influence of calcium ion concentration on the chemical as well
as physical properties of polyP were evaluated using X-ray Diffractometry (XRD), Fourier
Transform Infrared Spectroscopy (FTIR), Scanning Electron Microscope (SEM) with
Energy Dispersive X-ray (EDX) and Transmission Electron Microscopy (TEM). Moreover,
the proliferation, osteogenic differentiation and deposition of a mineralized
extracellular matrix of the sarcoma osteogenic (5a0S-2) cell line (osteoblast-like cells)

following exposure to Ca-polyP nanoparticles were also investigated.
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2.2 Material and methods

2.2.1 Preparation of calcium polyphosphate nanoparticles

Unless otherwise stated, all chemicals were analytical grade reagents and used without
further purification. Calcium polyphosphate (Ca-polyP) nanoparticles were synthesized
by a wet chemical precipitation method from calcium chloride dihydrate (CaCl,:2H,0;
Sigma-Aldrich, Taufkirchen; Germany) as Ca®*source, and sodium polyphosphate(Na-
polyP) with an average chain length of approximately 40 phosphate units (Chemische

Fabrik Budenheim; Germany) was used as polyP source.

According to our preliminary study, the Ca-polyP particles were prepared by slow
addition, at room temperature, of a fixed volume of sodium polyP solution (4 mol L™) to
different volume of calcium chloride stock solution (4 mol L™) in order to maintain the
same amount of polyP in the mixture and clarify the influence of calcium ions
concentration on structure and morphology of polyP. The obtained Ca-polyP particles
contain under different calcium/phosphate molar ratio 1:1 and 2:1 were named as “Ca-
polyP1” and “Ca-polyP2”, respectively. The experimental procedure is shown in the
schematic drawing Fig. 2.1. In the first step, the pH of the Na-polyP and calcium chloride
solutions was adjusted at 10 by 0.2 M sodium hydroxide (NaOH) solution and left under
stirring for 1 h. Then, polyP solution was added drop-wise to the calcium solution at
room temperature. The pH of the mixed solution/suspension was increased to 10 and
maintained at this value by adding the required amounts of 1 M NaOH solution. The
reaction was performed at room temperature for 24 h under constant stirring
conditions. The precipitated slurries were poured out from the reactor and the solid
particles were separated by vacuum filtration through a Nalgene Filter Units (pore size
0.45 um; Cole-Parmer, Kehl/Rhein; Germany) and washed three times with ethanol to
remove the non-bound Ca® and the other by products. The obtained gel was re-
dispersed in 100ml of ethanol to prevent agglomeration and dried at 60 °C overnight.
Finally, the dried cakes were ground to fine powders, sieved through a 100 um mesh,

and used for characterization studies.
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Figure 2.1.

Scheme represents preparation process of Ca-polyP nanospheres via wet chemical
precipitation method.

2.3 Material characterization
2.3.1 X-ray diffraction analyses

The patterns of obtained Ca-polyP powders were registered on a Philips PW 1820
diffractometer with Cug,radiation (A = 1.5418 A, 40 kV, 30 mA) in the range 26 = 5-65°
(A26=0.02, At=535s).

2.3.2 Fourier transformed infrared spectroscopy

Fourier transformed infrared spectroscopic (FTIR) analyses were performed with micro-
milled (agate mortar and pestle) mineral powder in an ATR (attenuated total
reflectance)-FTIR spectroscope/Varian 660-IR spectrometer (Agilent, Santa Clara; CA),
fitted with a Golden Gate ATR unit (Specac, Orpington; UK). The spectra given represent
the average of 100 scans with a spectral resolution of 4 cm™(typically 550-4000 cm™).
The baseline correction, smoothing, and analysis of the spectra were achieved with the
Varian 660-IR software package 5.2.0 (Agilent). Graphical display and annotation of the

spectra were performed with Origin Pro (version 8.5.1; OriginLab, Northampton, MA).
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2.3.3 Microscopic analyses

Scanning electron microscopic (SEM) analyses were performed with an SU 8000
instrument (Hitachi High-Technologies Europe, Krefeld, Germany), at low voltage (1 kV)
and Transmission electron microscopic (TEM) analyses the TemCam-F416 (4 x 4 K) CCD
camera (TVIPS, Gauting; Germany), operated on a Tecnai 12 transmission electron
microscope (FEl, Eindhoven; The Netherlands) at an accelerating voltage of 120 kV, was
used. The equipment was connected with a particle size analyzer (Imagel); 25-50

crystals/spheres were evaluated.

2.3.4 Elemental analyses

Energy dispersive X-ray (EDX) spectroscopy was also performed with an EDAX Genesis
EDX System attached to a scanning electron microscope (Nova 600 Nanolab; FEl,
Eindhoven, the Netherlands) operating at 10 kV with a collection time of 30-45 s. Areas

of approximately 10 um? were analyzed.

2.3.5 Cultivation of Sa0S-2 cells

Sa0S-2 cells (human osteogenic sarcoma cells), were cultured in McCoy’s medium
(Biochrom-Seromed, Berlin; Germany), supplemented with 2 mM L-glutamine, 10%
heat-inactivated fetal calf serum (FCS) and 100 units/ml penicillin/100 pg/ml
streptomycin [21]. The cells were incubated in 25 cm? flasks or in six-well plates (surface
area 9.46 cm?; Orange Scientifique, Brainel, Alleud, Belgium) in a humidified incubator
at 37°C. The cultures were started with 1x10%cells/well in a total volume of 3 ml. After
an initial incubation period of 3 d the cultures were continued to be incubated for 5 d in
the absence or presence of the mineralization activation cocktail (MAC), composed of 5
mM B-glycerophosphate, 50 mM ascorbic acid and 10 nM dexamethasone to induce

biomineralization [21, 22].

2.3.6 Cell growth assay

Sa0S-2 cells were seeded into the 24-well plates at a density of 1 x 10* cells per well and

cultured for 3 d in McCoy’s medium/15% FCS. The Ca-polyP samples were added to the
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cultures at concentrations 0, 100, 200 and 300 ug/mL. After a 3 d incubation period, the
cells were incubated with fresh medium containing 200 uL of 3-[4,5-dimethyl thiazole-2-
yl]-2,5-diphenyl tetrazolium (MTT; Sigma M2128) for 4 h in the dark. Then the remaining
MTT dye was aspirated and 200 uL of DMSO were added to solubilize the formazan
crystals. Finally, the optical density (OD) was determined at 570 nm using an ELISA

reader/spectrophotometer [23]. Ten parallel experiments each were performed.

2.3.7 Mineralization by Sa0S-2 cells in-vitro

For the assessment of mineral deposited by Sa0S-2 cells, the Alizarin red staining (ARS)
procedure was applied. The Sa0S-2 cells were cultured in 12 well culture plates. After an
initial incubation period of 3 days in the absence of the MAC, the cultures were
transferred into medium/FBS supplemented with MAC and then incubated for
additional 5 days. Subsequently, the cells were fixed with 4% PFA and 500 pL of 1%
Alizarin red staining solution for 20 min. After washing and complete removal of excess
stain, the intensity of red stain was quantitatively assessed by dissolving calcium-bound
AR-S complex in 10% hexadecylpyridinium chloride monohydrate (HDPC; Fluka)
prepared in sodium phosphate buffer (10 mM, pH 7.0) for 1 h. The absorbance was

measured at 562 nm [24].

2.3.8 Quantitative real-time polymerase chain reaction: ALP
expression

The Sa0S-2 cells were pre-cultivated for 3 d in medium/serum. Then the cultures were
split and incubated without any polyP particles (control) or with50 pg/mL of Na-polyP or
Ca-polyP and the cultivation were continued for an additional 7 d in the absence or
presence of MAC. Subsequently, the cells were harvested, RNA extracted and subjected
for quantitative real-time RT [reverse transcription]-polymerase chain reaction (QRT-PCR)

as described [25, 26].
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2.3.9 Response of Sa0S-2 cells and translocation of the ALP after
incubation with Ca-polyP nanoparticles

The Sa0S-2 cells were incubated as described above. At first, the cells were incubated
for a period of 3 days in the absence of the MAC, the MAC was then added and the cells
were incubated for a further 4 days in the absence or presence of 30 ug/ml a Ca-polyP
nanoparticles. Subsequently, the cells were harvested, sliced and analyzed by using TEM.
The methods and techniques applied for TEM had been recently published [27]. The
cells were fixed in paraformaldehyde and glutaraldehyde, embedded in agarose and
then in LR-White resin (62661 Sigma). After polymerization, ultrathin sections (80 nm)
were cut (Microsystems, Wetzlar; Germany). Moreover, for immunogold labeling in TEM
analyses, the cells were incubated with a monoclonal IgG antibody against human
alkaline phosphatase (produced in mouse, no. A2064, Sigma-Aldrich) and then with a
secondary anti-mouse antibody coupled to 10-nm gold particles (1:50 diluted with water,
Sigma-Aldrich). The samples were enhanced with silver [28], and contrasted with uranyl
acetate and lead citrate. The slices were inspected with a TemCam-F416 (4Kx4K) CCD
camera (TVIPS, Gauting, Germany) operated on a Tecnai 12 transmission electron
microscope (FEI, Eindhoven, The Netherlands) at an accelerating voltage of 120 kV. In

the controls, the antibodies were omitted during the procedure.

2.3.10 Statistical analysis

The results were statistically evaluated using paired Student’s t-test [29].
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2.4 Results

2.4.1 Chemical and phase characterization of Ca-polyP particles

The chemical functional groups for Na-polyP and Ca-polyP nanoparticles were
investigated using FTIR spectroscopy. The complete spectra between 4000 and 600 cm™
are shown in Fig. 2.2A, while segments between 1400 and 600 cm™ are given in Fig.
2.2B. In general, the spectra of obtained particles have two main sets of IR absorption
bands in the low and high frequency regions due to phosphate group and OH
molecule. On the basis of literature data available [30-33], the bands were attributed to

the vibrations of the following structural units:

(i) The peaks at ~ 3400 and 1627 cm™* are mainly assigned to the OH stretching and
bending vibrations of absorbed water, respectively.

(ii) The band near 1250 cm™ designate to the asymmetric stretching of the doubly

bonded oxygen vibration, i.e. Vas(PO)".

(iii)  The weak band at 1190 cm™ is the PO, symmetric stretching mode Vs(PO,)” [30].

(iv)  The absorption bands close to 1083 and 999 cm™ are assigned to the
asymmetric and symmetric stretching modes of chain-terminating (POs) groups
Vas(PO3)?” and vy(PO3)* [32].

(v) The absorption band near 864 cm™ is assigned to the asymmetric stretching
modes of the P-O-P linkages, V.(P-O—P) and the partially split band centered
around 763 cm™ is assigned to the symmetric stretching modes of these linkages,

Vs(P—O-P).

The comparison of the spectra of Na-polyP and Ca-polyP indicate that the polyP
features are seen in the 1300-600 cm™ region. For all three samples this pattern is
observed, reflecting that the polyP chain backbones are not broken down during the
reaction with the Ca®'ions. However, these peaks shifted in the Ca-polyP1 and Ca-
polyP2 samples if compared the Na-polyP spectrum. These changes in phosphate

structures appear because of calcium ions, which generally provide ionic cross-linking
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between non-bridging oxygen of phosphate groups. In conclusion, the modification in

polyP structures can be understood further because of change in terminal charge

density at the anionic site, i.e. formation of P-O-M (where M is Ca®). Hence, the IR

spectra confirm the interaction between Ca** and polyP and the formation of Ca-polyP.
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Figure 2.2.
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FTIR spectra of Na-polyP, Ca-polyP1 and Ca-polyP2; (A) Wavenumber 4000-600 cm‘and
(B) Wavenumber 1400-600 cm ™.

Fig.2.3 shows the XRD patterns of Na-polyP, Ca-polyP1 and Ca-polyP2 powder samples.

These samples have been obtained after drying at 60°C for 24 h. The absence of any

sharp peak confirms the non-existence of crystalline phase and reveals the amorphous

nature of the synthesized materials [34]. The XRD patterns for Na-polyP, Ca-polyP1 and

Ca-polyP2, shown in Fig. 2.3, indicate a clear amorphous phase, with a broad peak from

20° to 40° for Na-polyP and centered around 30° for Ca-polyP1 and 2.
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Figure 2.3.
X-ray diffraction patterns for Na-polyP, Ca-polyP1 and Ca-polyP2.

2.4.2 Morphological observations and elemental analyses

SEM and TEM studies have been made for micro- and nano-structural analysis. Fig. 2.4
shows the SEM morphology of Na-polyP and Ca-polyP1 samples. The Na-polyP particles,
of a non-regular shapes, often show a tapered morphology (Fig. 2.4 A, B). The sizes of
the particles vary between 1 and 100 um. Likewise, non-regular shapes show the Ca-
polyP1 particles (Fig. 2.4 C, D). They are smaller than the Na-polyP particles with an
average diameter of =4 um. On the other hand, Fig. 2.5 represents the SEM and TEM
micrograph of Ca-polyP2 particles at two different magnifications. The particles
morphology was completely different from the Na-polyP and Ca-polyP1. It appears that
nanosize spherical particles are formed. Ca-polyP2 particles exhibit spherical particles of
nano-size from 200 to 500nm. The Ca-polyP nanoparticles formed were highly

agglomerated as indicated from SEM and TEM micrographs.
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Figure 2.4.

