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Abstract

When bone regeneration is needed, natural bone grafts are widely used. They are the
best option since they present the same composition to that of bone, contain living cells
with osteogenic potential, growth factors that induce cell differentiation into osteoblasts
and extracellular matrix proteins that facilitate bone healing. However, this system
presents some drawbacks, such as pain, morbidity, possible transmission of diseases in
some cases, as well as limited availability. That is why synthetic bone grafts are one of
the main objectives of the research in regenerative medicine and tissue engineering.
This new discipline is based on the development of new biomaterials and on the
comprehension of the interactions between the cells and the material in order to enhance

the bone healing response.

The present thesis is focused on calcium phosphate cements-based materials. CPC have
the ability to transform an injectable paste made of calcium phosphates, into a phase
similar to that of bone, hydroxyapatite. The CPC are well known for their
osteoconductive properties. Nevertheless, these may be improved from a biological
point of view and can be further processed to obtain materials with new morphologies
and different applications. Therefore, the incorporation of collagen in these CPC was
though as a way to enhance their biological performance. Furthermore, new processing
approaches were studied, as well as their applications in new fields. The thesis is
divided in three main parts: i) injectable composite cements; ii) composite macroporous

scaffolds for tissue engineering and iii) composite microcarriers.

In the first part, the fabrication of injectable composite cements is described as well
their physico-chemical and morphological features. It is observed that the setting
reaction is delayed in the presence of collagen during the initial minutes of reaction.
Already after 1 hour the kinetics are similar in the presence and absence of collagen,
without affecting the final product of reaction. The presence of collagen increases the
injectability of the cements, whereas the mechanical properties decrease as the collagen
concentration increases. From a biological point of view, the addition of collagen results
in an increase in the initial cell adhesion as well as an increase in the cell proliferation
rates. In the second part, macroporous scaffolds made of collagen and CPC are
fabricated. These scaffolds are prepared through the freeze-drying of a collagen-CPC
dlurry. Different amounts of CPC are incorporated in the scaffolds. When mesenchymal
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stem cells are cultured on these scaffolds, it is observed that as the CPC content
increases in the scaffolds, the cell differentiation increases, whereas the proliferation
decreases. Further improvement of the scaffolds can be achieved though the
incorporation of a BMP-7 gene into the scaffolds, in order to stimulate their
osteoinductivity. The results show that as the gene incorporated in the scaffolds
increases, there is an increase in the BMP-7 production, although this increase is
associated with an increase in cell proliferation. In the third and fina part, spherica
microcarriers containing either gelatin or collagen are produced through the setting
reaction of the CPC in awater in oil emulsion. The emulsion and CPC compositions can
be adjusted in order to control the final features of the microcarriers. The in vitro
characterization of the microcarriers reveals that under static and dynamic culturing
conditions, microcarrieres are able to support cell attachment, proliferation and

differentiation.
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Resumen

Cuando laregeneracion Gsea es necesaria, |0s injertos de hueso natural son ampliamente
utilizados. Son la mejor opcidn debido a que presentan la misma composicién que el
hueso, contienen células vivas con potencial osteogénico, factores de crecimiento que
inducen la diferenciacion de las células a osteoblastos y proteinas de la matriz
extracelular que facilitan la regeneracion Gsea. A pesar de esto, este sistema presenta
algunos inconvenientes, tales como e dolor, morbidez, posible transmision de
enfermedades en algunos casos, a igua que una disponibilidad limitada. Por €llo, los
injertos de hueso sintético son uno de los principales objetivos de la investigacion en
medicina regenerativa e ingenieria de tgiidos. Esta nueva disciplina se basa en €
desarrollo de nuevos biomateriales y en la comprension de las interacciones entre las

célulasy los materiales con €l fin de incrementar |a regeneracion dsea.

La presente tesis se centra en materiales basados en los cementos de fosfato de calcio
(CPC). Los CPC tienen la habilidad de transformar una pasta inyectable formada por
fosfatos de calcio, en unafase similar ala del hueso, que es la hidroxiapatita. Los CPC
son bien conocidos por sus propiedades de osteoconductividad. Sin embargo, estos se
pueden mejorar des de un punto de vista biol6gico y pueden ser procesados con € fin de
obtener nuevos materiales con nuevas morfologias y aplicaciones. Por €lo, la
incorporacion de colégeno en estos CPC fue pensada como una manera de incrementar
el comportamiento bioldgico. Se estudiaron nuevas rutas de procesado, a igual que sus
aplicaciones. Latesis esta dividida en tres partes: i) cementos compuesto inyectables; ii)
andamios compuestos macroporosos para ingeniera de tgidos y i)

mi crotransportadores compuestos.

