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Resumo

Os biomateriais bioactivos e bioareabsorviveis podem ser utilizados na cirurgia
renegerativa do tecido Osseo, evitando, desta forma, os problemas associados aos
autoenxertos, tais como a morbilidade do local de recolha e a quantidade limitada de
enxerto ou, no caso dos alloenxertos, a rejeicdo imunitaria ¢ a transmissao patogénica.
Com estes biomateriais, ¢ possivel construir estruturas tridimensionais (3D), que
poderdo ser usadas em diversas aplicacdes médicas de regeneracao do tecido 6sseo e na

engenharia de tecidos.

O objectivo do presente trabalho foi o de desenvolver e optimizar estruturas
bioactivas 3D macroporosas com porosidade aberta e interconectiva, adequadas a
regenera¢do do tecido dsseo, que facilitassem a migracdo de células, ancoramento e
crescimento do tecido 6sseo no seu interior, bem como a neovascularizagdo do novo
0ss0. A preparagdo das estruturas tridimensionais teve por base as técnicas de
biomodelacdo 3D e maquinagem 3D. Estas técnicas apresentam vantagens face aos
métodos convencionais de preparacdo de materiais macroporosos, pois permitem que o
material seja modelado com uma forma adequada ao local de implantagdo, para além de
um maior controlo da porosidade, do tamanho e distribui¢ao dos poros.

Na primeira parte do trabalho, os biomateriais (hidroxiapatite ¢ Bonelike™)
foram preparados em laboratério e caracterizados por diferentes técnicas fisico-
quimicas. Verificou-se que o Bonelike® para além da hidroxiapatite apresentava as fases
secundarias B-tricalcio fosfato (B-TCP) e a-tricalcio fostato (a-TCP), resultantes da
reac¢do entre a matriz da hidroxiapatite e o vidro, durante a sinterizacao, na presenca da
fase liquida.

Posteriormente, as estruturas tridimensionais foram modeladas por computador,
com softwares adequados, ¢ maquinadas através de uma maquina CNC. Foram obtidas
estruturas tridimensionais de Bonelike® com macroporosidade controlada. O tamanho
dos macroporos obtidos apds sinterizacao foi de, aproximadamente, 2000 pm.

Os estudos bioldgicos in vitro foram realizados com culturas de células humanas

da medula 6ssea, que incluem células capazes de se diferenciar em células da linhagem



Ossea. Verificou-se que as células aderiram e proliferaram a superficie e foram
igualmente capazes de migrar através dos macroporos da estrutura. Foram também,
identificadas estruturas globulares mineralizadas associadas as células, demonstrando
que estas se diferenciaram.

Os resultados obtidos indicam que as estruturas 3D de Bonelike® preparadas por
maquinagem 3D com porosidade interconnectiva € macroporos de 2 000 um, permitem
com sucesso a migragdo das células para o interior de todos os macroporos, bem como a

proliferacdo e diferenciacdo das células humanas da medula dssea.



Abstract

Bioactive and bioresorbable materials can be used in bone regenerative surgery,
avoiding autografts limitations, such as donor site morbidity and the limited amount of
the graft or, in the case of allograft, the possibility of immune rejection and pathogenic
transmission. Using these biomaterials it is possible to construct three-dimensional (3D)
structures, which can be used in regenerative bone surgery, as well as scaffolds, for

tissue engineering applications.

The aim of the present work was to develop and optimize 3D bioactive
macroporous structures with open pores interconnected, appropriate for bone
regeneration, allowing cell migration, vascularization and tissue ingrowth. The 3D

structures were prepared using 3D Biomodelling and 3D machining techniques.

These techniques show advantages comparing to conventional methods used to
prepare macroporous materials. With 3D biomodelling scaffolds can be designed and
manufactured according size and conformation of the implant site, with controlled
morphology and porosity.

In the first part of the work, the biomaterials (hydroxyapatite and Bonelike®™)
were prepared and characterized, using different techniques. Bonelike® analysis
revealed the presence of hydroxyapatite, P-tricalcium phosphate (B-TCP) and o-
tricalcium phosphate (a-TCP phases), resulted from the hydroxyapatite matrix reaction
with glass, during the liquid phase sintering process.

Subsequently, a virtual 3D structure model was created and a CNC milling
device machined the Bonelike® structure. The resulting structures showed a controlled
macroporosity and interconnective structure. Macropores size after sintering was
approximately 2000 pm.

The in vitro biological studies were performed using human bone marrow cells,
which contains cells with the capacity to differentiate into bone cells. Cells were able to
adhere and proliferate on 3D structures surface and migrate into all macropores
channels. In addition, these cells were able to differentiate, since mineralized globular

structures associated with cell were identified.



The results obtained showed that 3D structures of Bonelike® prepared by 3D
machining with interconnected porosity and 2000 pm macropore size, allow with
success cell migration into all macropores, as well as the bone marrow cells

proliferation and differentiation.
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CHAPTER 1
1. The Bone

Bone is a specialized connective tissue that forms the skeleton of most
vertebrates. It has the functions to support and protect the internal organs and provide
attachment for muscles, facilitating the locomotion process [1, 2]. Moreover, it offers
protection for blood-forming marrow and it is considered as a reservoir of mineral ions

such as calcium, phosphate and other inorganic ions [3, 4].

1.1. Bone Composition

About 20%-30% (by weight) of cortical bone is organic, 10% is water and the
remainder is mineral [1]. Bone is constituted by bone cells and an extracellular matrix,
which has a mineral and an organic part.

Five main different cells can be found, like osteoblasts, osteocytes, osteoclasts,
lining cells and osteoprogenitor cells, which will be described below [2,5].

The extracellular matrix is a physical support for cells, where they can adhere
and interact. [3] The organic part of this matrix consists of collagen fibres,
predominantly collagen I, the other components are various noncollagenous proteins
such as: osteonectin, osteocalcin, osteopontin, bone sialoprotein, proteoglycans
(decorin, biglycan), glycoproteins (thrombospondin, fibronectin, fibrillin), enzymes
(alkaline phosphate, collagenase), and cytokines [6, 7]. Type I collagen provides a
backbone for the deposition of bone mineral. The bone mineral crystals are aligned with
their long axis parallel to the collagen axis [7]. Collagen fibres are responsible for bone
elasticity, flexibility and the organization of the matrix [8].

Calcium and phosphate are the main components of the mineral part. Carbonate,
citrate, sodium, magnesium, fluoride, hydroxyl, potassium and other ions can be found
but in smaller amounts. The major mineral phase of bone is hydroxyapatite
(Cajo(PO4)s(OH),) (HA) [3, 9]. This apatite mineral is similar in composition and

structure to minerals within the apatite group, which form naturally in the Earth’s crust
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[9, 10]. Collagen and HA are associated and assembled into a microfibrilar composite

[11]. These crystals of HA give bone enough biomechanical strength [12]

1.2. Bone Structure

The adult long bones, anatomically, present a tubular shaft denominated as
diaphysis. In the center of this section, is localized the medullary cavity, filled in with
marrow (Figure 1). Epiphysis is found at each end of the bone. Separating these main
parts is the metaphysis [2]. A fibrous membrane, periousteum, covers bone external
surface (Figure 1). It is composed of dense connective tissue, presenting blood vessels.
The medullary cavity, Havers and Volkmanm channels, and the cavities of cancellous
bone are lined with a thin membrane, endosteum [13].

Bone marrow is divided in yellow and red marrow. The first one, is constituted,
mainly, by adipose tissue. Red bone marrow fills the cancellous epiphysis of long
bones. Large amounts of red bone marrow can also be found in flat bones like those of
the ribs, iliac and skull [2, 14].

In bone marrow occurs the hematopoiesis. So, post-natal bone marrow is
composed of a hematopoietic tissue and a stromal system [2, 15, 16]. Bone marrow
stroma contain several type of cells that support hematopoiesis, including the
mesenchymal stem cells [16].

Mesenchymal stem cells have the capacity of self-renewal and differentiation
into several connective tissue lineages. They can give rise to osteoblasts, chondrocytes,
adipocytes, tenocytes, hematopoietic-supporting stroma and nonmesenchymal cells,
such as neural cells [17].

In addition, two different mature bone structures can be identify
(morphologically or histologically) in different parts of the bone: compact (dense) and
cancellous (trabecular) bone (Figure 2). Both exist in different proportion in several
locations of the skeleton. Cortical or compact bone is highly dense and it is located on
the exterior of the bone immediately underneath the periosteum. This type of bone is
organized in cylindrical units, Haversian systems or osteons, and forms diaphysis of

long bones.
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Figure 1 — Long bone anatomy [18].