SEM images of Na-polyP and Ca-polyP powders. (A, B) Na-polyP and (C, D) Ca-polyP1.
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Figure 2.5.

SEM and TEM micrographs for Ca-PolyP nanospheres particle sample named Ca-polyP2.

The elemental analysis for Na-polyP, Ca-polyP1 and Ca-polyP2 samples was performed
by Energy dispersive X-ray (EDX) spectroscopy and given in Fig. 2.6. The obtained EDX
spectra represent the elemental contents of Na, Ca, P, O and C in all powder. The atomic
weight ratio between Na: P for Na-polyP was 1.08+ 0.07. On the other hand, the ratio
between Ca: P for Ca-polyP1 was 0.60+ 0.05 and increased to 0.84+ 0.09 for Ca-polyP2.
However, The EDX spectra of Ca-polyP particles indicate formation of Ca-polyP phase
with different Ca/P ratio. There was a small peak for sodium reflecting the residual
Na' that originates from the raw Na-polyP material, used for the conversion to the

insoluble Ca-polyP.
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Figure 2.6.

SEM micrographs and Energy dispersive X-ray (EDX) spectra for (A) Na-polyP, (B)Ca-
polyP1 and (C)Ca-polyP2.
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2.4.3 Sa0S-2 cell growth

The cell viability of Sa0S-2 cells was tested by applying the MTT assay for Na-polyP, Ca-
polyP1 and Ca-polyP2 particles (Fig. 2.7). The results revealed that the absorbance value
for cells in absence of particles (zero conc.) was 0.65+ 0.12 after an incubation period of
Sa0S-2 cells for 3 d. However, a significant and strong increase in cell number is seen in
the assays with 10 ug/mL Na-polyP (0.93+ 0.18), a decrease in the absorbance values to
0.7+ 0.20 and 0.53+ 0.21 are measured in assays with 100 pg/mL and 200 pg/mL of Na-
polyP, respectively. On other hand, an increase in the absorbance values is measured for
Ca-polyP1 and Ca-polyP2 particles. For instance, a stimulatory response was seen for
100 pg/mL Ca-polyP1 (1t 0.17), as well as of 100 ug/mL Ca-polyP2 (0.82+ 0.13), if
compared to the values determined for cultures incubated with 100 pg/mL Na-polyP
(0.74 0.20). At all the Ca-polyP concentrations, cell viability was almost equal or above
the control value. Finally, a significant difference was observed among the different
samples, suggesting that the low concentration of polyP in the medium and Ca-polyP did

not affect the cell growth.
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Figure 2.7.

Cell growth for Sa0S-2 cells. The cells were cultured at different conc. 0 100, 200 and
300 pg/mL for Na-polyP, Ca-polyP1 and Ca-polyP2 samples. After terminating the
cultivation at 3 day, the assays were subjected to the MTT assay and the absorbance at
570 nm was determined.
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2.4.4 Mineralization in Sa0S-2 cells

The influence of prepared ca-polyP particles on the extent of mineralization of Sa0S-2
cells was determined in vitro using McCoy’s medium/10% FCS and applying Alizarin Red
S as a dye to monitor HA formation as shown in Fig. 2.8. The medium was changed
every 2 days. According to MTT assay, mentioned above, the concentrations of Na-polyP,
Ca-polyP1 and Ca-polyP2 powders were set to 100 pg/mL. In absence of MAC, the
extent of biomineralization of control (Sa0S-2 cells) was low, amounting to only 0.16+
0.007 nmol pg ™, with addition of MAC an increase in the intensity was observed, which
is reflected by an enhancement to 0.28+ 0.01 nmol pug™* after 5 d and 0.38+ 0.006 for 8
d. In comparison, when Na-polyP was added, the intensity of the staining first decreased
compared with control (0.15+ 0.005) and then increased to 0.29+ 0.02 and 0.40+0.008
nmol pg™. In this sequence, the addition of Ca-polyP resulted in a pronounced increase
in the red staining and likewise an increase in the amount of dye bound to the cells up
to 0.42+ 0.02 nmol pg* for Ca-polyP1 and 0.52+ 0.02 nmol pg ™" by the end of incubation
time. However, this experimental part from this study indicates that biominerization
process is quite complex and many factors could alter the results, we could conclude
that the polyP can be used at low concentration or in Ca-polyP form to modulate

biomineralization.
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Influence of Na-polyP, Ca-polyP1 and Ca-polyP2 samples on HA mineralization in vitro.
The Sa0S-2 cells were incubated in the presence of the activation cocktail (MAC) for 8 d.
After incubation, the cell assays were stained with Alizarin Red S. To determine
guantitatively the degree of the mineralization, the cultures were assayed at the end of
the incubation with Alizarin Red S, using the spectrophotometric assay. Standard errors
of the means are shown (n =5 experiments per time point). In separate experiment, the
cover slips onto which the cells had been cultivated were removed and stained with
Alizarin Red S. Eye-inspection revealed that the intensity of the color reaction is highest
for Ca-polyP1 and for Ca-polyP2. The degree of color reaction is lower for Na-polyP; the
intensities of those samples are only slightly higher, compared to the control.
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2.4.5 Expression level of ALP in response to Ca-polyP particles

The expression level of ALP in Sa0S-2 cells was quantified by gRT-PCR [25]. However,
the data revealed that at day 1 the expression level of ALP is statistically not different
between the different polyP samples, Ca-polyP2 nano-particles show a slight increase.
After an incubation period of 7 d the expression levels of ALP in the cells exposed to Ca-
polyP1 and Ca-polyP2 are significantly higher than those measured for Na-polyP (Fig.
2.9).
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Figure 2.9.

Steady-state expression levels of the genes for alkaline phosphatase (ALP) in Sa0S-2
cells.

2.4.6 Mitochondria abundance in Sa0S-2 cells after incubation with
Ca-polyP particles

The Sa0S-2 cells were incubated as described before. At first, the cells were incubated
for a period of 3 days in the absence of the cocktail (MAC), the cocktail was then added
and the cells were incubated for a further 4 days in the absence or presence of 30 ug/ml
of Ca-polyP nanoparticles. Subsequently, the cells were harvested, sliced and analyzed
by using TEM (Fig. 2.10 A, B, D, E). The thin sections revealed that the osteoblast-like
Sa0S-2 cells [35, 36] from untreated cells contained only a low number of mitochondria

(Fig. 2.10 A, B), whereas those cells that had been exposed to Ca-polyP contained dense
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clusters of mitochondria (Fig.2.10 D, E). The overall cell morphology was identical in

both cultures.

T R,
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Figure 2.10.

Abundance of mitochondria in Sa0S-2 cells and localization of the ALP in dependence of
exposure to Ca-polyP nanoparticles. The cells have been treated for 3 d with the cocktail,
in the absence of Ca-polyP (A to C) or presence of 30 ug/mL of Ca-polyP2 (D to F); TEM
and immune-TEM images. (A and B) The abundance of mitochondria (m) within Sa0S-2
cells, not treated with polyP is low, while (D and E) cells exposed for 3d with aCa-polyP2
the mitochondria (m) are abundantly present; nucleus (n). Also the localization of the
ALP is drastically different; while the enzyme (C) in untreated cells is present in a
scattered pattern within the cells, (F) almost all ALP-gold-intensified immunocomplexes
are clustered at the cell surface.
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2.4.7 Translocation of the alkaline phosphatase in response to polyP

The ALP is a marker protein for mature osteoblasts [37]. In addition, it has been
described that the enzyme has, in dependence of the intra- or extracellular localization
as well as during bone disease development, an altered pattern of glycosylation [38].
Furthermore, light microscopic studies to localize the ALP by enzyme histochemistry
suggested that after activation of the osteoblasts the ALP translocates to the membrane
region [39].

To elucidate if the enzyme changes its localization after exposure to Ca-polyP
nanoparticles immunogold TEM-localization of the enzyme has been performed. Again
cells have been incubated for an initial period of 3 d, and then transferred for 3 d in the
presence of MAC and additionally either in the absence (Fig. 2.10 C) or presence of 30
ug/mL Ca-polyP nanoparticles (Fig. 2.10 F). After labeling with gold the ALP molecules in
cells not treated with the nanoparticles are present in a scattered pattern and are not
frequently seen (Fig. 2.10 C). In contrast, the enzyme in cells exposed to Ca-polyP
nanoparticles has been abundantly, and almost exclusively, detected in association with
the cell membrane (Fig. 2.10 F). Very often the grains appeared in clusters. In the
controls, omitting the antibodies from the staining procedure no gold grains could be

detected (data not shown).
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2.5 Discussion

Amongst many other biological functions, phosphate has long been known to be
important in hard tissue mineralization, where orthophosphate (PO, ") and calcium ions
(Ca**) combine to form the biological apatite mineral phase found in bones and teeth
[40, 41]. Phosphate can also be found as inorganic linear polyPs — its chemical structure
is very simple and comprises linearly arranged phosphate units that are linked through
high-energy phosphoanhydride bonds. In a physiological pH environment, each internal
Piof the polymer exposes a monovalent negative charge, rendering polyP as an
intensely anionic polymer. With cations, polyP forms salts [7, 8]. Although polyPs are
now known to be ubiquitous in mammalian cells and tissue fluids, they have been
reported to exist in particularly high amounts in human osteoblast-like cells, suggesting
a potential role in bone biology [11, 12]. Early work has demonstrated that polyPs bind
to HA, supporting the notion that inhibition of calcification by polyP may occur through
adsorption of the inorganic polymer to growth sites of the crystals with equal or better
potency than pyrophosphate (PP;) [42, 43].The key role that PP; plays in regulating
physiologic and pathologic mineralization has now been well studied both in animal
models and in humans, where the P/ PP; ratio is known to be a critical determinant in

allowing the progression of mineralization [43, 44]..

Despite abundant data showing mineralization inhibition in various systems, it has also
been proposed by these authors that if bone mineralization proceeds, enzymes such as
tissue-nonspecific ALP release the ions from the polyP-calcium complex to be used in HA
crystal formation and growth [9, 45]. Despite this possible scenario that occurs outside
the bone cells in the extracellular matrix, it is not yet known how polyP granules
observed intracellularly are exported or formed in the extracellular matrix where
mineralization occurs. Given that polyPs are found at relatively high concentrations in
osteoblast-like cells [12], it can be assumed that they potently inhibit HA formation

intracellularly [46].
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In addition to our previous studies and other reports, it was found that a relatively low
concentration of polyP (0.1 mM) induces ALP expression and leads to cellular
proliferation [9, 47]. Furthermore, treatment ofNa-polyP with calcium chloride resulted
in further increase in ALP expression and delays of the inhibitory action of polyP at high
concentration [23].Consequently, a new strategy has been developed in the frame of
this PhD work to prepare Ca-polyP through direct addition of calcium ions to polyP
solution and find out the chemical and physical properties for obtained Ca-polyP
nanoparticles. As a result, Ca-polyP particles with different Ca/P molar ratios were
successfully synthesized via a simple method at room temperature. The complex
formation was performed at pH 10. Analyzing the final Ca-polyP product, it has been
clarified by X-ray diffraction analysis that the Ca-polyP powders did not show any sign of
crystallinity. The SEM and TEM analyses of the “Ca-polyP2” grains shows that they are

composed of globular amorphous structures with an average diameter of 200-500 nm.

Based on the view that Ca-polyP nanoparticles can be considered as nanoscopic mineral
entities of bone, it has been tempting to study the biological effect of Ca-polyP
nanoparticles (“Ca-polyP2”) on Sa0S-2 cell in vitro. In the first series of experiments for
the said nanoparticles, the presence of the ALP and the site of localization of this
enzyme within the Sa0S-2 cells were determined by immunogold electron microscopy
of cross-sections through the cells using human anti-ALP antibodies. Interesting enough,
the ALP-reacting sites are exclusively found in close areas of the cells membrane. This
finding is taken as first evidence that the Sa0S-2 cells become strongly activated after
exposure to the “Ca-polyP2” particles. In an earlier study, it could be demonstrated that
in activated osteoblasts the ALP is abundantly localized along the osteoidal region of
osteoblast membranes [48].In addition, the authors reported that ALP enzymatic activity
along the osteoidal surface of osteoblasts can be increased by both Mg** and Ca®'; the
enzyme could be inhibited by vanadate but is resistant to levamisole, implying the close
relationship of this enzyme with the plasma membrane Ca** transport ATPase. However,
it remained totally unclear by which mechanism polyP is anabolically affecting both the

gene expression and activity of the ALP.
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Moreover, the data revealed that after treatment of the cells with Na-polyP, a very few
mitochondria could be detected in the cells. In contrast, those cells that have been
treated with “Ca-polyP2” showed areas with densely packed mitochondria. Because the
ATP level within the cells is coupled to the number of mitochondria, these findings
might be taken as an indication that the ATP level in the cells of these two assays is
different. Consequently, it appears to be obvious that polyP which is accumulated in
cells surrounding bone growth areas, e.g., osteoblasts and platelets [49, 50], might act

as a potential energy source, as a metabolic fuel, for bone synthesis.