En la primera parte, se describe la fabricacion del cemento de fosfato de calcio
compuesto y la caracterizacion fisico-quimica y morfoldgica del material. Se observa
que la reaccion de fraguado se retrasa en presencia del colageno durante los minutos
iniciales de reaccion. Sin embargo, después de solamente una hora, se observa como la
presencia de coldgeno no afecta a la cinética de reaccion ni al producto fina de
reaccion. La presencia del colageno incrementa la inyectabilidad de los cementos,
mientras que las propiedades mecanicas bgjan a incrementar la concentracion de
colageno. Desde un punto de vista biolégico, laincorporacion de colageno resulta en un
incremento de la adhesion celular inicial y un incremento de la proliferacién celular. En
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la segunda parte, se fabrican andamios macroporosos de colégeno con CPC. Estos
andamios se preparan a través de la liofilizacién de mezclas de colageno y CPC. Se
incorporan diversas cantidades de CPC en los andamios. Cuando se cultivan células
mesenquimales en los andamios, se ve que a medida que se incrementa la cantidad de
CPC en e andamio, la diferenciacion celular se incrementa, mientras que la
proliferacion disminuye. Los andamios se pueden mejorar mediante la incorporacion de
un gen para expresar la proteina BMP-7 con € fin de incrementar la osteoinduccion.
L os resultados muestran que al aumentar la cantidad de gen incorporado en € andamio,
se incrementa la produccion de BMP-7, aunque este incremento va asociado con un
incremento en la proliferacion celular. En la tercera y Ultima parte, se fabrican
microtransportadores esféricos que contienen gelatina o colageno mediante la reaccién
de fraguado del CPC en una emulsion de agua en aceite. La emulsion y la composicion
del CPC se pueden gustar con el fin de controlar las propiedades finales de los
microtransportadores. La caracterizacion in vitro de los microtransportadores revela que
bajo condiciones de cultivo estéticas y dinamicas, los microntransportadores son

capaces de soportar adhesion celular, proliferacion y diferenciacion.
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Thesis objectives

The aim of the thesis is to develop new materials with enhanced properties for bone
regeneration. The thesis is based on cacium phosphate cements combined with
collagen. Calcium phosphate cements have been widely studied, athough the
incorporation of this extracellular matrix protein has not been extensively investigated.

Three specific objectives were established:

- Tofabricate an injectable calcium phosphate cement/collagen composite.
- To fabricate macroporous collagen/calcium phosphate cement scaffolds for
tissue engineering and gene delivery applications.

- Tofabricate hybrid calcium phosphate/gelatin or collagen microcarriers.

These three main objectives can be considered as three different approaches to design
biomaterials for bone regeneration. Relevant milestones can be identified within each of

these three issues;

1. Fabrication of an injectable calcium phosphate cement/collagen composite
- To optimize the L/P ratio to obtain an injectable and mouldable paste with
good handling and setting properties.
- To determine effect of collagen in the physico-chemical properties and
morphology of the CPC.
- To determine the effect of collagen concentration and its initial morphology
in the CPC properties.

- Todetermine thein vitro response of osteoblasts on the composite CPC.

2. Fabrication of macroporous collagen/calcium phosphate cement scaffolds for
tissue engineering
- To determine the effect of CPC incorporation in the collagen sponge
properties.
- To study the behavior of mesenchymal stem cells on scaffolds with different
fractions of CPC.
- To determine the effect of incorporating a bone morphogenetic protein 7

gene in the scaffolds on the mesenchymal stem cells response.



3. Fabrication of hybrid cacium phosphate cement/gelatin or collagen

microcarriers through a water in oil emulsion.

To optimize the processing parameters to obtain a low viscosity CPC paste
adequate for microcarrier fabrication.

To introduce collagen or gelatin in the low viscosity CPC to fabricate
composite microcarriers.