Concentric layers called lamellae, composed by mineralized collagen fibres,
constitute osteons. Lamellae are arranged in concentric rings around Haversian canal
which has blood vessels, nerves and lymphatic vessels. Bone tissue has
intercommunicating pores systems constituted by canaliculi (small canals), lacunae
(spaces) and Volksmann's canals which connect with Harversian canals. This bone is
not remodelled so often as trabecular bone [1, 2, 13].

Trabecular or cancellous bone is porous and sited in the interior of bone. It is
present in the epiphysis and has a lacunar-canalicular network to transport metabolic
substances, as the compact bone. Nevertheless, this bone is organized in the form of thin
interconnecting spicules and not in a Haversian system. Bone turnover occurs with

great frequency [1, 2, 8, 13].
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Figure 2 — Constitution of compact and cancellous bone [19].

1.3. Bone Cells

Five main different cells can be found in bone, such as osteoblasts, osteocytes,

osteoclasts, lining cells and osteoprogenitor cells [2].

Osteoblasts

The first ones are mononuclear cells and their function is to synthesize the
organic matrix and participate in mineralization of osteoid (unmineralized ground
substance). An osteoblast has a prominent Golgi apparatus, typical of a protein-
producing cell. So, they secrete collagen type I and noncollagenous proteins of the
matrix [5, 6].

Osteoblasts are derived from mesenchymal stem cells. According to
morphological studies, osteoblastic cells are categorized in a presumed linear sequence
progressing from osteoprogenitors to pre-osteoblasts to osteoblasts and finally to

osteocytes and lining cells [6, 20].
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Factors such as bone morphogenetic proteins (BMPs) and transcription factors
(Cbfal) mediate and regulate the induction of mesenchymal stem cells into osteoblastic
cells [20, 21].

When cells have committed to the osteoblastic lineage, they progress through
three different developmental stages of differentiation: proliferation, matrix maturation,
and mineralization (Figure 3). Genes are expressed during these stages and have been
identified in vitro. In general, histone H4 and type I collagen peaks occur at
proliferation stage. Alkaline phosphate peak occurs during matrix maturation, while
osteopontin and osteocalcin peaks occur in the late matrix maturation or early

mineralization phases [5, 6]

Proliferation Matrix maturation Mineralization

o s 10 15 20 25 30
Days in culture
Figure 3 — The three principal periods of the osteoblast development in culture and the

temporal expression of genes characteristic of this process. H4, histone; COL I,

collagen; OP, osteopontin; AP, Alkaline phosphate and OC, osteocalcin [6].
Osteocytes
During matrix deposition, osteoblasts can be trapped in osteoid. They became
osteocytes, surrounded by bone matrix or osteoid [2]. Osteocytes are in lacunaes and

communicate with each other, and with blood vessels, throught minuscule canals,

canaliculi, filled with cytoplasmatic projections. They are responsible for the
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maintenance of bone matrix (synthesize and resorb matrix to limited extent) and the
rapid release of calcium and phosphorous from mineralized bone into the blood [1, 2,

51.

Osteoclasts

Osteoclasts are responsible for bone resorption. They are multinucleated cells,
originated from hematopoetic tissue with common differentiation pathways with
macrophages [22].

Osteoclasts have multiple circumnuclear Golgi stacks, abundant lysosomal
vesicles and a high density of mitochondria. Bone degradation begins when these cells

attach a region of the matrix and dissolve bone [4].

Bone lining cells

Bone lining cells are present on bone surfaces where is not occurring bone
formation or resorption. They are flat, elongated, relatively and only a few cytoplasmic
organelles can be found [4]. Their function is to cover and protect bone surface. These
cells and osteoblasts are originated from osteoprogenitor cells [8].
Osteoprogenitor cells

This type of cells can be found in the deepest layer of the periosteum, in the

endosteum and bone marrow [3,16].They are recruited to repair bone defects, undergone

differentiation.[3]

1.4. Bone Formation and remodelling

The ossification of skeleton occurs by two primary process: intramembranous
and endrochondral. Intramembranous ossification occurs, predominantly in the cranial

facial bones and parts of mandible and clavicle, where mesenchymal cells condense and
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differentiate directly into osteoblasts. In most of other bones in the skeleton, enchondral
bone ossification occurs, whereby mesenchymal cells condense to form a cartilage
matrix [1, 5]. Upon vascular invasion of the cartilage template, the chondrocytes are
removed and replaced by osteoblasts and osteoclasts. While the osteoclasts degrade
cartilage, osteoclasts produce a bone specific matrix [1, 20].

Bone remodelling is the dynamic physiologic process by which bone mass is
maintained constant throughout adult life in vertebrates. Bone remodelling consists of
two phases: bone resorption by osteoclasts followed by bone formation by osteoblasts,
and it occurs continually and simultaneously at multiple locations in the skeleton [20].

Bone resorption begins when osteoclasts attach to a site on the bone surface and
remove bone by acidification and proteolytic digestion [7], creating a resorption pit.
Sequentially, osteoblasts move in and fill the pit with organic matrix, which will be
mineralized later. This process allows mineral ion homeostasis and it is regulated by
various hormones, like parathyroid hormone, calcitonin, vitamin D, and estrogen [8].
Bone remodelling occurs due to the successive cycles of removal and replacement [4,

20].

1.5. Bone Healing

The bone fracture or the implant placement result in the loss of continuity of
bone tissue at the site of injury and it is associated to the damage of the surrounding
tissues. In both cases, the healing is a complex process that involves a multiple of
cellular and extracellular events [21, 23].

Bone healing can be influenced by several factors like the bone type (cortical or
trabecular), location and severity of trauma, species and age. Nevertheless, the outcome
of successful healing is the reconstruction of tissue continuity [21].

In each case (fracture or implant) ligaments, muscles or blood vessel are
damaged. The last one results in hemorrhage. Hemorrhage caused by the fracture or
implant procedure results in the activation of the coagulation cascade and the final
formation of a blood clot or hematoma. [21, 23] After hematoma, follows an acute

inflammatory response. Inflammatory cells (macrophages, monocytes, lymphocytes,
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and polymorphonuclear cells), fibroblasts and endothelial cells infiltrate the bone.
Necrotic tissue and foreign bodies are removed by leukocytes. Next steps are the
deposition and formation of granulation tissue, angiogenesis, and migration of
osteogenic population (Figure 4) [21, 23, 24]. These cells are going to proliferate and
differentiate, invading the bone chamber, or spread over the surface of bone (or
implant)[21, 25]. At a final stage, the bone is restored to its original shape, structure,
and mechanical strength. Much of the normal healing process is driven by growth

factors and cytokines [23, 24].

time scale
minutes hours 3-5 days 6-8 weeks

Acute inflammatory response;
Activation of immediate early
Genes and signalling cascades

Production of growth
and differentiating
factores and citokines

Arrive of osteogenic
population to site,
expression of BMPs,
angiogenesis

R ——
Fracture healing complete

Figure 4 - Biochemical response to bone fracture [23].

1.6. Bone grafts

Medical problems can emerge from bone trauma, diseases and ageing. In order
to solve these problems, autografts (autogenous bone), allografts (from human donnors)
and xenografts (animal bone) have been used in bone surgery [26, 27].

Autografts is a tissue which is transplanted from one site, called donor site, to
another called recipient site, on the same patient [28]. They are chosen due to their
biological and physicochemical properties [29]. Cancellous and cortical bone, are

usually implanted fresh, providing a source of osteoprogenitor cells and being
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osteoinductive, osteocondutive and osteogenic. Nevertheless, these bone implantations
show several limitations such as limited availability [29, 30], high post-operative pain
and morbidity at the implant site [26].

Allografs are tissue transplanted from another member of the same specie [28]
But it have also disadvantages such as the risk of viral transmission (HIV, Hepatitis),
limited donor bone supply and requirement for immunosuppressant drugs [29, 30].

Xenografts are tissue transplanted from another specie donor. They can give rise
to unfavourable immune response and viral or prion contamination. Due to these
aspects, synthetic biomaterials have been developed [6, 28-30]. In summary, bone-
derived grafts still have several limitations, and new synthetic materials have been
developed and applied in Medicine. These materials can be an alternative to the use of

autografts, allografts or xenografts for tissue reconstruction and regeneration.