2.6 Conclusion

The Ca-polyP particles with different Ca/P molar ratios were successfully synthesized

via a simple wet chemical precipitation method at room temperature.

e A full structural determination by different techniques — such as X-ray diffraction,
FTIR, SEM and TEM- has shown a unique structure and morphology when compared
to that of other calcium phosphate phases.

e The Ca/P molar ratio was found to influence not only physical and chemical
properties of Ca-polyP particles but also the biological behavior during in vitro study.

e The study further highlights, Ca-polyP nanoparticles represent not only a
concentrated store of Ca’’and PO,>, which could be used during bone tissue
mineralization but also a stimulator of morphogenetic processes, providing a
favorable biochemical environment for bone formation.

e |t is nonetheless important that new therapeutic directions could be suggested,

particularly with regard to the control of mineralization.
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Chapter 3:
Amorphous polyphosphate-hydroxyapatite: A morphogenetically active

substrate for bone-related Sa0S-2 cells in vitro.

3.1 Introduction

Two main stages of bone formation (ossification) are distinguished [1]. First, during the
primary phase, the endochondral ossification, the epiphysial cartilage, a combination of
ground substance and loosely interconnected fibril bundles of collagen, interspersed
with a large number of matrix vesicles, allows a relatively rapid mineralization process

nm

(reviewed in: [2]). The mineralized, “woven’ bone microstructures comprise collagen
type-l, which exists in rat cartilage to =17%. The crystals formed are not closely
associated with collagen; the clusters of hydroxyapatite (HA) crystals are deposited into
the collagen-surrounding proteoglycan matrix [3]. While during primary ossification
phase collagen does not markedly direct the mineralization deposits, during the
subsequent secondary phase of bone formation the primary woven bone is remodeled
into an organized tissue comprising concentric lamellae that make up the osteons [4].
The nanoscopic HA platelets become oriented and aligned within the self-assembled
collagen fibrils and are arranged concentrically around blood vessels [5]. The cells that
form the mineral deposits within bone are the osteoblasts. In a tightly controlled

process, the collagen fibrils undergo a progressive mineralization starting with poorly

crystalline carbonated apatite (see: [6]).

Three main mechanisms have been proposed to explain the initial bone mineral
deposition. First: a cell-independent process, whereby charged non-collagenous
proteins facilitate mineral nucleation from ions in solution [7]. Second: a cell-controlled
mechanism during which vesicles are budding off from the cellular plasma membrane.
In these matrix vesicles, and supported by phosphatases including the alkaline
phosphatase (ALP), as well as by Ca-binding molecules, initial calcium phosphate (CaP)
mineral crystals are formed. Subsequently the matrix vesicles break down at the cell

membrane, releasing the mineral deposits into the extracellular space [8]. Third: more
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recently an alternative route has been proposed in which amorphous mineral
precursors are transiently produced. They are deposited within the collagen fibrils
where they transform into crystalline apatite platelets [9]. However, the origin of the
proposed amorphous CaP remained still to be elucidated. Experimental evidence has
been presented that revealed that osteoblasts contain intracellularly localized
CaPcontaining vesicles which are potential candidates for the extracellular
mineralization process [10]. Element analyses suggested that the intracellular mineral
granules consist of a highly metastable phase and, in addition, a potential precursor
stage of carbonated HA. Moreover, experimental evidence indicates that initially, on the
surface of osteoblasts, Ca-carbonate deposits are synthesized in concert with the
carbonic anhydrase that act as bio-seeds for the biomineralization process [11, 12]. It is
reasonable to assume that those Ca-carbonate deposits are amorphous, since this
material is unstable and readily processes to other states of Ca-carbonate [13, 14]. This
proposition is supported by the finding that Ca-carbonate is converted to CaP by
exposure to external orthophosphate [15]. In addition, during the evolution of the
animals first Ca-carbonate-based skeletons, e.g. in sponges or corals, developed while
later CaP skeletons are dominating [16]. The analytical demonstration that Ca-carbonate
exists in vertebrate bone goes back to Pellegrino and Biltz [17]; and, to mention, that in
the vestibular labyrinth of the vertebrate ear the otoliths predominantly consist of Ca-

carbonate [18].

Bone, being a composite material, forms the inorganic deposits around the collagen
fibrils. Evidence has been presented indicating that the uniaxially oriented apatite
crystals are formed within the periodic 67 nm cross-striated pattern of the collagen fibril
at the less dense 40 nm long gap zone [19]. It is proposed that the positive net charge at
the C-termini of the collagen molecules initiates and promotes the infiltration of the
fibrils with amorphous CaP (ACP). The latter discovery was supported by the finding that
during bone and teeth formation the development of the apatite crystals starts from an
ACP precursor phase [20, 21] at the prenucleation clusters. Those amorphous clusters

have also been demonstrated for amorphous CaCOs (ACC) [22, 23]. The transition from
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ACP to crystalline HA in those clusters is a fast process that is decelerated when a size is
reached at which the increasing surface energy is counter-balanced by the reduction of
bulk energy, originating from the process of crystal lattice formation. The resulting
primary critical-sized crystal nuclei grow further, driven by the associated reduction of
the Gibbs free energy. The basic building blocks, as in tooth crowns, are dense arrays of
needle-shaped carbonated apatite crystals (=50 nm in diameter and tens of um long),
with crystalline c-axes, arranged along the rods [24]. Interesting is the finding that in-
vitro collagen-mediated mineralization is decelerated by substituting the spacing of non-
collagenous proteins either with polyaspartic acid or with fetuin; both of them are
inhibitors of HA crystallization [2, 25, 26]. Those additional components added during in-
vitro HA synthesis are considered as structure forming elements during the intrafibrillar

formation of oriented HA crystals.

HA is a naturally occurring mineral with the formula Cas(PO4)3(OH) [or: Ca1g(PO4)s(OH),
to signify that the HA crystal unit cell comprises two entities]. Natural bone HA elicits
biological activity, at least bone conducting properties [27]. In turn, natural HA, a bio-
ceramic which is crystalline to different scale has been used as a biomaterial to fabricate
scaffolds for in situ bone regeneration and other tissue engineering purposes (reviewed
in:[28-30]). While natural HA shows pronounced mineralization promoting activity in
vivo, synthetic apatite is much less effective. In general, although HA is bioactive, its
interaction and biocompatibility with existing bone tissue is low. These properties have
been attributed to a minimal degradability in the physiological environment as
observable by the lack of resorption via the surrounding intact tissue [31]. Recent
advances in nanotechnology allowed the synthesis of nano-hydroxyapatite of various
morphologies with a reasonable biocompatibility [32]. Moreover, it has been
demonstrated that ACP has a better osteoconductivity and biodegradability than

tricalcium phosphate and HA in vivo [33].

In the present study we introduce a new CaP fabrication technology, starting from

calcium chloride and dibasic ammonium phosphate [34]. Besides of the preparation of
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HA, with the characteristic Ca/P molar ratio of 10:6, we prepared CaP mixed with
various amounts of polyphosphate (polyP). While the CaP/HA samples were found to
consist of a crystalline phase, those CaP preparations that contained >10% by weight of
polyP (with respect to the modified HA deposits) are amorphous. All those polyP-
supplemented CaP samples were found to support the growth of bone cell related
Sa0S-2 cells [35] as well as human mesenchymal stem cells (hMSC). Surprisingly, only
the CaP preparation, containing 10 weight percent (wt.%) of polyP, elicits strong
morphogenetic activity, as measured by gene expression analysis and using the marker
genes alkaline phosphatase (ALP) and collagen type | (COL-) for differentiation of bone
and bone-related cells [36]. These results let us to conclude that polyP/HA-based

material might be beneficial for application as bone substitute implant.
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3.2 Material and methods

3.2.1 Materials

Sodium polyphosphate (Na—polyP) with an average chain length of 40 phosphate units

was obtained from Chemische Fabrik Budenheim (Budenheim, Germany).

3.2.2 In situ synthesis of HA and polyphosphate—hydroxyapatite

Hydroxyapatite (HA) nanoparticles were synthesized by a wet chemical precipitation
method from calcium chloride (CaCly; Sigma—Aldrich, Taufkirchen; Germany) as Ca®*
source, and ammonium phosphate dibasic ((NH4),HPQO4; Sigma—Aldrich 215996) as
phosphate source [34]. To precipitate stoichiometric HA (Ca;o(PO4)s(OH),; Ca/P ratio of
1.667), 100 mL of 0.3 M aqueous solution of (NH4),HPO4 was dropwise added to 100 mL
0.5 M aqueous solution of CaCl,. The amount of reagents was calculated in order to
obtain the Ca/P molar ratio for HA of 10:6. The pH of the reaction was maintained at 10

with the addition of sodium hydroxide solution.

In order to prepare polyP-substituted HA nanoparticles of various polyP content, the
starting components (CaCl, and (NH4),HPO4) were additionally supplemented with 2.5, 5
or 10 wt.% of Na—polyP (referred to HA, or the respective CaP preparation) as follows.
The respective amount of Na—polyP, 0.12 g [““HA(2.5)polyP”], 0.25 g [““HA(5)polyP”] or
0.50 g [“aCaP(10)polyP”], was added to the aqueous solution of (NH4)2HPO4; then this
solution was added to the dissolved CaCl,. The pH was kept at 10. The resulting
precipitates were left at room temperature for 24 h. Then the precipitates were filtered,
washed 3-times with distilled water before being dried in a hot air oven at 60 _C for 24 h.
The final powders were termed “HA”, “HA(2.5)polyP”, “HA(5)polyP” and
“aCaP(10)polyP”.

For comparative functional/biological studies amorphous Ca—polyP nanoparticles were
prepared as described [37]. In brief, 2.8 g of CaCl2 in 30 mL distilled water were added
dropwise to 1 g of Na—polyP, dissolved in 50 mL distilled water at a pH of 10.0. The

amorphous Ca—polyP nanoparticles formed were washed in water and then dried at 50
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°C; the preparation is termed ‘““aCa—polyP-NP”. The average diameter of the spherical

particles was 9628 nm and they have an amorphous state [38].

3.3 Materials characterizations

3.3.1 X-ray diffraction analyses

The X-ray diffraction (XRD) experiments were performed as described previously [39].
The patterns of dried powders were registered on a Philips PW 1820 diffractometer with
Cuyq radiation (A = 1.5418 A, 40 kV, 30 mA) in the range 26 = 5% 65° (A 26=0.02, At =5
s). The HA crystals were identified as described [40].

3.3.2 Fourier transformed infrared spectroscopy

The Fourier transformed infrared (FTIR) spectroscopic analyses were performed by using
micro-milled (agate mortar and pestle) mineral powder in an ATR-FTIR
spectroscope/Varian 660-IR spectrometer (Agilent), equipped with a Golden Gate ATR
unit (Specac, Orpington; UK) [15]. Each spectrum represents the average of 100 scans
with a spectral resolution of 4 cm™. Baseline correction, smoothing, and analysis of the
spectra were achieved with the Varian 660-IR software package 5.2.0 (Agilent).
Graphical display and annotation of the spectra were performed with Origin Pro (version

8.5.1; OriginLab, Northampton; MA).

3.3.3 Electron microscopy studies

For the transmission electron microscopic (TEM) analyses the TemCam-F416 (4x4 K) CCD
camera (TVIPS, Gauting; Germany), operated on a Tecnai 12 transmission electron
microscope (FEl, Eindhoven; The Netherlands) at an accelerating voltage of 120 kV, was
used. The equipment was connected with a particle size analyzer (Imagel); 25-50

crystals/spheres were evaluated.

The scanning electron microscopic (SEM) analyses were performed with an SU 8000
instrument (Hitachi High-Technologies Europe, Krefeld; Germany), employed at low
voltage (1 kV) as described [41]. For these studies the cells were grown in the 6-well

plates onto CaP preparations that had been pressed to 1 mm thick disks, with a
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diameter of 34mm, for 3d. The cells, growing on the CaP substrates were fixed with 4%

paraformaldehyde.

3.3.4 Cultivation of Sa0S-2 and human mesenchymal stem cells

The human osteogenic sarcoma cells Sa0S-2 were cultured in McCoy’s medium
(Biochrom-Seromed, Berlin, Germany) supplemented with 2 mM |-glutamine, 15% heat-
inactivated fetal calf serum (FCS), 100 units/mL penicillin and 100 pg/mL streptomycin
[42]. The cells were incubated in 25 cm2 flasks or in 6-well plates (surface area 9.46 cm2;
Orange Scientifique, Brainel’Alleud; Belgium) at 37 oC. Routinely, the cultures were
started with 1x 104cells per well in a total volume of 3 mL. Where indicated, the cultures
were first incubated for a period of 3 d in the absence the mineralization-activating
cocktail (MAC), comprising 5 mM b-glycerophosphate, 50 mM ascorbic acid and 10 nM
dexamethasone to induce biomineralization [43]. Then the cultures were continued to
be incubated for additional 7 d in the absence or presence of the MAC. The HA/polyP
mineral samples (100 pg/mL [HA, CaP] or 10 pg/mL [“aCa—polyP-NP”]), were added to
each well at the beginning of the experiments. Every third day the culture medium was
replaced by fresh medium/serum and, where indicated, also with MAC. The human
mesenchymal stem cells (hMSCs) were isolated using the previously described method;
the experiments had been approved from the ethics committee [44]. Briefly, the cells
were cultivated in a-minimum essential medium ( a-MEM; cat. No. F0915; Biochrom,
Berlin; Germany), supplemented with 20% FCS, as well as with 0.5 mg/mL of gentamycin,
100 units penicillin, 100 ug/mL of streptomycin and 1 mM pyruvate Sigma—Aldrich
P2256). After the initial incubation for 3 d the non-adherent cells were discarded, and

the adherent cells were continued to be incubated with o-MEM/FCS.