To optimize the emulsion parameters in order to obtain inorganic or
composite microcarriers with desired features.

To determinein vitro cell viability of osteoblastic cells cultured on inorganic
and composite microcarrier under static conditions.

To determine the ability of the microcarriers to be injected when mixed with
an adequate gel.

To optimize in vitro conditions in spinner flask dynamic cultures to ensure

cell viability on the microcarriers.
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Chapter 1: Introduction

1.1. Mythology and Science

In the ancient Greek mythology, Prometheus was a Titan, the son of lapetus and Themis.
He stole fire from Zeus to give it to the mortals. Zeus punished him for this crime and
bounded him to a rock while a great eagle ate his liver every day (Figure 1.1). The most
striking thing was that Prometheus’ liver was able to grow back or regenerate every night™.
Nowadays, biomedical researchers are trying to develop the Promethean ability to
regenerate organs. Actually, there are several companiesin the biomedical field which have
inspired their name in the Greek mythology (e.g. Prometheus. Therapeutics and
diagnostics).
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Nowadays, this Promethean ability to regenerate
tissue is called tissue engineering and refers to the
use of human cells to restore, maintain or repair
human tissue. Bone, muscle, or skin tissue can be
formed with the use of tissue engineering tools.
This tissue engineering approach is becoming
promising for the replacement of these tissues,

since the supply of organs from donors cannot

keep up with the demand. For this purpose,

Figure 1.1. Prometheus and his brother
Atlas punished by Zeus.

scientists deal with the extraction of cells and how
to make them form a specific tissue with a
determined function. Cells have the genetic material needed to become the desired tissue,
but they need the right cues. A code made of 3.000.000 letters (gene sequence) will give
directions to cell of when to live, when to grow and when to die. These cells, moreover,
need a structure (scaffold) to guide the regeneration, nutrients and oxygen.

One of the key issues in tissue engineering is the ability of the cells to grow on these types
of structures called scaffolds. These cells need to be maintained on these scaffolds ex vivo,
simulating the conditions in vivo. This was aready achieved 100 years ago. Rudolf
Virchow in the late 1850's published his work Cellularpathologi€?, in which he described
that tissue regeneration was dependent on cell proliferation, work in which he aso
cultivated cells outside the body (nowadays known as in vitro first suggested by Leo
Loeb®). CA Ljunggren and J Jolly were the first researchers to attempt the in vitro
cultivation®, but it was not until the work done by RG Harrison in 1910 that demonstrated
the active growth of cells in culture®. This was one of the key points in science and
especially in tissue engineering.

The promethean ability to regenerate an organ did not succeed until the 70s'. WT Green
undertook some experiments to generate new cartilage by implanting chondrocytes seeded
on a scaffold in nude mice®. He did not succeed, but he set the theoretical and practical
concept of connecting cells with a scaffold. He concluded that with the improvement of

biomaterials science and the loading of cells into these biomaterials, it would be possible to
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produce or regenerate tissues®. Burke and Yannas generated skin by a culture of dermal
fibroblasts or keratinocytes on protein scaffolds and using them for the regeneration of burn
wounds. The bases of the new biomedical discipline were established in the article by
Langer and Vacanti’. Tissue engineering was even more advertised when BBC explored the
potential of tissue-engineered cartilage, which included images of the mouse with the ear in
its back from the laboratory of Dr Charles Vacanti (Figure 1.2.). This Vancanti mouse
helped to promote the idea of creating new
tissues and organs. Since then, tissue
engineering has been considered one of the

most promising technologies of the century.

The present thesis will dea with tissue
engineering and regenerative medicine

applied to bone. As will be seen, the

combination of the man components of

Figure 1.2. Vancati’ s mouse with an ear on its
back. bone was thought of an interesting approach

to regenerate bone.