2. Bone Tissue Engineering

Man-made materials have been developed to interface living host tissue, called
biomaterials. These biomaterials used as bone grafts, are an alternative bone-derived
graft avoiding the problems related to this kind of solutions. They have the advantages
of availability, reproducibility and reliability [30].

In this context, occurs the development of a emerging field of science called
Tissue Engineering (TE), which can be defined as “an interdisciplinary field of research
that applies the principles of engineering and the life sciences towards the development
of biological substitutes that restore, maintain, or improve tissue function” by Langer
and Vacanti [31].

Tissue engineering uses three-dimensional scaffolds that help in the repair of
the missing or damaged bone tissue, providing temporary 3D matrix for new tissue
formation, [6, 31] recruiting surrounding host cells. They can also, deliver cells or
bioactive factors to the bone defect site [31]. Scaffolds of different materials and

architectures were created in order to promote a better and faster bone replacement. So,
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scaffolds for wuse in bone tissue engineering must have several

characteristics/requirements such as:

- Compatibility with human body, which means this must not elicit an
unresolved inflammatory response nor demonstrate extreme immunogenicity
or cytoxicity. This requirement is applied to the intact material and for
degradation products [32].

- Biodegradability and bioresorbability with controllable degradation and
resorption rates similar to tissue replacement; [31, 32-34]

- Osteoconductivity, osteoinductivity and osteogenecity [31].

- Adequate surface properties (chemistry, topography and surface energy)[35];
Surface chemistry and topography must be proper for cell distribution,
attachment, proliferation, and differentiation; The ability of cells to adhere to
the materials and the protein interactions are closed related with these
properties[33, 34, 36].

- Three-dimensional (3D) structure with interconnected porosity to allow cell
migration, tissue ingrowth, vascularization, flow transport of nutrients and
metabolic waste [32, 33].

- Adequate mechanical properties [35]. Scaffolds must resist to the physical
and chemical stresses of the host body, maintaining the structural integrity
and the internal architectural stability [33].

- Adequate anatomical fitting [33], the shape and size must be adequate to the

implant site [37].

2.1. Biomaterials

Biomaterials can be polymers, metals, ceramics, natural materials and composite
materials (at least two different types of materials combined together) [3]. Although, the
most common biomaterials used in bone tissue engineering scaffolds are polymers,

bioceramics and composites, due to the controlled biodegradability [32, 38, 39].
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2.1.1. Bioceramics

Ceramics are defined as inorganic, non-metallic materials which consist of
metallic and non-metallic elements bonded together primarily by ionic and/or covalent
bonds [40]. This type of materials has been used by humans for centuries. Although,
more recently, they have been used to improve our quality life, helping in the repair and
reconstruction of damage parts of the body (implants, prostheses, prosthetic devices).

All the bioceramics when are implanted in the body elicit a response of the host
tissue, and both can suffer physical and/ chemical modification [28]. So, bioceramics
can be divided in three different types based on different attachments and interactions
between the implant and the tissue.

Bioinerts (or nearly inert) are bioceramics that are stable, almost biological
inactive [41, 42]. These kinds of implants give rise to the formation of a non-adherent
fibrous capsule at their interface. For example, Al,O3; or ZrO; fit in this class of
bioceramics, developing a morphological fixation with tissue. Interfacial movements
can occur and the implants may become loosen quickly [41].

Biodegradable or resorbable materials degrade gradually with time and are
replaced by natural tissues. These are the ideal bioceramics, because they stay inside the
body just the necessary time to the regeneration of tissue. [41-43]. However, the
resorption rates must be similar to the repair rates of body tissues. In addition, they have
to give mechanical support (strength and stability) in the early stages of bone healing.
Later, the load will be transferred to the new replacement tissue. [32, 41] The
degradation can be due to: the solubility of the material and local pH (physicochemical
dissolution); fragmentation into small particles; and biological factors (biological
dissolution) [28]. Successful examples of this kind of materials are B- tricalcium
phosphate (B-TCP) and some bioactive glasses [41, 44].

Some bioceramics present bioactivity which may be defined as the “ability to
elicit a specific biological response that results in the formation of bond between the
tissues and material” [3]. They are called bioactive ceramics and include HA, some
composites such as polyethylene-HA, some glasses and glass-ceramics. All the

bioactive implants form a hydroxyl-carbonate apatite layer on their surface in simulated
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physiological solutions. This layer is similar in composition and structure to the mineral
phase of bone. The interfaces between bone and tendons and ligaments are quite similar

to the interface between bioactive implant and bone. [41-44]

2.1.2. Hydroxyapatite

Calcium phosphate ceramics have been applied to repair damage parts of bone
tissue. Different phases of calcium phosphate can be used for medical application, but
hydroxyapatite (Cajo (PO4)s(OH),) (HA) (Figure 5), has been widely used due to its
bioactivity and to its crystallographic similarity to bone and dental tissues[8,45,46]. It
belongs to the apatite group of minerals and its Ca/P ratio is 1.67. HA crystallizes into
hexagonal system and has the unit-cell dimensions a = b =9.418A and c= 6.884A [10,
47].
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Figure 5 — HA structure [10].

2.1.3. Substituted apatites

Minerals are characterized by a unique combination of compositional and
structural parameters. Nevertheless, the exact composition and structure of a mineral are
somewhat flexible because they allow chemical substitutions. Comparing to the most

other minerals, apatite is more flexible. These chemical substitutions slightly change the
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structure of a mineral and often have effects on mineral properties, such as solubility,
crystallinity, hardness, brittleness, strain, thermal stability, and optical properties (for
example birefringence)[9].

In the same way, many ionic substitutions can occur in the apatite lattice
changing the lattice parameters, morphology and are also critical to its crystallite size
and dissolution rate [9, 42]. Chemical substitutions take place in the positions of the
ions Ca*", PO,” groups and OH groups. For example, the F~ can substitute OH™ causing
an contraction in a-axis, which results in the increase of the crystallinity and stability.
As consequence, flourapatite is less soluble then HA. On the other hand, carbonate
COs” group, can substitute either hydroxyl OH or the phosphate group PO, [41-43].
The first type of substitution results in the contraction of c-axis, and the second type of
substitution results in the opposite [42].

Biological apatites (human enamel, dentin, bone and some pathological
calcification) are different from pure HA in some characteristics, such as stoichiometry,
composition, crystallinity and other physical and mechanical properties. These apatites
frequently are calcium-deficient and always carbonate substituted. In a general way,
carbonate CO5”” groups can substitute phosphate group PO4> and Ca®" is substituted for
Na' to balance charges. Small contents of other ions such as K, Mg%, F, CI can also

be found in this kind of apatites [8,41,42,48].

2.1.4. Other calcium phosphates

Calcium phosphates can be classified by their Ca/P ratios. In general, different
Ca/P from 2.0 to 0.5 can be synthesized mixing calcium and phosphate ion solution
under acid or alkaline conditions (Table 1) [3]. Related calcium phosphate phases can
also be used as bone grafts, like tricalcium phosphate (Ca3(PO4), )(TCP). Two forms of
TCP exists, 0-Caz(PO4), (a-TCP) and B-Caz(PO4), (B-TCP) [3,47]. The dissolution rate
of the several calcium phosphates is different depending of their Ca/P ratio. The extent

of dissolution decreases following the order: a-TCP >B-TCP >HA [3, 81].
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Table 1- Calcium Phosphates ceramics with their calcium phosphate ratios [3].

Ca:P Mineral Name Formula Chemical name
Dicalcium phosphate
1.0 Monetite CaHPO,
(DCP)
) Dicalcium phosphate
1.0 Brushite CaHPO,4.2H,0
Dihydrate(DCPD)
Octocalcium phosphate
1.33 Cag(HPO4)2(PO4)4. SHQO
(OCP)
1.43 Whitlockite Ca;o(HPO4)(POy)s
Tricalcium phosphate
1.5 Ca;(PO4)2
(TCP)
1.67 Hydroxyapatite Ca;y(PO,4)s (OH),
2.0 CayP,0q Tetracalcium phosphate

2.1.5. Glass reinforced HA (Bonelike®)

In order to develop more effective scaffolds new composite materials emerge, as
Bonelike®, where HA is reforced with CaO-P,Os glass, prepared by a liquid-phase
sintering route [49]. lons from glass are involved in ionic substitutions that can occur in
HA lattice, when the liquid glassy phase reacts with HA [50-52]. Consequently, this
new material has a composition more similar to inorganic mineral part of bone, showing
a higher bioactivity when compared to single phase HA [50,53,54].