3.3.5 Cell growth assay

Sa0s-2 cells were seeded into the 6-well plates at a density of 1x10” cells per well and
cultured for 3 d in McCoy’s medium/15% FCS. 300ug (in 3 mL assays) of the respective
CaP preparation were added per well. Parallel with those samples, polyP as

nanoparticles, ‘“aCa—polyP-NP”’, was tested at a concentration of 10 pug/mL. After a 2 or
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3 d incubation period, the cells were incubated with fresh medium containing 200 pL of
3-[4,5-dimethyl thiazole-2-yl]-2,5- diphenyl tetrazolium (MTT; Sigma M2128) for 4 h in
the dark. Then the remaining MTT dye was aspirated and 200 uL of DMSO were added
to solubilize the formazan crystals. Finally, the optical density (OD) was determined at
560 nm using an ELISA reader/ spectrophotometer [45]. Ten parallel experiments each

were performed.

In a parallel series of experiments hMSCs were incubated with 10 pg/mL of “aCa—polyP-
NP”, or 100 pg/mL each of HA, “HA(2.5) polyP”, “HA(5)polyP” or “aCaP(10)polyP”. Then

the cultures were subjected to the MTT assay.

3.3.6 Quantitative real-time polymerase chain reaction

The Sa0S-2 cells were initially cultivated for 3 d in medium/serum. Then the cultures
were supplemented with either 300 pg (in 3 mL) of the respective CaP preparation, “HA”,
“HA(2.5)polyP”, “HA(5)polyP” or “aCaP(10)polyP”, or with 10 ug/mL of the polyP
nanoparticles, ““aCa—polyP-NP”, and the cultivation was continued for 7 d in the absence
or presence of MAC. Subsequently, the cells were analyzed for gene expression.
Applying the technique of quantitative real-time RT [reverse transcription]-polymerase
chain reaction (gqRT-PCR) the levels of transcription of the two genes, ALP and COL-I
were quantified in Sa0S-2 cells, as described [46]. Applying the technique of
guantitative real-time RT [reverse transcription]-polymerase chain reaction (qRT-PCR)
the levels of transcription of the two genes, ALP and COL-/ were quantified in Sa0S-2
cells, as described [46]. The following primer pairs were used: ALP [alkaline phosphatase;
NM_000478.4] Fwd: 5'-TGCAGTACGAGCTGAACAGGAACA-3’ [nt1141 to Nt1164] and Rev: 5'-
TCCACCAAATGTGAAGACGTGGGA-3' [nt1418 to ntises; 278 bp] and COL-/ [collagen type |;
NM_000088.3] Fwd: 5-GACTGCCAAAGAAGCCTTGCC-3’ [ntso73 to ntsges] and Rev: 5'-
TTCCTGACTCTCCTCCGAACCC-3' [nts1196t0 ntsizs] (124 bp). As the reference the
expression of GAPDH [glyceraldehyde 3-phosphate dehydrogenase; NM_002046.3] Fwd:
5’-CCGTCTAGAAAAACCTGCC-3' [ntgz9 to Ntas7] and Rev: 5-GCCAAATTCGTTGTCATACC-3’

[nt1145 to nti126; 199 bp] was determined. After incubation the cells were harvested and
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the RNA was extracted, which was used for the qRT-PCR determinations, using an
iCycler (Bio-Rad, Hercules, CA, USA). The mean C;values and efficiencies were calculated
by iCycler software (Bio-Rad); the estimated PCR efficiencies were in the range of 93—

103%.

3.3.7 Statistical analysis

After finding that the values follow a standard normal Gaussian distribution, the results

were statistically evaluated using paired Student’s t-test [47].
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3.4 Results

3.4.1 XRD analyses

The phase identification of the ““HA” as well as the polyP-HA particles was performed by
applying the powder X-ray diffraction (XRD) method (Fig. 3.1). While for pure Na—polyP
no distinct diffraction signals can be resolved, indicating an amorphous phase, pure “HA”
as well as “HA(2.5)polyP” and “HA(5)polyP” exhibit broad diffraction peaks indicating
formation of HA with low crystallinity; no other crystalline phase was detected (JCPDS
[http://www.icdd. com/] #09-0432) [48,49]. However, when the amount of polyp
increases to 10 wt.%, as in ““aCaP(10)polyP”, no signs of crystallinity are seen in the XRD
pattern (Fig. 3.1). These results show that the degree of crystallinity of the prepared HA

sample progressively decreases with the increase in polyP content.
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Figure 3.1.

Diffraction patterns taken from pure Na—polyP “polyP” and pure “HA”, as well as from
HA, prepared in the presence of different amounts of Na—polyP, 2.5 wt.% as in
“HA(2.5)polyP”, 5 wt.% in “HA(5)polyP”, and 10 wt.% in ‘““aCaP(10)polyP”. The
respective patterns are given from the bottom to the top. No diffraction signals are seen
for “polyP” and “aCaP(10)polyP”. The diffraction peaks characteristic for HA or
crystalline CaP are highlighted (.
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3.4.2 FTIR spectral analysis

All the spectra for CaP recorded here, like pure “HA”, as well as “HA(2.5)polyP” and
“HA(5)polyP”, showed the HA bandings (Fig. 3.2A, B), except for “aCaP(10)polyP”. As
expected, the absorption bands of HA with high intensity are recorded at 1090 cm™,
1015 cm ™ and 960 cm™, with the symmetric vi (PO,>") and the asymmetric vs (PO,>)
stretching vibrations. In addition, the peaks at 556 cm™* and 604 cm™ are characteristic
bending va4 (PO,>) vibrations. In contrast, the spectrum for “aCaP(10)polyP” shows a
distinct shift of the phosphate absorption band for the symmetric v, (POs>7) and
asymmetric v (PO4*") stretching vibrations in the region between 1100-900 cm™ and
also the v4 (PO4>") harmonics of P = O bending vibrations, which appeared as one peak
centered around 610 cm™. In addition, a wide absorption band within the range from
~3600cm ™ up to 3100 cm ! points onvsand vy with H,0 molecules bonded with
hydrogen for stretching modes. The absorption band at 1629 cm " is attributed to the
deformation mode v, of H,0 molecules, proving the presence of physically adsorbed
water in the synthesized samples. It has been reported that the vibration bands around
556 cm ‘and 604 cmtin the FTIR spectra of CaP reflect the characteristic bending
signals of the harmonic vibration for crystalline PO,>[48] and [49]; shifting of the two
peaks indicate the transformation from crystalline to amorphous phase. This shift is
clearly seen in the pattern of “aCaP(10)polyP”, where the two peaks now show up as
one peak, indicating the amorphous nature of this sample. This finding is also in
agreement with the reported XRD pattern Fig. 3.1. For comparison, the spectrum of
polyP is also included in the CaP tracings (Fig. 3.2). It is apparent that for polyP a peak
near 1261 cm ™! appears that is assigned to the asymmetric stretching mode of (O—P= 0),
characteristics for polyP [50]. The absorption bands close to 1090 cm ™" and 960 cm ™ are
assigned to the asymmetric and symmetric stretching modes of (O—P-0), respectively.
These signals further confirm the presence of polyP. In addition, the absorption band
near 864 cm ' is indicative for the asymmetric stretching modes of the P—-O-P linkages
and the partially split band centered around 763 cm ' should be attributed to the

symmetric stretching modes of these linkages.
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Figure 3.2.

FTIR spectra for “polyP” and “HA”, as well as for CaP samples, in which ortho-phosphate
has been partially substituted by polyP, “HA(2.5)polyP”, “HA(5)polyP” and
“aCaP(10)polyP”. Some vibration bands for COs*” and PO,> are marked; in addition, the
regions for the H,0 and CO, bands are indicated. (A) Wavenumber between 4000 and
500 cm™; (B) Enlargement of the segment 2000-500 cm ™.

3.4.3 TEM and particle size distribution results

The morphologies of the CaP samples were analyzed by TEM. The “HA” sample showed
needle-like nano-crystals with an average length of 39+8 nm and a width of 14+4 nm (n
= 25); Fig. 3.3A. AlImost the same dimensions were visualized in ““HA(2.5) polyP” samples
with a length of 42+10 nm and a width of 945 nm (n = 25); Fig. 3.3B. Slightly longer are
the crystals present in the “HA(5)polyP” preparation with 5612 and 6+3 nm in width (n
= 25); Fig. 3.3 C. In contrast, the CaP preparation, containing the highest proportion of
polyP, “aCaP(10)polyP”, showed particles with different morphologies (Fig. 3.3D).
Instead of needle-like structure spherical particles with a diameter of 70-120 nm (96115
nm; n=25) are resolved. Those particles have the tendency to agglomerate to larger
entities. In both samples, “HA(5)polyP” and “aCaP (10)polyP” the percentage of ACP is,

as a rough estimation, smaller than 20%.
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Figure 3.3.

TEM micrographs of the polyP and CaP particles. (A) “HA” crystals; (B and C)
“HA(2.5)polyP” and “HA(5)polyP” crystals; and (D) “aCaP(10)polyP” amorphous
spherical particles.

3.4.4 Effect of CaP samples and of Ca—polyP nanoparticles on cell
growth

The cell viability (metabolic activity) of either Sa0S-2 cells (Fig. 3.4 A) or hMSCs (Fig. 3.4

B), growing onto the CaP samples, were tested by applying the MTT assay. Those
samples were added at a concentration of 100 pug/mL to the cells. In parallel, an
incubation was performed with 10 ug/mL of Ca—polyP nanoparticles, “aCa—polyP-NP”, a
sample which has been proven to increase the growth rate of the cells and to cause an
increased gene expression of ALP and COL-/ [37, 38]. The results revealed that, after an
incubation period of Sa0S-2 cells for 2 d no significant differences in the growth of the
cells on the different substrates are seen (Fig. 3.4 A). The absorbance values at time 0
are 1.15+0.19. However, after an incubation period of 3 d a significant increase, with
respect to the metabolic activity of HA-exposed cells (1.98+0.21 absorbance units), is

seen for Sa0S-2 cells, growing in the presence of ‘“aCa—polyP-NP” (2.4510.20
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absorbance units), as well as of “aCaP(10)polyP” (2.31+0.25). A similar stimulatory
response is also seen for hMSCs after a 3 d incubation period for “aCa—polyP-NP”
(2.4340.35 absorbance units), as well as of “aCaP(10)polyP” (2.59+0.31), if compared to
the values determined for cultures incubated with HA (1.35+0.21); Fig. 3.4B. Under
these incubation conditions also an increase of the metabolic activity is seen for cells

exposed to “aCaP(2.5)polyP” (2.08+0.29); Fig. 3.4 B. At time 0 the absorbance values are

1.23+0.18.
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Figure 3.4.

Cell growth response (based on the metabolic activity) of (A) SaOS-2 cells or of (B)
hMSCs, cultured onto the different CaP substrates or in the presence of polyP
nanoparticles. The assays contained either 10 pug/1 mL of polyP nanoparticles “aCa—
polyP-NP” (filled bars), or 100 pug/mL of “HA” (open bars), “HA(2.5)polyP” (right hatched
bars), “HA(5)polyP” (left hatched bars) or “aCaP(10)polyP” (cross-hatched bars). After
terminating the cultivation at day 2 (Sa0S-2 cells) or day 3 (Sa0S-2 cells and hMSCs), the
assays were subjected to the MTT assay and the absorbance at 650 nm was determined.
Data represent means * SD of ten independent experiments (P < 0.01); the significant
correlations have been determined for the values, measured for the respective CaP
assays, compared to the HA-exposed cells.

3.4.5 SEM analyses

Cells were cultivated onto either pure “HA” or onto “aCaP(10) polyP” disks for 3 d. Then

the samples were fixed with paraformaldehyde and inspected by SEM (Fig. 3.5). It is
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seen that in both assays the cells firmly attach to the substrate both for the “HA” (Fig.
3.5A, B) and the “aCaP(10)polyP” cultures (Fig. 3.5C, D). At higher magnification the

property of the cells for spreading becomes obvious (Fig. 3.5B, D).

Figure 3.5.

Growth of Sa0S-2 cells onto “HA”(A and B)or onto CaP, containing 10%
polyP,“aCaP(10)polyP” (C and D). The cells (c) are densely covering the material and
show the phenomenon of spreading.