1.2. Bone

1.2.1. Composition

Bone is a living and dynamic tissue composed mainly of collagen, stiffened with calcium
phosphate crystals embedded in its structure. Bone also contains water, proteins, cells and
macromolecules. The bone matrix is composed of an organic matrix, which is 30% of the
total bone weight, and mainly composed of collagen (90-95%) and 5-8% of non-
collagenous proteins such as osteocalcin, osteonectin, proteoglycans, bone morphogenetic
protein, proteolipids and phosphoproteins. The mineral phase constitutes 60% of the bone
weight and is composed almost entirely of carbonated hydroxyapatite having small
amounts of magnesium, sodium, potassium, fluorides and chlorides. The 10% missing for
the total bone weight is attributed to water.
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The hydroxyapatite is able to precipitate on the gaps left by the collagen fibers presenting

the following formula®:

Cag 300,7(PO4)4,3(CO3)x(HPO4)y(20HyCO3)0,1501 7
Where o representsavacantand x +y = 1,7
It presents the following characteristics™

It is calcium deficient

It presents CO5? in its structure (substitution for groups PO,>)

e It has a non-stechiometric composition, presenting HPO,* groups and Na', Mg®,
K*, F and ClI” which are incorporated in its structure
e It haslow crystalinity (250-500 x 30 A)

e It has high specific surface area

Bones also contain blood vessels. Most of the bones are hollow and contain hematopoietic
or fatty marrow, which will allow for new cell formation. Tendons and ligaments insert into
the bone substance. The ends of the bones are often covered by a thin layer of cartilage for
lubrication.

The membrane that lines on the outside of the bone is called periosteum, as for the

membrane found inside the bone is called endosteum.
1.2.1.1. Bonecdlls

The céllular part of bone is composed of three cell types that derive from the marrow cells

found inside the bones, namely, osteoblasts, osteocites and osteocl asts.

Osteoblasts derive from bone-lining cells and are responsible for the formation of bone.
The word comes from the Greek words bone (osteo) and embryonic (blast). They initialy
lay down the collagenous matrix, osteoid, in which mineral is later deposited. These kind of

cells are able to produce type | collagen, osteocalcin and sialoproteins.
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Osteoprogenitors cells are induced to differentiate to osteoblasts under the influence of
growth factors, especially bone morphogenetic proteins. Osteoblasts have big rough
endoplasmatic reticulum. The rough endoplasmatic reticulum is composed of ribosomes
which are the organules in charge of protein synthesis. They also have a large Golgi
apparatus and a large and spherical nucleus. Osteoblasts that become trapped in the bone
matrix become osteocytes’.

Osteocytes are the cells in the body of the bone and their density may vary from 90.000
mm2 in rats to 30.000 mm2 in cows. In general, as the animal is bigger, the lower the
density of osteocytes will be™®. Unlike osteoblasts, osteocytes have a high
nucleus/cytoplasm ratio, meaning that they contain fewer organules due to their low
activity in synthesis and are involved in the routine turnover of bony matrix, through
various mechanosensory mechanisms. As mentioned before, they derive from osteoblasts
and are imprisoned in the hard tissue and connect with neighboring osteocytes and with
bone lining cells, by means of processes that are housed in little channels, named canaliculi,
of about 0.2-0.3 um in diameter. The connections with neighboring cells are by means of

gap junctions that allow small molecules through easily.

The word osteoclast comes from the Greek for the words bone and broken. They are bone
destroying cells, are large and multinucleated, derived from precursor cells circulating in
the blood. They have a cytoplasm with a high concentration of vesicles and vacuoles. The
ways in which they act is by clamping themselves to the bone’s surface and leave a space
underneath named ruffled border that is very mobile and beneath which, the bone is known
to dissolve through the release of protons coming from the osteoclast. Debris, both organic
and mineral, are packed into vesicles and pass through the cells body of the osteoclast and
is dumped into the space above. The mineral portion of the matrix which is endocytosided
is then secreted into the extracellular fluid increasing levels of ions in the blood. Once
osteoclasts have dissolved old bone, they disappear and die™.
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1.2.2. Function

The bones are known to have three main functions. mechanical, synthetic and metabolic

functionalities. Regarding the mechanical functionality, it has to be taken into account that

bone does not only protect the internal organs, but aso helps to maintain body shape,

transfer movement and even in the transduction of sound. These functiondities are

described in Table 1.1.

Function I mportance
Serve to protect internal organs, such as the skull,

Protection which protects the brain, or the ribs, which protect
the heart and the lungs

Shape Provide a frame to keep the body supported

Bones, in junction with skeletal muscles, tendons,
ligaments and joints function together to generate and

Movement transfer forces so that individual body parts or the
whole body can be manipulated in three-dimensional
space

Sound transduction Ihgéar(i):;ant in the mechanical aspect of over shadowed

Table 1.1. Mechanical functions of bone'?,

The synthetic functionalities of bone are described on Table 1.2.