The incorporation of glass incite the decomposition of the HA part to a
secondary phase, B-TCP. Successively, at higher firing temperatures this phase change
to o-TCP [50]. These secondary phases, improved the mechanical properties of
Bonelike® [49, 53, 55] and are known to have a higher dissolution rate than HA. Due to
this, Bonelike® can be used in medical applications which require higher degree of
dissolution and faster healing process [52, 54-56].

The secondary crystalline phases that can occur in Bonelike® are dependent of

the content of glass, composition added and the sintering conditions [54].
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2.1.6. Medical applications

Calcium phosphate-based bone grafts have been used in hard tissue surgery [53]
such as craniofacial, oral/maxillofacial, orthopaedic and dental surgery [3, 10, 28]. The
bioceramics used, can have different forms (granules, porous or dense bodies and
cements) and shapes (for example spherical, polyhedral, platelike) depending on the
surgical application [10, 28]. For example, granules can be used to fill bone defects or
voids of tumours or cysts. Polyhedral blocks can be used to support long bone fractures

or in spine union cases [10, 54].

2.2. Porous bioceramics

Porous bioceramics in general, promote the ingrowth of tissues into pores
(biological fixation), providing a large interfacial area between tissue and the implant,
due to their surface porosity. The idea of this kind of materials is to prevent loosing of
implants, improving mechanical fixation of the material in the implant site [41, 58, 59].

Porous sizes that can be found in normal bone are in the range of 1-100um.
Small porosities like canaliculi or smaller lacunae size is between 1 to Sum. On the
other hand, osteocytes lacunae and Volksmann's canals have 5-15 um and the larger
ones Haversian canals, present diameters between 50-100 um [60]. Therefore, pores
size larger than 100um is necessary for cell migration and attachment and for capillaries
provide blood and nutrition to the ingrown tissue [41, 60]. Pores must also be
interconnected to allow cell migration, circulation of water, nutrients, gases [61] and the
removal of metabolic waste [58].

Porous bioceramics can be prepared from different ways for biomedical
applications, like conversion from natural structures and completely synthetic
techniques [59, 61-64]. The first ones start with a natural porous structure, like a coral
[65, 66] or trabecular bone [67, 68], which is converted to the final composition,
maintaining the original structure [59]. Other conventional methods, completely

synthetic, had been used for creating porous, such as foaming techniques (foams and
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sponges) [69, 70] and introduction of porogenous substances (organic additives, salts)
[71, 72].

In a general way, foaming techniques use polymeric foams or sponges. They are
mixed with the material (for example HA slurry). After that, the mixture is dried and is
heated up to a convenient temperature, in order to burn-out the foam or sponge. These
techniques allow the fabrication of HA with an open-pore structure [69, 70, 73].

In the other technique, different porogenous substances like organics additives
[64] (for example potato starch, organic polymers, almond crust) or salts (sodium
chloride NaCl) can be mixed with ceramic material, leaving a macroporous structure
after the right treatment [52, 74].

The substances used in some of these methods can leave residues. These
particles may damage cells and nearby tissues [75]. Another problem of conventional
methods is the uncontrolled porosity and shape generated (Figure 6a) [76]. In this thesis,
it was decided to use techniques that allow fully control of the porosity (pore size, pore
shape, pore distribution, pore interconnectivity and density) [37, 58] and avoid the
impurities. Furthermore, scaffolds should have a defined architecture with right shape to
a specific implant site. All these requirements can be accomplished using 3D

Biomodelling techniques Rapid prototyping (RP) and 3D machining.

Figure 6 — Uncontrolled porosity produced by a conventional technique (a) [74] versus

controlled porosity produced by rapid prototyping (virtual image) (b) [77].
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2.3. 3D Biomodelling

In this thesis is proposed a revolutionary way for the development of new
scaffolds using 3D Biomodelling. Biomodelling is a term used to describe “the ability to
replicate the morphology of a biological structure in a solid substance”. The
morphological data is processed by a computer which generate a code necessary to
construct a physical model, through prototyping techniques [78]. Morphological and
anatomical data from patients can be captured using radiant energy (3D medical
imaging scan). As result, the 3D physical models can show particular anatomical sites
with great complexity due to trauma, ageing and tumor diseases, enhance the medical
diagnosis quality. These models can be very helpful for surgical planning or act as an
aid during surgery, diminishing surgical risks for patients [31, 78, 79]. 3D scaffolds can
also be designed and manufactured according to the morphology of the tissue, size and
conformation of the implant site. In summary, 3D Biomodelling can give the correct
anatomic design, contour, biofunctionality and morphology (macro-microporosity) of
the bone defect areas allowing the construction of adequated scaffolds, prostheses and

3D physical models [80].

2.3.1. Prototyping techniques

The more current traditional technologies to manufacture archetypes in the most
diverse materials are: manual modelling, build maquettes, carpentry of moulds and
conventional computer numerically controlled (CNC) machining [81]. More recently,
about 12 years ago, emerge rapid prototyping (RP) [82, 83].

CNC machining can be used to construct 3D scaffolds. It consists of the removal
of material, from an initial block, until getting the final desired form [81].

Numerical control (NC) is the method of giving instructions to a manufacturing
machine based on a code of letters, numbers, and special characters [84, 85]. The
machine responds to a program (complete set of coded information for executing an
operation) which is translated into corresponding electrical signal for input to motors

that run the machine [84]. The instructions can be the positioning of the machine
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spindle relative to the workpiece (movement along axis directions) or controlling the
speed and direction of spindle [85]. A CNC machine is an NC machine with the added
feature of an on-board computer [84].

Rapid Prototyping (RP) includes several technologies that are able, from 3D
computer data sets, to produce 3D physical models [58, 59, 77]. Some of these
fabrication techniques have been used for medical applications, such as
Stereolitography (SLA), Selective Laser Sintering (SLS), Fused Deposition Modeling
(FDM) and 3D Printing, where the physical structures are build through a layer-by-layer
additive process [34, 58, 87].

A computer, through adequate software, designed the macroporosity of the
scaffold developed in this work, and a CNC milling machine constructed scaffold
through a material removal process. The aim is designing a porous calcium-phosphate

ceramic with accessibility for bone forming cells.

3. General aspects of Cell cultures

3.1. Cell adhesion, proliferation and differentiation

In biomaterials domain, bone cell adhesion involves first the attachment phase
where physico-chemical linkages between cells and materials (ionic forces, van der
Walls forces, and so on) are established in a very quick time. Then, the adhesion phase
occurs involving several biological molecules, like extracellular matrix proteins, cell
membrane proteins and cytoskeleton proteins. The quality of this phase is going to
influence the cell’s capacity to proliferate and differentiate in contact with the material
[88].

Cell proliferation is related with cell cycle, which is regulated by signals of the
environment. Through this cycle of duplication and division, genetic information is
copied and passed to the next generation of cells [89]. The animal cell cycle is divided
in four phases: Interphase which includes Gy, S, G2 phases and M-mitosis phase (Figure
7).
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Figure 7 - Cell cycle divided in Gy, S, G2, M-mitosis, Gy phases [90].

During all interphase, cell transcribes genes, synthesizes proteins and grows in
mass. The S phase is characterized by nuclear DNA replication. Gjand G, phases
provide time to cells prepared themselves for initiate mitosis and duplicate their
cytoplasmatic organelles. During the stage M - mitosis, the cell’s chromosomes and the
other cellular components are divided between the two daughter cells. Cells can enter in
an extended G; (also called Gy phase or state of quiescence) when temporarily or
reversibly stopped dividing [89, 91].

Senescence occurs due to intrinsic factors that regulate the cycle such as p53
proteins and the inability of telomeres to replicate at each cell division. They become
shorter until reach minimum length, and cells can no longer divide [92].

Differentiated cells have limited capacity to proliferate, so they normally do not
contribute to the formation of the primary culture. The proliferating cells are in the
origin of this culture. Giving the correct conditions, undifferentiated precursors may
propagate and differentiate following the desired pathway (Figure 8). To promote the
differentiation it is required high cell density, enhanced cell-cell interactions and cell-

matrix interactions and the presence of several differentiation factors .This will require a
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selective medium, supplemented with factors that favour differentiation, such as -

glycerophosphate and dexamethasone (Figure 8) [6, 92-94].