3.4.6 Gene expression propensity of Sa0S-2 cells on CaP

The bone-related Sa0S-2 cells were cultivated initially for 3 d and then transferred into
new medium, lacking or supplemented with MAC and containing also the CaP samples
(100 pg/mL) or the polyP nanoparticles (10 pg/mL). Then the incubation was continued
for 7 d prior to gRT-PCR analyses to determine the steady state level of transcripts for
COL-| or ALP (Fig. 3.6). The determinations revealed that the expression of COL-I at the
time of seeding the cells is low with 0.26+0.07 expression units, related to the
expression of GAPDH. In the absence of MAC and the 7 d presence of the CaP samples
or the polyP nanoparticles the expression level significantly increased after incubation
with “HA(2.5)polyP” (to 0.35%0.05), “HA(5)polyP” (to 0.43%0.05), as well as
“aCaP(10)polyP” (to 0.52+0.06), and, as expected, also for polyP “aCa—polyP-NP” (to
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0.6310.07). With respect to the expression values, measured for the HA-exposed
cultures (0.31+0.045), a significant higher steady-state expression level is seen for the
“aCa—polyP-NP” (0.6310.07), as well as for the “HA (5)polyP” (to 0.43+0.05) and the
“aCaP(10)polyP” series of experiments (to 0.52+0.07); Fig. 3.6A. After stimulation of the
cells with MAC and exposure to all CaP preparations, the steady-state expression levels
of COL-Il increased significantly, if correlated to the level measured for HA-exposed
cultures (0.41+0.05); Fig. 3.6A. Strongest upregulation is seen in cells exposed to
“aCaP(10)polyP” (1.38+0.16) or to “aCaP(10) polyP” (1.0340.11). A comparable inducing
expression pattern is recorded for the ALP gene, if correlated to the reference gene
GAPDH. Again, in the absence of MAC the ALP expression level is lower compared to the
values measured for cells incubated for 7 d in the presence of MAC (Fig. 3.6B). In the
assays without the MAC, but supplemented with polyP nanoparticles (0.17+0.01), or the
“aCaP(10)polyP” sample (0.15+0.03), the increase of the expression level of ALP, with
respect to the level measured in HA-exposed cultures (0.15+0.03), is significant.
However, after exposure to MAC the expression levels for all polyP-containing CaP-
preparations are significantly higher than the one seen during the seeding of the cells.
The elevated values, for the polyP nanoparticles (1.37+0.15), HA (5)polyP” (0.28+0.03)
and for the “aCaP(10)polyP” sample (0.89+0.09) are statistically significantly if

compared to the expression level seen for HA-treated cultures (Fig. 3.6B).
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Figure 3.6.

Steady-state expression levels of the genes, encoding (A) for collagen type | (COL-/) or (B)
for alkaline phosphatase (ALP) in Sa0S-2 cells.The cells are exposed to 10 pg/ 1 mL polyP
nanoparticles “aCa—polyP-NP” (filled bars), or to 100 mg/mL of ‘“HA” (open bars),
“HA(2.5)polyP” (right hatched bars), “HA(5)polyP” (left hatched bars) or “aCaP
(10)polyP” (cross-hatched bars). After the initial incubation for 3 d in the standard
medium/serum, the cells were transferred to culture medium/serum lacking (minus
MAC) or containing MAC (plus MAC). After the 7 d incubation period the cells were
harvested, the RNA extracted and subsequently used for gRT-PCR analyses. The
expression values are given as ratios to the reference gene GAPDH. The results are
means from 5 parallel experiments; P < 0.01. The significance relationship was
calculated with respect to the values from HA-exposed cultures.

3.5 Discussion

The major inorganic bone scaffold is HA. Following the concept of biomineralization,
physiological macromolecules display important control functions during the nucleation
and subsequent growth of the biomaterial, e.g. of HA. In the past, primarily organic
macromolecules have been considered as regulators of these processes [50, 51]. The
studies focused mainly on the following three aspects, concerning recognition sites of
the inorganic—organic interfaces between the template and the inorganic biomaterial: (i)
the electrostatic accumulation of cations, (ii) the structure-giving elements, and (iii) the
stereochemical requirements of the templates for the controlled biomineralization. It

turned out that the surface charge is crucial for seed formation. Focusing on HA,
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negatively charged surfaces are always favorable for a heterogeneous nucleation of HA
in a supersaturated solution, like in “simulated body fluid”, or Kokubo solution [52],
while positive surfaces inhibit nucleation [53, 54]. One major reason for this selection is
that the Ca®* ions accumulate at those negatively charged surface spots with the result
that the adjusting process of supersaturation triggers the bio-seed formation. This view
is supported by the finding that bone sialoprotein, rich in poly-carboxylate (glutamic
acid) groups, and poly(glutamic acid) induces nucleation of HA [55]. However, the initial
transformation reaction(s), resulting in the formation of nuclei for HA/bone formation
is/are still unclear [56]. Those data suggest that HA nucleus formation, preceding HA
crystal growth is the rate limiting step during bone mineralization. HA crystal growth is
driven by the supply of Ca** and PO,>~ ions. Growing evidence is available indicating that
the initial CaP mineral deposit during bone formation is ACP [19]. In turn, ACP is
transformed via a heterogeneous nucleation pathway to HA [57]. Subsequently, a
nucleation-growth-agglomeration process of the HA particles takes place around the
fibrillar scaffold during bone formation. By analyzing the presented results and
according to other studies, the addition of polyP restricts growth along the side faces by
Ca-polyP particles while activating growth along the end direction (c-axis), resulting in a
high aspect ratio of the growth of HA nanorods [58]. When the concentration of polyP
increased, spherical particles were obtained with hollow porous structure. This could be
due to an encapsulation of ACP by polyP, resulting in an inhibition of a transformation to

HA [59]. Here we need further studies on the growth kinetics.

In the recent years it became overt that besides of organic polymers, the physiological
inorganic polymer, polyP (reviewed in:[60]), might play a decisive role during the
initiation, growth and maintenance of biominerals [61, 62]. PolyP was found to supply
ortho-phosphate units to the formation of ACP and subsequently also to the transition
of ACP to HA [60]. This polymer, polyP, is metabolically produced in blood platelets in
the vicinity of bone defects (reviewed in: [61, 62]). In view of earlier findings, showing
that additives, e.g. silica and zirconia, can stabilize the transformation of ACP to HA [63],

we asked if also polyP has this potential. If so, then it is feasible that this polymer will
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cause this delaying effect only in the amorphous phase. Therefore, we introduced a
recently developed method to fabricate nanoparticles/nanospheres from polyP and Ca**
[37, 38]. This particles display morphogenetic activity, e.g. induction of genes, encoding
for a series of collagens and for ALP, as well as an induction of ATP generation in bone
cells [37, 64]. In the present study Na—polyP was added together with CaCl; and
(NH4),HPO,4, the substrates for HA formation in aqueous solution, during the
precipitation procedure. It is well known that Na—polyP is readily chelating Ca** und
forms insoluble precipitates. In turn, addition of Na—polyP to CaCl, and (NH;4),HPQ,,
added in different ratios, will result in a co-precipitation of CaP/polyP mineral deposits.
In the present study it is shown that a content of 10 wt.% polyP prevents the formation
of crystalline HA under simultaneous fabrication of amorphous polyP/HA hybrid

=100 nm sized particles.

The application of crystalline HA, even though being biocompatible, is currently limited
to powders, coatings and porous bodies, and non-load-bearing implants due to the
adverse physical (low solubility) and mechanical properties (brittleness) [65]. Those two
disadvantages can be circumvented if CaP, also in the hybrid form, can be synthesized in
an amorphous phase. It has been proven that implants, coated with thin ACP layers,
show an improved implant fixation, combined with an accelerated bone response [66].
The data presented here revealed that polyphosphated CaP shows, in combination with
cell growth promoting activity a distinct morphogenetic activity. The latter property has
been deduced from the observation that polyP/CaP (“aCaP(10)polyP”), causes a strong
upregulation of the two marker genes for bone formation, collagen type Iand ALP.
Interestingly enough the potency of “aCaP(10)polyP” is comparable to Ca—polyP, at least
under the experimental conditions used and using the bone-related Sa0S-2 cells. The
essential role of COL-I, as matrix and template, during bone formation is well
established [67]. The importance of ALP as an enzyme providing ortho-phosphate to the
osteoblasts for the formation of biomineral is proven [68]. In addition, both COL-
l'and ALP gene expression is a reliable marker for differentiation and proliferation [69].

It is interesting to note that crystalline/sintered HA elicits morphogenetic activity, e.g.
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by inducing the genes COL-Iand ALP, primarily in those scaffolds containing growth

factors, like bone morphogenic protein-2 [70].

The addition of polyP to the substrates for HA particle formation, to CaCl, and
(NH4),HPO,, causes a change in the morphology of the deposits. While the synthesized
HA crystals have dimensions of 39+8 nm to 14#4 nm, similar to those in the
literature[71] and [72], the CaP samples enriched with polyP grow to larger sizes,
42 £10nm to 9 £ 5 nm for “HA(2.5)polyP”, and 56+12 to 63 nm for “HA(5)polyP”. This
increase in accordance with published data revealing that additives to HA usually result
in an increase in the size of the crystal deposits [73]. HA crystals expose ionic phosphate
groups at their surfaces [74] allowing Ca®* to bind and very likely to form also bridges to
the phosphate groups within the polyP chain. This would imply that polyP accumulates
at the surface of the CaP deposits, crystals and spheres. In line with this assumption we
assign the rim of the spherical CaP—polyP (“aCaP(10)polyP”) particles (Fig. 3.3D) to polyP.
The data recently published suggest that polyP and/or ortho phosphate have the

potential to “fuse” with the HA surfaces [75].

In conclusion, we interpret the data gathered here through the following
reactions/interactions (Fig. 3.7). In the presence of the substrates for the CaP deposit
formation, Ca’"and PO,> ions, HA is formed, starting from ACP in a temperature-
dependent transformation reaction [76]; at 37 °C this process would last 60 min at pH
8.0. In the presence of polyP, with a final content of <10 wt.% polyP, “HA(2.5)polyP” and
“HA(5)polyP”, still crystal-like structures are formed that turn to become spherical if the
polyP concentration is >10 wt.% polyP, “aCaP(10)polyP”. The data suggest that around
the CaP crystals, the polyP is linked via Ca®* to the ionic phosphate groups to CaP. Since
the amorphous CaP, polyP—CaP, elicits morphogenetic activity this material is a
promising candidate to be used as artificial bone implant, fabricated from physiological

metabolites/polymers.
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Figure 3.7.

Schematic outlines of the formation of amorphous CaP (aCaP) from the precursors Ca*,
PO,> and OH".The aCaP undergoes maturation to crystalline HA, or in the presence of
<10 wt.% polyP likewise to crystalline CaP (see insert at bottom, showing CaP crystals;
SEM image). If the content of polyP increases to P10 wt.% polyP in the CaP precipitates
spheroidal amorphous aCaP—polyP is formed (see insert at top; SEM image).
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Chapter 4:

High biocompatibility and improved osteogenic potential of amorphous
calcium carbonate/vaterite

4.1 Introduction

Calcium carbonate (CaCQOs), the world largest geochemical reservoir for carbon (1) exists
in three major crystalline polymorphs, as calcite, aragonite, and vaterite (reviewed in:
ref.2). The amorphous calcium carbonate (ACC) is the least stable polymorph of CaCOs
and vaterite the thermodynamically least stable form of crystalline CaCOs. While calcite
and aragonite are common in biological and geological samples, vaterite is metastable
and rare in nature (reviewed in: ref.3). Vaterite is occasionally found in biological
materials, e.g. as skeletal element in the mussel Hyriopsis cumingii and in otoliths
(reviewed in: refs.4,5). It is remarkable that in fish two of the three pairs of otoliths, the
sagittae and the lapilli are composed of aragonite, while the asteriscus are made of
vaterite(6). Biochemical/chemical studies revealed that the mature crystals of otoliths
are metabolically inert crystalline skeletal structures which run in parallel with organic
matrices that vary. This observation suggested that those organics might act as
templates as well as structure-guiding molecules during the deposition of the mineral
phase from the amorphous to the distinct mineral phase (3) The importance of the
organic components as structure and function orientating guide within the skeletal
inorganic deposits has been postulated and finally proven in several biological systems,
e.g. in shell layers of some mollusks (7) or in calcareous spicules from sponges (8). The
crucial role of acidic matrix macromolecules, intimately involved in growth of biological
crystals, has been highlighted already in 1985 (9) and later corroborated multifold, e.g.

in the hic31 framework-matrix protein within the prismatic-layer of H. Cumingii (10).

The basic building blocks of bone comprise, besides of water and collagen, dahllite a

form of carbonated apatite [Cas(PO4,CO3)3(0OH)] (reviewed in: refs.11,12). This crystalline
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mineral is likely to be formed from amorphous calcium phosphate (ACP) (13). Very
recently biochemical and dispersive spectroscopic evidence suggested that it is ACC that
acts as bioseed for the formation of carbonated apatite (14), a process that is
accelerated by carbonic anhydrase(s) (CA), very likely by the soluble CA-Il isoform (14)
and/or the cell-membrane-associated CA-IX (15-17). Based on these evidences the
following three mechanically distinct phases resulting in bone hydroxyapatite (HA)
formation can be distinguished (18); first, enzymatic formation of ACC bioseeds via CAes,
second, non-enzymatic exchange of carbonate ions by phosphate (19) under formation
of ACP and third, transition of ACP to the crystalline phase carbonated apatite/HA. It
should be mentioned that polyphosphate (polyP), which is present in considerable
amounts in the blood and in larger extent in blood platelets, has been implicated as a
phosphate source for the formation of the bone calcium phosphate deposits (reviewed
in:ref.18). From this polymer ortho-phosphate is enzymatically removed via the alkaline
phosphatase (ALP) (20) which might serve as donor for bone mineralization. In addition,
octacalcium phosphate and osteopontin, phosphorylated bone matrix glycoproteins,

have been discussed as precursors of biological apatite crystal formation (21).