Function

Importance

Blood production

The marrow, located within the medullar cavity of
long bones and interstices of cancellous bone,
produces blood cels in a process called
hematopoiesis

Table 1.2. Synthetic functions of bone™.
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The metabolic functionalities of bone are described on Table 1.3.

Function Importance

Act as reserves of mineras for the body, most

Mineral storage notably calcium and phosphorous

Mineralized bone matrix stores important growth
factors, such as insulin-like growth factors,
transforming growth factors, bone morphogenetic
proteins and others

Growth factor storage

The yellow bone marrow acts as a storage reserve of

Fat storage fatty acids

Buffers the blood against excessive pH changes by

Acia-base balance absorbing or releasing alkaline salts

Bone tissues can also store heavy metals and other
foreign elements, removing them from the blood and
reducing their effects on other tissues. These can later
be gradually released for excretion

Detoxification

Table 1.3. Metabolic functions of bone™.
1.2.3. Structure

Bone is structured in a hierarchized form, and it is this hierarchy, that gives the optimum
functional properties. The different levels at which bone may be studied can be observed in
Figure 1.3.%%:

1- Themacrostructure: cancellous and cortical bone

2- The microstructure (from 10 to 500 um): Haversian systems, osteons, single
trabeculae

3- The sub-microstructure (1-10 um): lamellae

4- The nanostructure (from hundred nanometers to 1 pm): fibrillar collagen and
embedded mineral

5- Sub-nanostructure (below few hundred nanometers): molecular structure of
constituent elements, such as mineral, collagen and non-collagenous organic

proteins.
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Collagen
molecule

I/ Cancellous bone
Collagen Ctgll)ariglen
Lamella fiber ]
\ e Bone

Haversian ¢ ) Crystals
canal

~

0.5 um
H
Microstructure Nanostructure
Macrostructure Sub-microstructure Sub-nanostructure

Figure 1.3. Structure of bone from its macrostructure to its sub-nanostrucuture™.

This organization of bone and the resulting structure leads to excellent properties in the z

direction, but with rather anisotropic and heterogeneous properties.

At macroporous level, bone is distinguished between cortical or compact bone and
cancellous or trabecular bone™. The end of a long bone has a dense cortical shell with a
porous cancellous interior. As a first approximation, visual differences can appear when
comparing cancellous and cortical bone, athough the true differences appear at the
microstructure. Cortical bone is composed of well structured osteons, which are
concentrical structures on the center of which, the Haversian channels may be found. The
sub-microstructure of cortical bone is composed of regular, cylindrically shaped lamellae.
Each of the lamellas are composed of collagen fibers, and these collagen fibers, are the
matrix onto which the HA may precipitate. The HA precipitates in the gaps left by the
collagen, which are the gaps that are found between collagen fibers, separated by a typical

67 nm distance.

Some researchers consider cortical and cancellous bone as a single morphological material

which can be characterized by a highly variable porosity or apparent density™*’. In
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general, cancellous bone is much more active metabolically, being remodeled much more
often than cortical and therefore, can be considered as younger, on average, than the
cortical bone.

Cortical bone comprises 80% of the skeleton in mass and has a higher resistance to bending
and torsion, due to its high density and its compact structure. The major part is cacified and
its main function is to provide mechanical strength and protection. It can also participate in
metabolic responses, particularly when there is severe or prolonged mineral deficit. On the
other hand, trabecular bone represents 20% of the skeletal mass and is less dense, more
elastic, and has a higher turnover than cortical bone, having a higher metabolic function.
Trabecular bone serves as mechanical support in the case of vertebrae and provides the
initial supplies in acute deficiency states'. It is important to take into account that the
differences in structure will lead to differences in the mechanical behavior of bone and the

values for maximum strength and Y oung modulus are shown in Table 1.4.