Dex-independent
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Figure 8 - In vitro Osteogenic induction of mesenchymal stem cells by dexamethasone
(Dex) and B-glycerophosphate (BGP) [94].
3.2. Cell culture methods

Cells can be removed from original organs or tissues and placed into an artificial
environment where can be maintained. Typically, a suitable glass or plastic vessel with
a liquid or semi-solid medium characterizes the artificial environment. The medium
provides necessary nutrients for survival and growth [95].

Two main methods are used to initiate a culture:

- A small fragment of tissue can adhere (primary explant culture) to a glass or
plastic surface, promoting cell migration, also known as outgrowth [92, 93].

- Tissue sample can be disaggregated (mechanically or enzymatically).
Consequently, normal relationships between cells is also disrupted [92, 95].With this
last method larger cultures are obtained more rapidly when compared with explant
culture. Although, explant culture present advantages when cells are very fragile or only
small fragments of tissue are available [93]

Two basic systems can be used for growing cells: monolayer culture system or
suspension culture system. In the first system, cells are cultured on a solid or semi-solid
substrate, and the proportion of cells capable of attachment forms an adherent
monolayer (anchorage-dependent). The cells capable of proliferation will be selected at
the first subculture, and may give rise to a cell line [93, 95]. Suspension culture are used
when cells can proliferate without attachment (anchorage-independent) like

hematopoetic cells, cells from malignant tumours or transformed cell lines [92].
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After the monolayer culture is establish confluence is reached when all the
available growth area is utilized and cells make close contact with one another. High
cell density can inhibit proliferation as well as change cell shape [93, 96]. To avoid this,
passages can be made to keep a low cell density. To subculture a cell line, cells have, in
first place, to be dissociated from the substrate and from each other, usually using
trypsin, prontase, dispase or collagenase [93].

The majority of cell lines can be propagated in an unchanged way during a
limited number of generations [96]. Finite cell lines undergo through limited passages,
reaching senescence [92]. Continuous cell lines have the ability to grow continuously
[93]. The transformation in vitro to this kind of cell line can occur spontaneously, or be
induced by virus or chemical substances. These cells can also be obtained from tumour
tissues [96].

Each time that a cell line is subcultured, immediately after seeding, cells enter in
a latent period (Lag period). This period allow cells to recover from trypsinization,
reconstruct the cytoskeleton, secrete matrix and spread out on the substrate. After that,
cells enter in exponential growth (log phase) when cell population doubles. Cells
occupied all the substrate and enter in the plateau (stationary phase), and the growth is
much reduced. At this stage, several cells differentiate or enter in Gy phase of cell cycle.

The next subculture, ideally, should be carried out before reaching the plateau (Figure

9) [92].
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Figure 9 — Growth curve showing the lag, log and plateau phases [92].
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3.3. Cell culture characterization

Cell culture characterization is usually based on the evaluation of several
parameters characteristics of the cells in culture, such as cell adhesion and morphology,
cell growth and functional activity. This characterization involves the use of different
methods, which can be classified in two groups: qualitative and quantitative methods

[97].

3.3.1. Qualitative methods

Qualitative methods include microscopy techniques, such as scanning electron
microscopy (SEM) and confocal laser scanning microscopy (CLSM).
SEM gives images of samples surface with high resolution and depth of field
[3]. Small structures can be identified on biological surfaces with this technique, such as
nuclear pore complexes of cells and collagens [98] and it also allows for the
identification of mineralised deposits characteristics of osteoblastic culture [96].
Confocal microscopy is very useful for the multidimensional analysis of
biological samples. Its fundamental principle is to eliminate out-of-focus light,
increasing micrograph contrast and/or reconstructing three-dimensional images.
Using these techniques it is possible to characterize cell morphology (shape and
appearance), cell adhesion, 3D distribution of the cells, and evaluate cell viability on

biomaterials [99].

3.3.2. Quantitative methods

The quantitative methods analyze the cell growth and supply information of the
cell metabolism [97].

Cell growth or proliferation can be determinated based on cell quantification in
the population. An electric counter can directly count the number of cells. Other
techniques count some cell constituents, like total protein and DNA analysis [1, 97].

Methods that supply information about cell metabolism, such as MTT reduction can
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also evaluate the cell’s viability and proliferation [96, 97]. Functional parameters are
evaluated by enzyme activity, characteristic of the cell type in study. In osteoblastic
cultures, usually it is evaluated the alkaline phosphatase activity (ALP) and expression

of bone matrix proteins (collagen type I; osteocalcin; fibronectin) [96].
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CHAPTER 2
EXPERIMENTAL PROCEDURES
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Chapter 2

Experimental procedures

Introduction

In the present chapter it is described the laboratorial procedures for: 1) the
preparation and characterization of the hydroxyapatite and Bonelike® ; 2) the
preparation and characterization of macroporous Bonelike”™ three-dimensional structures
and 3) the in vitro biological studies.

The Bonelike® powders were prepared following the steps: preparation of the
HA through a precipitation method, preparation of a P,Os-CaO based glass and mixture
of glass with HA powders.

The physico-chemical and structural characterization of the bioceramics
prepared were performed using the X-ray powder diffraction (XRD), Fourier transform
infrared (FTIR) and Scanning Electron Microscopy (SEM) techniques.

The dense cylindrical Bonelike® samples, prepared by powder compactation,
were machined through a CNC milling machine. This machine removed the material
according to a virtual model, constructing a scaffold with the desired macroporosity and
3D structure.

3D macroporous samples density was evaluated by Archimedes” Principle using
a density determination kit of an electronic balance. 3D macroporous samples were
measured, before and after sintering by a SEM and a Stereomicroscope.

The behaviour of bone marrow cells cultured on 3D macroporous Bonelike®
samples was evaluated through Confocal Laser Scanning Microscopy (CLSM), SEM

and Stereomicroscope techniques.
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1. Preparation of Hydroxyapatite and Bonelike®

1.1 HA preparation method

HA was prepared through a precipitation method consisting of the reaction
between calcium hydroxide Ca(OH), and ortho-phosphoric acid H3(PO,),, following

the reaction:
10 Ca(OH)z +6 H3(PO4)2 — Cayo (04)6(OH)2 + 18H,0 (Cq. 1)

During the synthesis process, an aqueous solution containing H3;(POs), was
added to a suspension containing Ca(OH); in distilled water, through a peristaltic bomb
(Figure 10). The suspension was maintained in vigorous stirring.

The pH control of the solution was ensured by the addition of ammonia solution

NH; (32%), keeping the pH values above 10.5.

Peristaltic bomb

H3(POy); solution

Figure 10- Chemical reaction apparatus of HA.

After 3 hours of stirring, the final HA solution was left ageing overnight. Then,
the resulting precipitate was filtrated through a vacuum system, using paper filters
without ashes to avoid HA contamination. The resulting batch was dried in an oven

at 60°C, for two days.
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1.1.2. Milling and sieving

HA was crushed and milled in agate mortar to avoid contaminations. Then was
stainless sieved under 75 pm (250,120 and 75 um steel sieves) to destroy the
agglomerates, using a Retch Vibratory Sieve Shaker.

1.2. Glass preparation method

A glass of the P,Os5-CaO system (65 P,0Os, 15Ca0, 10CaF,, 10Na,O mol%) was
prepared, starting by weight the appropriate quantities of high purity (>98%) grade
reagents, sodium carbonate (Na,COj;), calcium hydrogenphosphate (CaHPO,).
calcium fluoride (CaF,) and di-phophorous penta-oxide (P,Os). The reagents were
mixed in a platinum crucible, and then heated at 1450°C for 90 minutes in a furnace.

After 2 hours, the molten glass was poured into a steel mould.

1.2.2. Milling and Sieving

Glass was crushed in agate mortar to avoid contaminations. Then, it was mixed
with methanol and agate balls. The mixture was milled in a agate ball mill pot
(Figure 11). After that, the glass was dried and sieved under 75 um using a Retch
Vibratory Sieve Shaker.

Figure 11 — (a) Agate balls and pot (b) rotative ball mill.
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1.3. Bonelike® preparation method

Bonelike® was prepared by adding 2.5% of glass with the laboratory prepared
HA in iso-propanol (as suspending medium). The powders were mixed for 6-8
hours. The wet homogeneous mixture was dried in a oven at 60°C for two days and

sieved under 75 pum, using a Fritsch Vibratory Sieve Shaker.

1.3.1 Pressing

To prepare the dense Bonelike® cylindrical samples of approximately 15.5 mm
diameter and 7.3 mm thickness, the powder undergone two types of pressing, uniaxial
and isostatic.