In the recent years, bioinspired as well as biomimetic approaches have been undertaken
to develop functional materials capable of promoting bone tissue regeneration. Since
collagen and HA are dominant in bone, biomaterials containing chemical-inducers of any
of these materials or both have been extensively explored in bone tissue engineering
with the hope to accelerate bone regeneration (reviewed in: ref.22). Calcium phosphate
salts in general and HA in particular have been found to be superior as regenerative
materials than their non-mineralized counterparts (reviewed in: ref.23). The application
of ACC as a potential regeneration-inducing/supporting material has been hampered by
the fact that ACC, as such, is not stable. Stabilization of ACC in vivo is regulated by
specialized proteins, often in combination with Mg**, while under in-vitro conditions
non-biogenic additives, like soluble polycarboxylates, again Mg?, triphosphate, or
polyphosphonate species freeze ACC to a relative stable phase (see: refs.24,25); also

freeze-drying has been determined to stabilize ACC (26). In contrast, vaterite is stable
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enough to allow dissociation and in turn might act as a potential ion buffering system
for bone regeneration and by that could modify transformation processes from CaCOs

to HA (27).

In the present study we describe that polyP can stabilize the ACC phase. Previously it has
been reported that soluble Na-polyP, spiked with defined molar ratios of Ca®*, can be
processed to solid nanoscaled nano-/microparticles that remain amorphous(28,29). In
contrast, other polyP based ceramics have been prepared as crystalline materials at high
temperature (30, 31) or as phosphate glass of variable chemical and physical structures
as well as particle morphologies in the microsize range (32). In our procedure, at a level
of 5% [w/w], polyP considerably suppresses the transformation of ACC to crystalline
CaCOs and at a percentage of 10% [w/w] the polymer almost completely blocks this
process. This finding might have important implications since polyP is a natural polymer
which is abundantly present in the circulated blood and also in blood platelets (33, 34).
Added to CaCOs, polyP binds Ca®* to the carbonate group and, by that, interferes with
the transformation process to the crystalline forms of CaCOs. Previously, polyP has been
found to act as a morphogenetically active inorganic molecule on bone cells and induces
their mineralization potency. The present study shows that CaCOs, containing 5 or 10%
[w/w] of polyP, comprises osteogenic potential in Sa0S-2 cells as well as in human
mesenchymal stem cells (MSC) by inducing ALP gene expression. In addition, it is shown
that this calcium carbonate/calcium phosphate hybrid material is biocompatible and

supports regeneration in vivo.
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4.2 Material and Methods

4.2.1 Materials

Na-polyphosphate (Na-polyP) with an average chain length of =40 phosphate units was
obtained from Chemische Fabrik Budenheim (Budenheim, Germany). Poly(p,L-lactide-co-
glycolide) (PLGA; lactide:glycolide [75:25]; mol.wt. 66,000—-107,000; P1941) was

obtained from Sigma (Taufkirchen, Germany).

4.2.2 Preparation of Calcium carbonate microparticles

Ca-carbonate (CaCOs3) was prepared by direct precipitation in aqueous solutions (at
room temperature), using CaCl,#2H,0 solution (#223506; Sigma-Aldrich, Taufkirchen,
Germany) and Na,COs solution (#85195; Fluka-Sigma) at equimolar concentration ratio
between Ca’* and CO5* through rapid mixing. In brief, 20 ml of 0.1 M NaOH was added
to 1.05 g Na,COs and then diluted with 30 mL of deionized water. This solution was
combined with 50 mL of water containing 1.47 g CaCl,#2H,0 and then rapidly stirred,
immediately followed by filtration. The CaCOs; precipitate (termed “CC”) was rinsed with

acetone to dry the solid material; scheme in Fig. 4.1.

To study the effect of polyP on precipitated CaCOs the solution of 20 ml of 0.1 M NaOH
was supplemented with 0.05 g or 0.1 g of Na-polyP to which 1.05 g of Na,COs was added;
subsequently this solution was diluted with 30 mL of deionized water. Then 50 mL water,
containing 1.47 g CaCl,*2H,0, was added. By this, 5% [w/w] (addition of 0.05 g Na-polyP)
and 10% [w/w] (0.1 g Na-polyP) of polyP, respectively, was added to the
CaCOsprecipitation assay. The suspensions obtained were filtrated, washed with
acetone and dried at room temperature. The samples were termed “CCP5” (0.05 g Na-

polyP per CaCOs precipitation assay) or “CCP10” (0.1 g).
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Figure 4.1.

Preparation of calcite and CaCOs supplemented with polyP (scheme). The inserts show
the SEM images of the respective product.
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4.3 Materials characterization

4.3.1 X-ray diffraction analyses

X-ray diffraction (XRD) experiments were performed as described previously (35). The
patterns of dried powders were registered on a Philips PW 1820 diffractometer with
Cuyq radiation (A = 1.5418 A, 40 kV, 30 mA) in the range 29 = 5-65° (A29 = 0.02, At=5s).

The calcite and vaterite phases were identified as described (36, 37).

4.3.2 Fourier transformed infrared spectroscopy

Fourier transformed infrared spectroscopic (FTIR) analyses were performed with micro-
milled (agate mortar and pestle) mineral powder in an ATR (attenuated total
reflectance)-FTIR spectroscope/Varian 660-IR spectrometer (Agilent, Santa Clara, CA),
fitted with a Golden Gate ATR unit (Specac, Orpington, UK) (19). The spectra given
represent the average of 100 scans with a spectral resolution of 4 cm™ (typically 550-
4000 cm™). The baseline correction, smoothing, and analysis of the spectra were
achieved with the Varian 660-IR software package 5.2.0 (Agilent). Graphical display and
annotation of the spectra were performed with Origin Pro (version 8.5.1; OriginlLab,

Northampton, MA).

4.3.3 Scanning electron microscopic studies

Scanning electron microscopic (SEM) analyses were performed with an SU 8000
instrument (Hitachi High-Technologies Europe, Krefeld, Germany), at low voltage (1 kV)
as described (38). The particle size was determined with a particle size analyzer (Imagel);
25-50 crystals were evaluated.

4.3.4 Release of Ca’* from the CaCO; particles

In separate assays 100 pg/ml of either calcite or “CCP10” were added into an Eppendorf
tube containing 1 mL of 1 M Tris-HCI (pH 7.4). After incubating at room temperature for
2h,2d, 3dand 8 d samples of 100 pl were taken, centrifuged and the supernatant
analyzed for Ca** concentration. The determination was performed with the

photometric test kit (Millipore/Merck Chemicals, Darmstadt, Germany; article no.
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100858 “Calcium Cell Test”) as described in the Instructions of the Manufacturer. The

blank values were subtracted from the test assays.

4.3.5 Cultivation of Sa0S-2 cells

The human osteogenic sarcoma cells Sa0S-2 were cultured in McCoy’s medium
(Biochrom-Seromed, Berlin, Germany), supplemented with 2 mM L-glutamine and
enriched with 15% heat-inactivated fetal calf serum (FCS) (39) Antibiotics, 100 units/mL
penicillin and 100 pg/mL streptomycin, were likewise added. The cells were incubated in
25-cm” flasks or in 6-well plates (growth area 9.5 cm?; Corning Costar cell culture plates;
#CLS3516 Sigma) at 37°C. The cultures were inoculated with 1x10* cells/well in a total
volume of 3 mL. Where indicated, the cultures were first incubated for a period of 3 d in
the absence the mineralization-activating cocktail (MAC). Then the cultures were
continued to be incubated for additional 7 d in the absence or presence of the MAC,
comprising 5 mM B-glycerophosphate, 50 mM ascorbic acid and 10 nM dexamethasone
to induce biomineralization (40) The CaCO3z samples (“CC”, “CCP5” or “CCP10”) were
added to each well at the beginning of the experiments. Every third day the culture
medium was replaced by fresh medium/serum and, where indicated, also with MAC.

The cells were subsequently used for the quantification of the ALP gene expression.

4.3.6 Cell viability assay

Sa0S-2 cells were seeded into the 6-well plates and cultured for 3 d in McCoy’s
medium/15% FCS. Where indicated, the cultures were supplemented with 30 pg (in 3
mL) of the respective CaCOs preparation. Then, after a 2 or 3 d incubation period, the
cells were incubated with fresh medium containing 200 uL of 3-[4,5-dimethyl thiazole-2-
yl]-2,5-diphenyl tetrazolium (MTT; #M2128, Sigma) for 4 h in the dark. Subsequently the
remaining MTT dye was aspirated and 200 uL of DMSO were added to solubilize the
formazan crystals. Finally, the optical densities (OD) were determined at 560 nm (14).

Ten parallel experiments each were performed.
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4.3.7 Human mesenchymal stem cells

The expression of ALP was determined, in parallel in Sa0S-2 cells, and also in human
mesenchymal stem cells (MSC). The cells were isolated using previously described
methods; the experiments had been approved from the ethics committee (41, 42). The
deep-frozen, preserved MSCs were thawed, and suspended in 75-cm? flasks. They were
cultivated in a-MEM (Cat. no. F0915; Biochrom, Berlin, Germany), supplemented with
20% FCS supplemented with 0.5 mg/mL of gentamycin, 100 units penicillin, 100 pg/mL
of streptomycin and 1 mM pyruvate (#P2256 Sigma-Aldrich). The incubation was
performed in a humidified incubator at 37°C. After the pre-incubation period of 3 d the
non-adherent cells were discarded, and the adherent cells were continued to be

incubated with o-MEM/FCS.

4.3.8 Quantitative real-time polymerase chain reaction: ALP expression

The Sa0S-2 or MSCs cells were pre-cultivated for 3 d in medium/serum. Then the
cultures were split and incubated either in the absence of any CaCOs (control) or with 50
ug/mL of “CCP5”, “CCP10” or calcite and the cultivation was continued for an additional
7 d in the absence or presence of MAC. Subsequently, the cells were harvested, RNA
extracted and subjected for quantitative real-time RT [reverse transcription]-polymerase
chain reaction (qRT-PCR) as described (43). The following primer pairs were used: ALP
[alkaline phosphatase; NM _000478.4] Fwd: 5'-TGCAGTACGAGCTGAACAGGAACA-3’
[nt1141 to ntiies] and Rev: 5-TCCACCAAATGTGAAGACGTGGGA-3' [ntiss to ntiags;
product size of 278 bp] and as reference GAPDH [glyceraldehyde 3-phosphate
dehydrogenase; NM_002046.3] Fwd: 5-CCGTCTAGAAAAACCTGCC-3’ [ntgy9 to Ntes7] and
Rev: 5'-GCCAAATTCGTTGTCATACC-3' [ntiias to ntize; 199 bp]. The gRT-PCR
determinations were performed in an iCycler (Bio-Rad, Hercules, CA, USA), and the
mean C; values and efficiencies were calculated by iCycler software (Bio-Rad); the

estimated PCR efficiencies were in the range of 93%-103% (39).
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4.3.9 Preparation of PLGA-based implant microspheres

The microspheres, used for the animal experiments were produced as described in
details (44). The implant microspheres lacking CaCOs/polyP were fabricated with 4 ml
of a PLGA/dichloromethane solution (volume ratio 1:5); they are termed “cont-mic”. For
the fabrication of the implant spheres containing CaCOs/polyP, “CCP10” was added to
the PLGA/dichloromethane mixture at a concentration of 20%. The viscous reaction
mixture was pressed through a syringe with an aperture of 0.8 mm. By this approach,
implant microspheres, termed “polyP-mic”, with an average diameter of = 830 were
obtained (see under “Results”). The content of polyP in the microspheres was
determined after treatment of the samples with 1 M sulfuric acid to hydrolyze polyP;
the resulting orthophosphate was determined with ammonium molybdate (#277908;

Sigma-Aldrich) as described (45).

4.3.10 Determination of the mechanical properties

The mechanical properties of the microspheres were determined with a nanoindenter,
equipped with a cantilever that has been fused to the top of a ferruled optical fiber (44,

46). Using this technique the reduced Young’s modulus (RedYM) was determined.

4.3.11 Compatibility studies in vivo

Wistar rats of male gender, weighting between 240 g and 290 g (age: two months), were
included in this study; 3 animals from each group were used. Diet and water were
provided ad libitum during the total experimental period. Prior to surgery the animals
were treated with Ciprofloxacins (Bayer, Leverkusen, Germany) 10 mL/kg of body
weight for antibiotic prophylaxis. Then the animals were narcotized with
chlorpromazine (Smith, Kline, French & Philadelphia, PA)/ Ketamin (Ketanest; Pfizer,
Groton, CT) via intramuscular injection. Following routine disinfection, incisions of =1 cm
were made in the right and left half, perpendicularly to the vertebral axis at the upper
limbs level. Following skin incision, the muscle was incised and dissected to
accommodate the microspheres. The implant microspheres (=20 mg in a volume of 100

uL) were introduced into the muscle and stabilized there in the deeper layer (44, 47, 48).
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After a period of 2, 4, or 8 weeks the animals were sacrificed and the specimens with
the surrounding tissue were dissected and sliced. The samples were inspected
macroscopically for inflammation, infection and discoloration. The samples were fixed in
formalin, sliced, stained with Mayer's hematoxylin (#MHS1; Sigma) and then analyzed

by optical microscopy (with an Olympus AHBT3 microscope) (49).