Young Modulus (GPa) Compressive strength (M Pa)
Cortical bone 7-30 100-230
Cancellous bone 0.05-0.5 2-12

Table 1.4. Young modulus and compressive strength for cortical and cancellous bone™.
1.2.4. Boneremodeling

Bone is a living organ that undergoes remodeling throughout life. Bone remodeling arises
from the action of osteoblasts and osteoclasts that repair bone defects such as
microfractures. In a hemostatic equilibrium, resorption and bone formation should be
balanced, continuoudly replacing old bone by new bone formation. Bone remodeling is the
process by which there is a bone turnover and that allows for bone to maintain the shape,

quality and size of the skeleton.

The remodeling cycle is shown in Figure 1.4 and consists of three consecutive phases:
resorption, reversal and formation. The first phase, resorption, starts when partialy
differentiated mononuclear preosteoclasts migrate to the bone surface, where they form

multinucleated osteoclasts. After the completion of this osteoclastic resorption, there is a
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reversal phase where mononuclear cells appear on the bone surface. These cells are the
ones that prepare the surface for new osteoblasts to begin bone formation and provide
signals for osteoblasts differentiation and migration. The formation phase follows, with
osteoblasts laying down bone until the resorbed bone is completely replaced by new one.
When this phase is completed, the surface is covered with flattened lining cells and a
prolonged resting period begins, until a new remodeling cycle is initiated. It has to be
mentioned that the stages of remodeling cycle have different lengths. Resorption takes
place probably in about 2 weeks, followed by 4 or 5 weeks for the reversal phase and
finally, formation can take place for about 4 months, until the new bone is completely

created.

Hematopoletie Mesenchymal
Stem Cell Stem Cell

© (@
/
‘Bgm%ﬁc

Stromal Cell Osteoblast
Precursor

e

% tenc-lust
p—

Figure 1.4. Representation of bone remodeling by osteoclasts and osteoblasts. Osteocytes are represented as
mature osteoblasts which form part of the ECM™2,

RESORPTION REVERSAL

The principle underlying bone remodeling is still unclear, but a well accepted theory for
bone remodeling is based on the fact that bone has electrical properties, which is named
piezoelectricity. Piezoelectricity is the coupling between mechanical deformation and
electrical polarization of a material. The origin of piezoelectricity lies in the presence of
asymmetric charged groups in the material. As the materia is deformed, the charges move
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respect to each other so that change in dipole moment occurs. It is collagen that gives the
piezoelectric properties of bone. What happens in bone is that, when there is a tension or
compression force, small electrica impulses are produced: the zones in which there is
compression (concave parts of bone), these are charged negatively and new bone tissue is
deposited in these zones, whereas in the zones that suffer tension (convex parts), these are
positively charged and tissue is resorbed in this zone. This is the explanation for the
monograph published in 1892 by Julius Wolff on bone remodeling, which is nowadays
known as Wolff’s law and establishes that bone is reshaped in response to the forces acting

on it%.
1.3. Bone substitutes

1.3.1. Bone graft

The high regenerative capacity of bone previously explained due to its bone remodeling
and since it is a dynamic system, makes it an ideal tissue for the healing of fractures
without the need of a major intervention. This can only be applied in small fractures. In the
case of having larger fractures, as those observed after bone tumors resections and
nonunion fractures, the bone cells have no guide through which they can direct bone

reconstruction. That is why these require a surgical intervention.

Bone graft is the second most common transplanted tissue, being blood the first one. More
than 500.000 bone grafting procedures are done annually in the United States and 2,2
million worldwide in order to solve injuries related to orthopedics, neurosurgery and
dentistry®’. Spinal fusions, filling defects following removal of bone tumors and several

congenital diseases may require bone grafting.

The gold standard of bone grafting is harvesting autologous cortical and cancellous bone
from the iliac crest. Although autologous bone and other forms of bone grafting have
disadvantages, and as such, their use is not optimal. The main properties that can be found
in a bone graft from natural bone are briefly described, as well as the possible bone

substitutes that can be used from other natural bones.
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Osteogenesis, osteoinduction and osteoconduction are the three essential elements of bone
regeneration, along with the osteointegration. Osteoprogenitor cells living within the donor
graft could proliferate and differentiate to osteoblasts. These cells represent the osteogenic
potential of the graft??>. Osteoinduction is the stimulation and activation of host
mesenchymal stem cells from the surrounding tissue, which differentiate into bone-forming
osteoblasts. Osteoconduction is associated with the facilitation and orientation of blood
vessel and the creation of the new Haversian systems into the bone scaffold. And finally,
osteointegration describes the surface bonding between the host bone and the grafting