Firstly, the specimens were pressed using a uniaxial press (Figure 12). The
cylindrical die (Figure 12) was filled with 2.5g of powder material to prepare each
sample. The sample was pre-loaded to obtain a perfect alignment of the cylinder with

the steel die. After that, the load was increased to 120 Bar.

b)

Figure 12 — (a) Cylindrical die and (b) uniaxial press.
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The next step was to press the samples at 1600 bar, using a cold isostatic press.
The samples were involved in polyethylene bags. After pressing, the samples were dried

overnight in a oven at 60°C.

1.4. Sintering

HA and Bonelike® powders were sintered in a muffle furnace with a Eurotherm
type 2408 controller. The samples were sintered at 1300°C using a heating rate of
4°C/min with lhour dwelling time at 1300°C, followed by natural cooling inside the
furnace. Powders were placed on Alumina (Al,Os) plates to avoid contact with furnace

floor.

Physico-chemical and structural characterization

X-ray powder diffraction (XRD)

After sintering, HA and Bonelike® samples were ground to fine powders and
were analysed by a Rigaku Dmax-III-VC X-ray diffractometer, using CU-Ka radiation
(Ka = 1.54056 A°). Data were acquired from 4 to 80° 26, with step size of 0.02°s.

Fourier transform infrared (FTIR)

The infrared spectra analysis was performed with a FTIR system 2000 from
Perkin-Elmer, with and 4cm I resolution and 100 scans. The HA and Bonelike® were
ground to fine powders and sintered as referred in 3.4 and mixed with potassium
bromide (KBr) (2mg of material with 200mg KBr). Thin discs were prepared using a
steel die under uniaxial pressing. The molecular groups of a specific functional group

have characteristic vibration frequencies, in well-defined areas of spectrum range [47].

Scanning electron microscopy (SEM)
SEM observations were performed with a JOEL JSM-6310F scanning electron
microscope. The Bonelike® cylindrical sample was attached to carbon tape in an

aluminium support. Finally, they were coated with gold about 13 minutes.
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2. Preparation and characterization of 3D macroporous Bonelike®

structures

3D machining

Cylindrical dense specimens of HA and dense Bonelike® were prepared as
described in chapter 2, and placed into a metal support of a CNC milling machine
Roland Modela desktop MDX 20 (Figure 13a). Previously, the support was attached to
the flat working table of the machine and the milling head (figure 13b) was fitted on it.
This milling head moved into a series of stepped movements along x, y, and z
directions, according to the coded information sent by a computer. The machine start to
perforating the dense samples in specific coordinates, according to the virtual model
generated by the 3D CAM software (deskproto). One spindle of 2.5 mm diameter was
used (Figure 13c¢).

The final structure presented seven macropores on both, top and bottom
surfaces, and also six macropores all around lateral face. These cylindrical structures are
represented in Figure 14. After machining, the samples were sintered as described in

item 1.4.

Figure 13— (a) CNC milling machine connected to a computer [ 100] with the milling
head fitted (b) and with the rotative spindle (c) [101].

42



Figure 14 — Final macroporous structure.

Macroporous samples characterization

Samples density

The determination of 3D macroporous structures densities was performed on six
sintered Bonelike® samples through a density determination kit of electronic Mettler
Toledo balance. The density of the solid sample was calculated using the following

equation (eq. 2):

A
pz:( A-B x Po (eq. 2)

Legend:
P » = Density of the sample

A = Weight of the sample in air

B = Weight of the sample when immersed in test liquid

P o = Density of test liquid at a given temperature t

Samples were submerged in deionised water and the density of water, P water ,

was 0.9966 g/dm’ at measured temperature of 26.5°C.
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Microscopy and image analysis

Scanning electron microscopy (SEM)

SEM observations were performed with a JOEL JSM-6310F scanning electron
microscope. The cylindrical dense samples of HA and Bonelike® were not polished.
Some samples were attached to a carbon tape in an aluminium support and others were
laterally involved with araldite and attached to the aluminium support. Finally, all the

samples were coated with gold for 13 minutes.

Stereomicroscope System

Macropore size (n=10), macropore distribution (distances between adjacent
macropores) (n=10), sample diameter (n=6) and sample thickness (n=6), before and
after sintering were measured by SEM and Stereomicroscope system Olympus SZX9.
The images were acquired by a digital camera linked to the microscopy and treated with
adequated software, in order to be possible to obtain the measurements referred to

above.

3. In vitro biological studies

Cell culture

Human bone marrow and fragments of trabecular bone were collected during
orthopaedic surgery procedures. To initiate the culture, trabecular bone sample was
mechanically disaggregated and washed with standard culture medium, as result a
single-cell suspension was obtained. To this suspension was added a bone marrow cells
suspension. The cells were cultured in minimum essential medium Eagle, alpha
modification (a-MEM) containing 10% foetal bovine serum (FBS), 100pg/ml penicillin,
10IU/ml streptomycin, 2.5 pg/ml fungizone and 50pg/ml ascorbic acid. Incubation was
carried out in a humidified atmosphere of 95% air and 5% CO, at 37°C. The passage
was made when primary culture was near confluence. Adherent cells were

enzymatically released (trypsin trypsin-EDTA solution) and counted using a
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hemocytometer. Cells from the first passage were seeded on biomaterials at a density of
2 x 10* cells/cm” and cultured using the same experimental conditions, those used in the
primary culture, with a different supplement medium (50ug/ml ascorbic acid, 10mM
sodium B-glycerophosphate and 10 nM dexamathasone). The biomaterial samples were
pre-incubated with this medium for 1 hour at 37°C, in a humidified atmosphere of 95%
air and 5% CO,. Culture medium was changed twice a week. Cultured material samples

were observed by CLSM, SEM and Stereomicroscope at days 3, 7, 14 and 28.

Confocal laser scanning microscope (CLSM)

Cells were fixed with 4% formaldehyde (methanol free), permeabilized with
0.1% triton and incubated in 10 mg/ml bovine serum albumin (BSA) with 100pg/ml
RNAse. F-actin filaments were stained with Alexafluor-conjugated phalloidin and
nuclei were counterstained with 10 pug/ml propidium iodide. Samples were washed with

PBS and covered with Vectashield. Images were acquired on a Leica TCP SP2 AOBS.

Scanning electron microscopy (SEM)

Cells were fixed with 1.5% glutaraldehyde in 0.14 M sodium cacodylate. The
samples were dehydrated in graded series of alcohols and critical point dried.
Specimens were mounted onto aluminium supports using araldite and then sputter-
coated with gold and observed in a Joel JSM 35C scanning electron microscope
equipped with an X-ray energy dispersive spectroscopy voyager XRMA System, Noran

Instruments.

Stereomicroscope
The same samples prepared for CLSM observations were used for
Stereomicroscope. The Stereomicroscope Nikon SMZ 1500 was equipped with a

fluorescence illuminator.
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RESULTS

1. Characterization of Hydroxyapatite and Bonelike®
XRD analysis
XRD pattern of HA prepared shows that it is phase pure (Figure 15). Bonelike®

XRD data set (figure 15) confirmed the presence of HA, a-TCP and B-TCP in the
respective proportions 69%, 24% and 7%.
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Figure 15 — Overlaid traces of Bonelike” and HA XRD data sets with all the present
phases identified (HA, B-TCP and a-TCP).

Ftir analysis

Analysis of FTIR spectra of HA reveal the presence of the groups PO, OH
and H,0. Hydroxyl OH peaks were detected at 3570 cm™ and 630 cm™. The board band
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observed at 3200-3600 cm™ indicate adsorbed water on the materials. Phosphate peaks
were detected at 566, 597, 958, 1041, and 1086 cm’'. Bonelike® reveals the same peaks
for the same groups. One peaks of hydroxyl (630 cm™) underwent a significant decrease

in intensity (Figure 16).

Bonelike
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%T

40000 00 2000 1300 1000 4000
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Figure 16 — Overlaid traces of Bonelike” and HA FTIR spectra with all the present
groups identified (PO, >, OH™ and H,0).

SEM analysis
The results from SEM analysis are shown in Figures 17. Bonelike® present a
rough sandblasted surface, with occasional cavities. Inside the Bonelike® cavities, pores

seem to be connected forming a continuous network separated by walls of material, as

referred to in literature [56].
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Figure 17 - SEM imagine of Bonelike® surface with a porous cavity.