4.3.12 Statistical analysis

After finding that the values follow a standard normal Gaussian distribution, the results

were statistically evaluated using paired Student’s t-test (50).
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4.4 Results

4.4.1 Effect of polyP on calcite formation: FTIR and XRD spectra

For all CaCOssolids the following FTIR signals were recorded: vi (symmetric stretching) at
=1080 cm%; v, (out of-plane bending) at =870 cm™; v; (doubly degenerate planar
asymmetric stretching) at 1400 cm ™ and v4 (doubly degenerate planar bending) at 700
cm™. The published IR data (36), which were obtained with FTIR/KBr pellets, include
peaks located at around 1400 cm™ (v3), 876 cm™ (v,), and 714 cm ™ (v4) for calcite and
1090 cm™ (v1), 870 cm™ (v5), and 745 cm™ (v4) for vaterite (Fig. 4.2). Our samples
prepared in the absence of polyP are characterized as follows. For calcite the typical
vibration bands 1391, 872 and 712 cm™ were recorded, while the samples prepared in
presence of polyP showed the adsorption peaks at 1398, 869 and 742 cm™ for “CCP5”
polyP as well as the bands at 1398, 869 and 741cm™ for “CCP10” proving the formation
of vaterite. It is apparent that the strength of the signal for vaterite around 741 cm™
decreases at higher content of polyP in the fabricated CaCOs solids, “CCP10” versus
“CCP5”. This is indicative for the formation of ACC. Beside of the CO3* absorption peaks,
the peaks from 1200 cm™ to 950 cm ™ correspond to the absorption peaks of phosphate

in polyP.
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Figure 4.2.

FTIR spectra of calcite as well as “CCP5” (0.05 g of Na-polyP/assay) and “CCP10” (0.1 g of
Na-polyP). The major distinguishing vibration regions/signals for calcite versus ACC, the
vibration range for O-H (around 3250 cm™) and the asymmetric v, line for CO; at
725/712 cm*are circled.

The above result, vaterite to be formed in small portions in ACC solids, was confirmed
with XRD in which the diffraction peaks of the sample prepared in absence of polyP, at
approximately 23°, 30°, 36° and 40°, is given; those signals correspond to calcite. In
contrast, the samples prepared in the presence of polyP (“CCP5") showed peaks at
approximately 24°, 27°, 32° and 44°, which also reflect the existence of vaterite.
Furthermore, these data prove that the CaCOs; solids, prepared in the absence of polyP
were pure calcite (Fig. 4.3A). In contrast, the “CCP5" samples were composed of vaterite
in association with ACC, as can be deduced from the low intensities of the signals and
also the broadening of the diffraction peaks for sample "CCP5" (Fig. 4.3B). In
consequence, the increase of polyP amount, as in “CCP10", causes a decrease

transformation rate of ACC to vaterite. This is evident from the XRD pattern of "CCP10"
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sample which exhibits the amorphous nature of the sample, but also containing small

amounts of vaterite.
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Figure 4.3

XRD pattern obtained from (A) calcite and (B) the two CaCOs preparations, containing
two different concentrations of polyP, “CCP5” or “CCP10”.The characteristic signals are
highlighted and marked with the respective Miller indices, given in parentheses(36).
Please note the different scale of the ordinate captions between (A) and (B).

4.4.2 Morphology of the solids formed

The solids formed by precipitation from CaCl,#2H,0 and Na,COs; were studied by SEM.
The photomicrographs of the particles, formed in the absence of polyP, show the typical
crystalline calcite, the rhombohedral crystals surrounded by {104} faces; (51) Fig. 4.3A, B.
The size of the particles varies between 5.3 to 8.9+2.4 um. In contrast, those solids
formed from CaCl,*2H,0 and Na,CO;s; in the presence of polyP show a different
morphology. At the lower polyP concentration, the “CCP5” particles show a spherical
appearance with an average size of the spherical crystals of 9.4+3.7 um (Fig. 4.4C, D);
we attribute these particles to vaterite. They are surrounded by very abundantly
accumulating small nanoparticles with a size range of 100 to 200 nm, which we assigned
as ACC. Increasing the polyP, as in “CCP10”, the globular particles disappear and are
replaced by penta/hexagonal flake shaped vaterite (Fig. 4.4E, F). High-magnification of
the samples by SEM revealed that those individual large flakes, vaterite crystals, are

formed by numerous globular to platelets-like, mostly ACC, each about 500 nm. The
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latter two morphologies, the globular particles and the flake like particles match
described crystalline vaterite grains (37).In turn, the data (XRD, FTIR and SEM) indicate
that the “CCP5” and “CCP10” particles consist, to a different proportion, of ACC together

with vaterite.

Figure 4.4,

Morphology of the solids formed from CaCl,#2H,0 and Na,COs; SEM analysis. (A and B)
in the absence of polyP calcite crystals are formed. This morphology is changed after
addition of polyP during the precipitation process. (C and D) In the presence of 5% polyP,
the “CCP5” particles show a spherical appearance. (E and F) at 10% polyP, “CCP10”,
thesolids show a platelet-like shape, corresponding to vaterite crystals (Vat).

4.4.3 Effect of CaCO; samples on cell growth/viability

The cell growth/viability of Sa0S-2 cells after exposure to the CaCOs preparations was
determined by applying the MTT assay. The CaCOs; samples were added at a
concentration of 50 pg/ mL. In parallel a control series of experiments lacking any CaCO3
solids was performed (Fig. 4.5). The results revealed that the increase in cell

growth/viability from 0.7040.11 at time O to approximately 1.1 absorbance units after 2
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d and 2.35 units after 3 days changes only non-significantly among the control assays

and the three CaCOs; series (“CCP5”, “CCP10” or calcite).
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Figure 4.5.

Cell viability/growth of Sa0S-2 cells after cultivation for 2 d and 3 d, respectively, in the
absence of any CaCOs solids (control; open bars) or after exposure to 50 pg/mL of “CCP5”
(left hatched bars), “CCP10” (right hatched bars) or calcite (filled bars). After terminating
the cultivation, the assays were subjected to the MTT assay and the absorbance at 560
nm was determined. The absorbance value at time zero is likewise given (grey bars).
Data represent means + SD of ten independent experiments.

4.4.4 Stability of the CaCO; solids in the culture medium

Sa0S-2 cells grow in an adherent manner (52).If the cultures are exposed to either
calcite or “CCP5” solids the growth behavior onto the surfaces of the culture dishes is
similar in assays containing either “CCP10” (Fig. 4.6A, B) or calcite (Fig. 4.6C, D). After 3
d the cells grow almost to confluency. However, it is remarkable that the number of
mineral particles, floating in the culture medium, after this period of time, is strongly
reduced in the assays containing “CCP10” (Fig. 4.6A, B), compared to those seen in
calcite assays (Fig. 4.6C, D). This observation can be taken as an indication that the
“CCP10” particles undergo dissolution during the 5 d incubation period. This finding is
supported by the determination revealing that after 3 d incubation period in simulated

body fluids(53) the amount of calcite particles decreases only by 5-10%, while only 35%
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of the “CCP10” particles can be recovered, as measured on the basis of sedimentable

carbonate (data not shown).

Figure 4.6.

Growth pattern of Sa0S-2 cells in the presence of 50 pg/mL of “CCP10” (A and B) or
calcite (C and D) after a 3 d incubation period. The cells were identified by phase
contrast/Nomarski optics. The CaCOs particles in the assays became visible in the phase
contrast images and are marked (><).

4.4.5 Release of Ca*" from the CaCO; particles

In separate assays either calcite or “CCP10” was added into a 1 mL assay, buffered with
1 M Tris-HCI (pH 7.4). While almost no Ca** is released from the calcite sample, already
6.8+1.1 pg/ml (68% of the total Ca** in the reaction mixture) was released from the
“CCP10” after a period of 48 hr; this extent increases further during the total 192 hr of
incubation (Fig. 4.7).
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Figure 4.7.

Release of Ca®" from the CaCOs particles.“CCP10” or calcite was incubated in Tris-HCI
buffer (pH 7.4) for various time periods and the supernatant was analyzed for Ca®*
concentration. The results are means from 6 parallel experiments; * P< 0.01.

4.4.6 Expression of the ALP in Sa0S-2 cells as well as in MSCs

The morphogenetic activity of the CaCO3 samples towards Sa0S-2 cells as well as the
MSCs was determined in the absence and presence of MAC. Using Sa0S-2 cells it was
determined that in the absence of MAC the expression ratio between the ALP and the
reference gene expression (GAPDH) significantly increases from 0.31+0.9 arbitrary units
to =0.6. Within the sets of experiments without the MAC no significant differences are
measured, irrespectively of the absence (control) or presence of the CaCOs; samples in
the assays (Fig. 4.8A). However, if the expression ratio (ALP:GAPDH) is determined in
MAC activated cells then a significant increase of the ratio to 0.87+0.12 (in the control),
to 1.74+0.23 (“CCP5”) or to 1.86+0.29 (“CCP10”)is measured. In contrast, no response of

the cells in assays with calcite is determined (0.14+0.05).

A similar expression pattern of the ALP, if correlated to the reference GAPDH gene
expression, is found if MSCs are used for the experiments. Again, in the presence of the
MAC a significant increase of the expression ratio is seen assays in the absence of any
CaCOs solid, as well as in the presence of both “CCP5” and “CCP10”. No inducing effect

is determined in cells exposed to calcite (Fig. 4.8B).
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Figure 4.8.

Steady-state expression levels of the ALPgene both in (A) Sa0S-2 cells and in (B) MSCs.
The cells remained without any CaCOs solids (control), or were exposed to 50 ug/mL of
“CCP5” (left hatched bars), “CCP10” (right hatched bars), or calcite (filled bars). After the
3 d pre-incubation period in the absence of MAC the cells were continued to be
incubated in the absence of MAC (minus MAC) or were exposed to MAC (plus MAC).
After the 7 d incubation the cells were harvested, their RNA extracted and subjected to
gRT-PCR analyses. The expression values are given as ratios to the reference gene
GAPDH; the ratios at time zero are in grey. The results are means from 5 parallel
experiments; * P< 0.01; the values are computed against the expression measured in
cells during seeding.

4.4.7 Implant microspheres, used for the animal studies

The control spheres, the “cont-mic” had a size of (<845 um [820+60 um]; n=50), while
those containing polyP were insignificantly slightly smaller (=838 um [816 + 65 um]); Fig.
4.9A, B. The texture of the microspheres surfaces was porous and had pores of 25-30
nm (not shown here). The content of polyP in the “polyP-mic” was 7.2610.92%. The
hardness of the particles (RedYM) was determined with a nanoindenter and found to be

for the “cont-mic” 26.9946.22 MPa and the “polyP-mic” 23.96+5.49 MPa.
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Figure 4.9.

Morphology of the microspheres; (A) control spheres “cont-mic” and (B) polyP loaded
spheres, “polyP-mic”.

4.4.8 Compatibility studies in rats

The implant microsphere samples (20 mg), both “cont-mic” and “polyP-mic” were
inserted in the muscles of the back of rats, as described under “Materials and Methods”
(Fig. 4.10A, B). After 2, 4, or 8 weeks tissue samples with the microspheres were
removed, sliced and stained with hematoxylin solution. In none of the excised
specimens any sign for a histopathological alteration could be seen in all of the three
sacrificed laboratory animals per group both for the “cont-mic” (Fig. 4.10C, E, G) and the
“polyP-mic” series (Fig. 4.10D, F, H). Typical images for the sample sections, stained with
hematoxylin are shown. It is evident that after 2 weeks the regions, where the implant
microspheres had been placed into the muscle, harbor a few cells which are scattered
within the implanted microsphere areas (Fig. 4.10C, D). However, after a 4 (Fig. 4.10E)
and 8 weeks (Fig. 4.10G) stay of the “cont-mic” microspheres in the muscle area the
implant spheres appear to be empty or close to be cell-free. In contrast, within the
“polyP-mic” microspheres already after 4 weeks (Fig. 4.10F) an accumulation of the cells
within the spheres are evident. Even more, after 8 weeks the spheres are almost filled

with infiltrating cells (Fig. 4.10H).
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Figure 4.10.

Implantation of the implant microspheres (A and B) into muscle of the back of a test
animal. (C to H) Cytochemical analysis of the regions around the microspheres after a
period of 2 weeks (C, D), 4 weeks (E, F) and 8 weeks (G, H) of transplantation. The
animals received either “cont-mic” implant microspheres (C, E, G) or implant
microspheres (“polyP-mic”), filled with “CCP10”; staining of the slices was performed
with hematoxylin. Microspheres (mic) and muscle areas are marked (m).
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4.5 Discussion

As any organ in the human body, the skeletal elements are dynamic systems, prone to
anabolic and catabolic processes. In contrast e.g. to the liver, the inorganic components
and especially the crystalline HA part of the bones show a comparably slow metabolic
turnover with the relatively low rate of 2 to 3%/y (45). Basically it can be taken as a rule
that crystalline minerals in an organism are biologically inert; typical examples are
bladder stones that are formed from crystalline creatinine, oxalate, citrate, uric acid,
sulfate, chloride and/or ammonium under supersaturated and acidic conditions (55). In
turn, bone implant materials that should elicit regenerative activity might preferentially
be formed of amorphous material, like e.g. bioactive glass (56). Amorphous precursors
from HA, e.g. ACC or ACP, (57) are metastable phases which give rise to the mature
carbonated and subsequently crystalline HA apatite (reviewed in: ref.12). At
physiological conditions, the turnover of HA is, if at all, very low, while the transition
from ACC to calcium phosphate runs readily and is only dependent on the
substrate/product concentrations (19). In any event, concentration-dependent reactions
in the body are driven enzymatically, since both the process of oversaturation, a result
of active metabolic pumping, and the through put via the flow equilibrium are

energetically coupled to exergonic reactions that are enzyme-dependent.