2. Characterization of 3D macroporous Bonelike® structures

The average and standard deviations density of macroporous sintered Bonelike®™

samples are indicated in table 2.

Table 2 — Density of the macroporous Bonelike® samples.

Material samples Density (g/cm’)

Bonelike® 2.924 £ 0.073

The averages and standard deviations of the different measurements in porous
samples, before and after sintering, are indicated in table 3. The percentage of

densification calculated for the samples is approximately 95%.
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Table 3 — Different measures of the macroporous samples before and after sintering

(mm).

Bonelike® Pore size Distance between pores | Sample diameter | Sample thickness
Before sintering 2.696 £+ 0.055 2.121 £ 0.066 15.539 + 0.083 7.30 £ 0.201
After sintering 1.967 £ 0.062 1.962 +0.070 12.560 + 0.090 5.84+£0.209

The samples maintained their original structure and cylindrical geometry after

sintering (Figure 18). However, their dimensions decreased as confirmed in table 3. The

percentage shrinkage of pore size was 27%; the distances between adjacent pores was

8% and the sample diameter was 19%. Most of the samples presented cracks all around

the surface, next to sample border (Figure 19).

/q
' 15,582 mm
\

2,033 mm

Figure 18 — Different measures of the macroporous samples before (a) and after

sintering (b).
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Figure 19- Cracks around the surface in (a) non-sintered and (b) sintered sample.

3. Invitro biological studies

The growth of bone marrow cells was observed and recorded. CLSM and
Stereomicroscope images of cells after 3 days of culture on macroporous Bonelike® are
presented in Figure 20. Cells were able to spread and covered the surface sample,
starting to form a continuous cell layer and adopted a typical osteoblast-like
morphology. Figure 20b shows that cells started the migration into macropores. The
samples were broken to allow the observation of its interior. In Figure 20c is confirmed
that a few cells were able to reach the internal surface of macropores, although in a

lower density when compared with surface colonization.

macropore
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Figure 20 — CLSM images of cells cultured for 3 days on macroporous
Bonelike® samples showing: (a) the surface sample covered with cells (20x); (b) the
surface sample near a macropore, also covered with cells (10x); (c) a few cells in the
interior of the macropores (10x); and (d) the spot from where the previous image was

captured (Stereomicroscope image).

At day 7, the sample surface was covered by dense layers of cells. The black
spaces observed in Figure 21a were due to surface irregularities of the sample analysed.
Cells also migrated through macropores, but were not able to covered completely all the

interior of the macropores (Figure 21c).
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Figure 21 - CLSM images of cells cultured for 7 days on macroporous
Bonelike® samples showing: (a) the surface sample covered by dense layers of cells
(10x); (b) the surface sample near a macropore, also covered by dense layers of cells
(10x); (c) cells in the interior of the macropores (10x); and (d) the spot from where the

previous image was captured (Stereomicroscope image).

Next figures show the surface sample (Figure 22a) and the interior of
macropores (Figure 22b and c) of day 14 sample completely covered by dense layers of

cells.
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Figure 22 - Images of cells cultured for 14 days on macroporous Bonelike®
samples showing: a) the surface sample near a macropore covered by dense layers of
cells (CLSM image 10x); b) the interior of the macropores completely covered by cells
(Stereomicroscope image with fluorescence); c¢) the interior of the macropore covered
by dense layers of cells (CLSM image 10x) and d) the spot from where the previous

image was captured (Stereomicroscope image).

At day 28 surface sample was covered by dense layers of cells. Interestingly,
cells constructed bridges-like structures (Figure 23c) that in some cases covered all the

macropore entrance (Figure 23a and b).
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Figure 23 - Images of cells cultured for 28 days on macroporous Bonelike®
samples showing: (a) and (b) the surface sample and macropore covered by dense layers
of cells (CLSM image 10x); (c) cell bridges.

SEM analysis confirmed the observations by CLSM. Figure 24 shows the
surface sample and internal surface of macropores covered by dense layers cells on

samples cultured for 14 and 28 days.

EE1 - Am_280,
CEMUP ¥150 ED=15V WD=15mm . CEMUP x100 E0=15kV WD=15mm |

EE1 - Amn_280,

Figure 24 — SEM images of cells cultured on macroporous Bonelike® samples showing:
day 14 sample (a) macropore and (b) surface covered by dense layers cells and (c) day

28 sample (a) macropore and (b) surface also covered by dense layers cells.
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Figure 25 — SEM images of mineralized globular structures closed associated

with cell layers cells cultured at day 14 sample and EDS spectrum.

Mineralized globular structures associated with cell layers were also identified
(Figure 25). EDX spectrum of these structures showed the presence of Ca and P peaks.
Cells were able to orient their growth (Figure 25b and c) according to the characteristic

morphology of the surface sample and the internal surface of macropores.
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DISCUSSION

This thesis proposed the development of new bone repair scaffold using 3D
biomodelling techniques. These scaffolds were prepared with a bioactive bioceramic,
Bonelike®, which shows a chemical composition similar to the mineral bone [53, 54,
102]. On the other hand, 3D biomodelling allows the preparation of scaffolds with
adequate size and shape to a specific implant site. The scaffolds prepared have
controlled porosity with interconnected open pores.

The bioceramic powders prepared in laboratory were physico-chemical and
structural characterized by different analytical techniques.

TCP phases were not detected in XRD spectra of sintered HA powders. On the
other hand, Bonelike” spectra revealed the presence of the three phases (HA, B-TCP, a-
TCP). It is referred to in literature [50, 53, 104, 105], that HA reacts with the glass
added during the sintering process, and part of HA decomposes into -TCP, and this last
one inverts to a-TCP.

Several studies [6, 21, 49, 106] verified that glass reinforce composite reveal a
higher densification comparing to HA. During the sintering process, densification
occurred by liquid formation of the glassy phase which has a lower melting point
compared to major phase, spreading all over the composite. Phosphate-based glasses
bond to the solid HA particles and reduce the interfacial energy, eliminating porosity in
the microstructure, one of the major causes of failure in the ceramics [6, 4, 22].

The composite microstructure is composed by HA and the TCP phases spread
throughout the material, creating fully interpenetrated matrices of HA and TCP [107].
The toughness of the present phases in the composite is quite different, for example [-
TCP is known to be much tougher (1.3 times) than HA [108]. In other ceramics like
partially stabilised zirconia (PSZ), which consists of a mixture of zirconia and MgO,
when phase transformation occurred from a metastable tetragonal to monoclinic phase,
the volume of the precipitate increased [109].

The same mechanism has been proposed during the phase transformation of HA
into B-TCP, and this last one to a-TCP, and a residual stress is created. The toughness

contrasts of the phases, combined with expansions associated with phase transformation
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of HA to the secondary phases, causes microcracking, [107, 108] which may lead to the
loss of small parts of the material, leaving the correspondent cavities, obtained in this
work. Furthermore, samples after being perforated and sintered showed large cracks all
around the surface, next to sample border, so probably microcracking was much more
extended in this kind of porous samples comparing with dense samples. However,
macroporous 3D HA samples were also prepared using a CNC milling machine and it
was verified that pure HA was not easy to machine. Comparatively, Bonelike® allow for
the machinig, due to its higher mechanical properties.

FTIR spectra of HA revealed peaks of the functional groups OH and PO, >,
whose wavelengths are in according with literature [110]. The same peaks were found
in Bonelike® spectra, although OH™ peaks underwent a significant decrease compared to
HA. During the sintering process of Bonelike®, HA decomposes into TCP. Since TCP
are not composed by the functional group OH’, these ions were lost from HA lattice. At
the same time, Ca/P ratio is altered since TCP Ca/P ratio is lower (1.5) comparing to the
Ca/P ratio 1.67 of stoichiometric HA [47].

Several studies [47,111] verified that H,O bands and OH peak were hardly
detected in FTIR spectra of commercial HA samples sintered at 1300°C. This could be
due to the substitution of OH by O>. The final product of this reaction is the
oxyhydroxyapatite [112, 113]. However, this process is reversible, and this apatite can
react with H,O present in the atmosphere during cooling furnace cycles and
reincorporate some of OH™ and the H,O [47] in order to lower its free energy. The
dehydration and consequently lost of OH™ from HA is initiated around 600°C and
oxyhydroxyapatite start thereby to be formed [114]. .

Botelho et al [110] prepared HA in laboratory using the same precipitation
chemical route, sintered it at 1300°C, and the FTIR spectra of HA showed visible peaks
of OH™ groups. The same was verified for HA spectrum of the present work. Possibly
OH" were reincorporated in HA lattice from the atmosphere, during cooling cycles as
referred to above [47].

The second objective of this work was focused on the preparation of 3D
Bonelike® macroporous structures, using a CNC milling procedure that removed the

material according the virtual computer model. Samples prepared by this 3D machining
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technique presented a homogeneous macropore distribution, previously modullated by
adequated software’s. It was ensured that all macropores were opened and
interconnected. The porous scaffolds prepared by conventional techniques (salt
particles) show a pore interconnection dependent of whether the adjacent particles are in
contact. Most of the conventional methods used to prepare macroporous bioceramics
has the disadvantage of using substances that may leave residues such as organic
solvents (chloroform and methylene chloride), which may damage cells [117]. This
milling process avoids this kind of contamination.

Concerning the material preparation procedure, Bonelike” has demonstrated a
quite reasonable behaviour to the machining process, after being submitted to all steps
of preparation described in chapter 2. However, cracks appear all around the surface,
next to sample border as referred to above. The volume contraction of Bonelike®™
samples, that occurred after sintering, was not homogeneous, macropore contraction
was higher than the distance between two consecutive pores.

Glass S.J. et al [116] agree that homogeneous densification is achieved when
green compact are uniformly packed. Packing heterogeneities can be due to the
presence of agglomerates of particles or pores leading to density variation. The
densification in these cases is heterogeneous and the lower density regions can be
physically constrained. In the same way, macropores of the samples prepared
correspond to regions of lower densities suffering a higher volume shrinkage compared
with material between macropores channels.

Also after sintering, macropores of approximately 2000 um were obtained,
larger than 100 pm the minimal size necessary for bone tissue ingrowths and
regeneration, according with many studies [41,117]. Larger macropores can be
advantageous allowing the circulation of water, nutrients and metabolic waste [32, 33].

In this work, the biological performance of Bonelike® samples was performed
by using bone marrow stroma cells seeded on the surface of the material, in order to
evaluate cell attachment, spreading, migration and growth through the 2000 pm
macropores, as well as osteoblastic differentiation events.

Bone marrow stroma is an heterogeneous mixture of cells including adipocytes,

reticulocytes, endothelial and fibroblast cells in contact with the hematopoetic elements.
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It also contains cells that differentiate into bone, cartilage, fat and connective tissue
which support the differentiation of hematopoietic cells [92,118].

Primary culture was obtained by culturing the bone marrow suspension in o-
minimal essential medium supplemented with 10 % FBS. The selection of
osteoprogenitor cells present in the bone marrow stroma was based on the ability of
these cells to adhere on the surface of the culture plate. The majority of non-adherent
cells such as erythrocytes and cells from hematopoietic lineage, were removed during
the course of routine changing the medium [92, 118]. At 70 — 80 % confluence, i.e. in a
stage of exponential cell growth, adherent cells were enzymatically released and the cell
suspension obtained was seeded on the surface of the macroporous material samples.
The seeded samples were cultured for 28 days and osteoblastic differentiation was
elicited by ascorbic acid, dexamethasone and [B-glycerophosphate. Ascorbic acid is
essential for the production of the collagenous bone extracellular matrix,
dexamethasone stimulate the differentiation of osteoblastic lineage cells and [-
glycerophosphate is a source of phosphate ions required for the mineralization process
[96, 97,119]. In this work, first-passage cells were used in the biological testing, since
previous studies showed that sequential subculturing of bone marrow cell cultures
results in a progressive loss of osteobastic differentiation parameters [96, 97].

Bonelike® samples colonized with osteogenic-induced bone marrow cells were
observed by CLSM, Stereomicroscopy and SEM throughout the 28-day culture time.
Cells were able to attach and spread on the surface of the Bonelike® samples. At early
culture times, cells presented an elongated fibroblast-like morphology with a close
interaction with the material topography and cell-to-cell contact. Few cells were also
observed on the surface of the macropores. Cell growth rate was high, and cells migrate
promptly to the macropores; at long incubation times (14 to 28 days), dense multilayers
were observed, both on the surface and on the macropores internal surface, and also the
presence of cell bridges connecting the macropores. SEM analysis revealed no evidence
of cell bridges, which may be destroyed during the critical point proceeds. At days 14
and 28, SEM analysis showed mineralized globular structures containing calcium and
phosphorous closed associated with cell layers, which may constitute a proof that cells

were able to fully differentiate on the Bonelike® macroporous samples. In addition, cell
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growth seemed to be guided by surface morphology. This was evident in the cell layer
growing on the macropores surface, which presented a regular pattern resulting from the
procedure used in the perforation of the material samples. This observation is in line
with previous studies referring that cells can orient themselves according to the surface
morphological patterns [36, 45, 120, 121].

The results regarding the cell behaviour observed in the present work are in
agreement with previous in vitro biological studies performed in dense samples of
Bonelike® with different compositions. It was observed that MG63 osteoblast-like cells
presented a typical morphology, a high growth rate and expressed key extracellular
matrix components (collagen type I, osteocalcin and fibronectin) [122-124], confirming
that the physical and chemical surface characteristics of Bonelike® are adequate for cell
development [125]. More recent studies evaluated the response of human osteoblastic
bone marrow cells to Bonelike® (with fluoride ions in its composition) and showed that
this material presented a better biological performance compared with HA, concerning
the cell growth rate, alkaline phosphate activity and matrix mineralization
[124,126,127].

Previous in vitro biological studies developed by A. Bignon et al were
performed on porous calcium phosphate (70%HA and 30% B-TCP) with different
macropore sizes prepared by a conventional technique, a porogen agent (polyvinyl
butyral). The osteoblasts were able to migrate through the macropores by the emission
of cytoplasmatic extensions and colonized the depth of the material. Thus, this
colonization was easier in larger macropores (600-1250um) with few interconnections
[128]. E. Sachlos and J.T. Czernuszka agree that cell colonization is difficult in foam
structures with uncontrolled porosity due to the diffusion foam constraints concerning
cell migration and fluids [117]. Regarding the results of the present work, the scaffolds
with large macropores seem to be very effective comcerning the cell migration into the
interconnected channels.

It is difficult to extrapolate in vitro results to in vivo behaviour due to the
differences between the two systems [129]. In vitro is not taken in account the
immunological response of the organism, the neovascularization and the interactions

between all types of cells and proteins involved in the bone regeneration. The in vivo
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system is dynamic, with a continuous circulation of body fluids which prevent elevated
ion levels at the cell/materials interface [129]. On the other hand, cell phenotype can be
changed in long periods of cell culture, leading to false results.

In conclusion, bone marrow cells were able to migrate into all 2000 pm
macropores of the 3D Bonelike” structures, as well as proliferate and differentiate along

osteoblast lineage.
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CONCLUSIONS

The main conclusions of this work may be described as follows:

The XRD analysis revealed the phase purity of the HA powder prepared in
laboratory and Bonelike ® showed a controlled phase composition of HA, B-TCP and o-
TCP. The HA reacted with the CaO-P,0Os glass during the liquid phase sintering
process, and part of it decomposed into B-TCP and this last one inverts to a-TCP at
higher temperatures [50, 53, 104, 105].

FTIR spectra of HA and Bonelike® revealed the same functional groups of OH"
and POy >, However, some OH™ were lost due to HA phase transformation into TCP

[47].

After sintering, macropores of 3D Bonelike® samples underwent a higher
contraction comparing to the distance between two consecutive pores, probably because

they correspond to regions of lower density [116].

The 3D machining techniques, in this specific case the CNC milling machine,
allowed for the control of different porosity parameters such as pore size, pore
distribution and pore interconnections in opposite to conventional techniques used to
prepare porous materials. Interconnected macropores with approximately 2000 pm pore
size were obtained, larger than 100um the minimal size necessary for cell migration,
neovascularization and circulation of water, nutrients, gases and the removal of

metabolic waste [37, 58, 61, 117].

Bone marrow cells were able to proliferate and migrated into all macropores of
the 3D Bonelike® samples. For cells incubated for longer periods, ie 28 days, cells could
form bridges and in some cases covered the macropore entrance. Mineralized globular
structures associated with cell behaviour were identified, showing that complete

differentiation of human bone marrow cells occurred on the surface of Bonelike®.
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These results suggest that 3D structures with large macropores (2000 pm)
interconnected channels allow for the success of cell migration into the interior of the

Bonelike®.
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