Recently, distinct evidence accumulated that ACC, as the (presumed) bioseed for bone
mineral formation, is formed enzymatically via CA-Il or CAI-IX (17, 19). The metastable
ACC, readily formed at slightly alkaline conditions, undergoes rapid transformation to
vaterite, and/or aragonite and calcite, unless this reactions chain is not blocked by
inorganic or organic molecules (19). In turn, in the present study we fabricated CaCO3
solids, an ACC polymorph that contains a small amount of vaterite, and assessed their
potential to act as (potential) bone implant material. These CaCOs/polyP deposits retain
the potency to undergo transformation to the stable aragonite and calcite, and
additionally, after exchange of carbonate by phosphate, have the ability to form ACP

and perhaps finally also HA (to be studied). Such an implant material would be superior
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to a biologically inert HA implant scaffold that merely functions as a mechanical place
holder and platform for cells to adhere and to proliferate but not as an osteogenic

material (58).

It is established that parallel with the enthalpy increment, crystallization of ACC to the
other polymorphs (vaterite [=-15 kJ mol™ relative to ACC], aragonite [=-19 kJ mol™], or
to calcite [=-19 kJ mol™]) (59), the solubility of ACC to vaterite, aragonite and finally
calcite drops considerably between ACC and vaterite. In the present study the Na* salt
of the anionic polymer polyP was added to the precursors of CaCOs (CaCl, and Na,COs)
during the synthesis of ACC. This polymer prevented, at a final concentration of 10%,
the transformation process of ACC to its crystalline polymorphs vaterite, aragonite and
calcite almost totally. It has been shown that the CaCOsz polymorph transformation
kinetics, following the Ostwald step rule, from ACC via the first nucleation step, the
metastable spherical vaterite polymorph, then to aragonite and finally to the stable
rhombohedral calcite polymorph, decreases to the same extent as the “impurities” in
the assay increases(60). Such an “impurity” is the morphogenetically active polyP that
prevents the transformation from ACC to the crystalline polymorphs; only small

fractions of vaterite within the ACC solid are formed.

Both the CaCOssolids (61, 62) and the polyP physiological metabolite (18, 62, 63), tested
separately, have osteogenic potential and could serve as constituents of bioactive bone
grafts. In turn, the scaffold developed in the present study exploits not only the
morphogenetic potential of polyP but also utilizes the property of this polymer to freeze
the CaCOs solids at the ACC stage. This material is superior to calcite with respect to the
osteogenic activity; both “CCP5” and “CCP10” are determined to be significant inducers
of the gene ALP, a known marker for bone formation via stimulation of osteoblasts. This
result has been obtained from studies with bone-like Sa0S-2 cells and also with MSC.
Using a CaCOs; formulation with 10% [w/w] polyP, “CCP10”, the release of Ca**, and
simultaneously of COs>, is fast during the first 48 h of incubation, allowing the release

of the biologically active anions COs*” and PO, from the scaffold; the ortho-phosphate
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will be enzymatically and exohydrolytically liberated from polyP (64). In turn, the CO3*
as well as the HCO;3™ anions induce the mineralization process onto bone-forming cells,*
very likely via modulating the efficiency of the HCOs/Cl" anion exchanger, inserted into
the plasma membrane not only of osteoclasts but also of osteoblasts (65). Very recently,
this view has been corroborated by the finding that the baso-lateral anion exchanger
Ae2a,b in differentiating ameloblasts secretes bicarbonates into the extracellular space

under simultaneous deposition of HA/enamel (66).

To assess the biocompatibility of the CaCOs/polyP material in vivo, “CCP10” was
encapsulated into PLGA (“polyP-mic”) microspheres. In parallel, the control implant
spheres remained without CaCOs/polyP (“cont-mic”). Those pearls were inserted in the
muscles of the back of rats. After an observation period of 2, 4, and 8 weeks tissue
samples were taken from the rats and inspected microscopically after slicing and
staining with Mayer's hematoxylin. The inspections show that in the “polyP-mic” series
an advanced repopulation of the implant region with cells became evident after 4 weeks
and 8 weeks, resp. In contrast, the microspheres lacking CaCOs/polyP were devoid of
any cells. From these experiments we conclude that the “CCP10” biomaterial is not only
biocompatible but also supports the cellular regeneration potency of the impaired

implant region.
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Figure 4.11.

Schematic presentation of the process of endochondral ossification and the proposed
phases of bone mineral deposition. After penetration of blood vessels the hyaline
cartilage at the primary ossification centers in the diaphysis starts to calcify (CaCOs
deposits). The formation of spongy bone at the secondary ossification centers in the
epiphyses starts later. Two regions of hyaline cartilage remain the articular cartilage at
the surface of the epiphysis and the epiphyseal plate (growth region) between the
epiphysis and diaphysis. The mineral deposition in the growth region is subdivided into
the following three steps. Phase I: amorphous calcium carbonate (ACC) bioseeds are
formed, a process with might be mediated by the membrane-associated CA-IX. Phase Il
polyP released from platelets undergoes ALP-mediated hydrolysis under formation of
ortho-phosphate that act as phosphate donor for the carbonate-phosphate transfer
reaction. Finally phase lll: the phosphate units are used for the (carbonated) calcium
phosphate formation.

4.6 Conclusion

The recently gathered findings on the CaCOs nature of the bioseeds, the anion exchange
of COs* by PO,>” and the supply of ortho-phosphate from polyP, the following series of
mechanistically distinct processes, describing bone formation, can be sketched. In the
first phase during bone mineral deposition, like in the endochondral ossification, the
cartilage in the metaphysis comprising the growth center between the epiphysis and the
diaphysis of the long bone, calcifies. It is likely that this process of calcification is

enzymatically driven by CA-Il and/or CA-IX. Secondly, platelets which accumulate with
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the osteoblasts both in regions of bone formation and also at bone fracture sites release
polyP into the extracellular space where the polymer undergoes ALP-mediated
exohydrolysis under the release of ortho-phosphate. Thirdly, the available phosphate
units, formed in a spatial vicinity to the bioseed synthesis, serve as the source for the
formation of ACP and ultimately to carbonated HA, Fig. 4.11. Considering this
background, the CaCOs/polyP material fabricated in this paper appears to be a
promising biocompatible and osteogenic scaffold that provides both the substrate for
the bioseed development (CaCO; [COs*]) and for the subsequent transformation to the

calcium phosphate (polyP [PO,>]).
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Extended summary

This part provides a general discussion and conclusions of the overall work presented in
this thesis. Significant contributions of the research are also briefly summarized. Finally,

future directions are presented.

As mentioned before in chapter 1, bone tissue engineering has been emerged as a
potential alternative to the conventional use of bone grafts, due to their limited supply
and problem of infections and disease transmissions [1-3]. While this approach is based
on a deep understanding of natural healing mechanisms of bone tissue, i.e. the
principles of cellular, molecular developmental biology and morphogenesis, it is very
much guided by the development of an artificial extracellular matrix known as a scaffold
[3, 4]. This matrix plays an important role in manipulating and maintaining the functions
of bone forming cells via providing the favorable environments for promoting cell
proliferation and differentiation, and in targeting the cells to the site of the bone defect
in order to initiate tissue regeneration [2, 5]. However, in spite of numerous previous
studies, there is no final conclusive data on which type of materials is the best for bone
tissue engineering scaffolds. Since this important field is still at the infant stage, it needs
extensive work and more detailed analyses to optimize the processing and
characterization methods and to assess the biological response based on in vitro and in
vivo evaluation of the resultant materials. In this context, this thesis represents an
approach to fabricate different biomaterials based on polyP as bioactive degradable
matrices for bone tissue regeneration and to highlight their role in hard tissue

mineralization and associated requirements for effective bone tissue engineering.

In an attempt to exploit the potential of polyP as an inducer for bone formation, a
number of studies have previously shown that exogenously administered
polyphosphate effect cell proliferation and reduce mineralization in a dose- dependent
manner [6, 7]. While the molecular mechanism of action of polyP has not been fully
understood, it has been demonstrated that polyP inhibits crystalline calcium

hydroxyapatite nucleation and growth from solution as long as the polymer is not
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hydrolyzed [8]. However, previous studies have shown that temperature, pH, and some
enzymes enhanced their hydrolytic degradation, decreasing the polyP concentration and
therefore reducing their inhibitory activity [9-12]. Thus, the major challenge concerning
the successful use of polyP is their stability, their ability to be taken up efficiently into
the cell in intact form and the appropriate concentration in the extracellular space [13-

15].

The results in chapter 2 implicate a more active role for Ca-polyP nanoparticles, in
regulating osteogenic cell behavior and biomineralization than Na-polyP. However, the
mechanism of the morphogenetic activity of Ca-polyP resulting in the promotion of
bone mineralization needs further elucidation; most likely they involve multiple

pathways:

» Regulation of the extracellular pools of calcium and phosphate ions, similar to the
chemical composition of the natural bone mineral, in turn modulating osteogenic
cell response.

» Induction of cell differentiation through higher steady-state-expression of
the ALP gene, which is a marker and essential for the mineralization process.

» Activation of osteoblast-like a Sa0S-2 cell that is reflected by an accumulation of
mitochondria and the translocation of the polyP-degrading enzyme ALP to the cell

surface.

In conclusion, our results demonstrate that Ca-polyP nanoparticles can be used as a
smart bioavailable reserve for calcium and phosphate ions and a morphogenetically

active substrate for bone-forming cells during bone formation.

Mineralization of hard tissues, essential for its mechanical properties, involves a well
orchestrated process in which inorganic mineral HA crystals are produced by bone-
forming cells and deposited in precise amounts and arrangement within the bone’s
organic fibrous extracellular matrix [16-19]. By studying the molecular components

involved in this process, scientists gain a more insight into the principles of bone
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formation and its disturbances under abnormal conditions. These research efforts will
change and help us to find out new therapeutic targets for treatment of bone diseases
and complete healing bone defects. Although, the composition of bone as nature
biocomposite material has been known for a long time [18, 20], there is still much doubt
about the chemical and physical identity of building units of the bone matrix. Thus,
finding out the composition and phase transformations of initial products obtained
during calcification, i.e. the entity of the bone mineral immediately after deposition, will

considerably help to understand the basic mechanism of calcification.

Recently, amorphous calcium phosphate (ACP) has been found in human bone matrix. It
is well known that ACP formed as an intermediate phase during the formation of
hydroxyapatite (HA) as well as other types of calcium phosphates [21, 22]. ACP could be
consider as a bone mineral precursor in which it is spontaneously transformed into the
most thermodynamically stable under physiological environment calcium phosphate
phase HA. It is well known that the presence of magnesium, fluoride, carbonate,
pyrophosphate, diphosphonates or nucleotides, at definite amounts, will delay and
inhibit the fast transformation of ACP into hydroxyapatite [23, 24]. Therefore, mimicking
natural mineralization in the laboratory in order to fabricate and develop new types of
calcium phosphate based biomaterials which are thought to be intermediate phases
during crystalline hydroxyapatite deposition, is an attractive target for bone tissue

regenerative therapy.

It has been, in chapter 3, proposed an approach to optimize and modulate nucleation
and growth hydroxyapatite crystal via an in-situ precipitation method in the presence of
polyP. It was found that addition of low concentrations of polyP (<10 wt.%) results in
spindle-like hydroxyapatite crystallites. While at higher polyP concentrations (>10 wt.%)
the formation of crystalline HA was inhibited and amorphous calcium phosphate-polyP
nanoparticles were formed. Further studies revealed that the polyP—CaP particles cause
a strong upregulation of the expression of the genes encoding for two marker proteins

of bone formation, collagen type | and alkaline phosphatase (ALP). Based on their
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morphogenetic activity the amorphous polyP—CaP particles offer a promising material
for the development of bone implants, formed from physiological inorganic

precursors/polymers.

In the same context, one of the challenges in elucidating biomineralization processes is
the ability to identify mineral compositions at the nanometer scale, during tissue
formation and disease [16, 25]. In vitro studies have suggested that carbonated mineral
might be a precursor for deposition of bone apatite [26, 27].Recently biochemical and
dispersive spectroscopic evidence suggest that amorphous calcium carbonate could also
act as a bioseed for the formation of carbonated apatite [28-30]. In this context, chapter
4 describes that polyP can stabilize the amorphous calcium carbonate phase.
Furthermore, the CaCOs/polyP material appears to be a promising biocompatible and
osteogenic scaffolding material that acts as nucleating centers for mineralization

deposition.

Taken together, the thesis highlights the novel function of polyP in mineralization and
paramount importance not only for fundamental biomineralization research, but also
for the design and development of new biomaterials for hard tissue repair and
regeneration applications. Thus, we are optimistic that the incorporation of polyP with
common types of calcium phosphate or carbonates will find many applications ranging
from bone implants to drug carriers which were specially designed to find out the right
surrounding microenvironment for bone regeneration. Finally, with all these materials
at hand further experiments will be performed to determine material degradation
mechanism, cellular uptake as well asin vivo evaluations are required to assess the

potential for clinical application.
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