material®,
1.3.1.1. Autogr aft

Autograft is considered the gold standard since it provides optimal osteoconductivity and
osteoinductivity, as well as osteogenic properties. lliac crest is the most frequently chosen
donor site as it provides easy access to good quality and quantity cancellous bone.
Harvesting autologous bone from the iliac crest has disadvantages, such as pain and
aesthetic deformities, as well as longer surgical procedures®?’. There is also the fact that
most of the cellular elements will not survive the transplantation, which will reduce the
osteogenic properties of the graft®. Besides this, autograft may aso be associated with
complications such as hematoma formation, blood loss, nerve injury, hernia formation,
infection, arteria injury, urethral injury, fracture, pelvis instability, cosmetic defects, tumor

transplantation, and sometimes chronic pain at the donor site?*?%9%2,
1.3.1.2. Allograft

Allografts are grafts coming from an external donor and are considered as the most
frequently chosen bone substitute®™. It accounts for one third of bone grafts performed in
the United States*. The benefit of using an alograft is that it avoids the pain from the
donor site, but still presents some limitations and some risks. Allograft may carry the risk
of transferring viral diseases. The alograft can be processed to reduce the risk, but in that
case, the biological, such as its osteogenic potential, and mechanical characteristics can be
reduced®™™*,
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Allograft can be prepared in fresh, frozen or freeze-dried forms, cortical or cancellous.
Fresh allografts are rarely used, since they increase the probabilities to elicit an immune
response or transmit diseases™. The concern regarding vira disease transmission is
practically eliminated through tissue processing and sterilization. Freezing and irradiation
that eliminate the cellular phase of the allograft modify the processes of graft incorporation
and affect its structural strength. Frozen and freeze-dried allograft is more osteoconductive
but is considered to have weak osteoinductive capabilities compared to fresh alograft. The
method of preparation of the allograft is done in a way to reduce the risk of immune
response, but eliminates any viable cells, reducing its osteogenic properties. Therisk is still
lower than in the case of blood transfer, but still exists™. It has been estimated that the risk
of being infected with HIV virus in screened alograft is, 1 in 1,6 million, compared to that
of blood, which is 1in 450,000, which is still low, but existing®***.

1.3.1.3. Xenogr afts

Xenografts are derived from other species, having the organic components completely
removed. Upon removal of the organic components, no possible immunological reaction
can appear. The inorganic part, which is the only one remaining, can act as an structural
scaffold, as well as a source of calcium®. The inorganic phase is aso responsible for the
physical dimension of the augmentation during remodeling phases*’. Surgeons have used
xenografts due to the introduction of a calcium phosphate source, offering the mechanical
and architectural components of bone that lacked in the synthetics. Obvioudly, it fails to
satisfy the standards set by autogenous bone because it does not have the organic or the

cellular components.
1.3.1.4. Synthetic Bone grafts

As was previously seen, autrografts seem very promising as bone grafts since they can
provide support, fill voids and enhance biologic repair of skeletal defects. Although these
promising characteristics, autografts present serious counterparts, such as donor site
morbidity and the fact of not having enough amount or not in the adequate shape. That is
why, nowadays, many synthetic bone grafts are under current investigations. Synthetic
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bone graft materials are used in order to overcome the natural grafts drawbacks. In this
sense, the materials are designed so that they meet similar features to those of natural
grafts, such as osteoconductivty (e.g. calcium phosphates), osteoinductivity (e.g.

incorporating growth factors) or osteogenicity (e.g. incorporating cells)*®%.

1.3.2. Tissue engineering and r egener ative medicine

Tissue engineering is a multidisciplinary field that involves chemistry, biology, medicine
and materials science among others. This multidisciplinary implies applying principles and
methods used in engineering as well as in biological sciences in order to understand the
relationship between structure and function in tissues and develop biological substitutes
which may be able to reestablish, maintain or improve a tissue®. The main idea is to
overcome the limitations involved in the natural grafts and the simple implantation of
biomaterials’. In order to do so, the basic principles of tissue engineering are shown in
Figure 1.5, in which it can be seen that the process starts by extracting cells of the patient
through a biopsy. These cells are then expanded in vitro and cultured afterwards on a
scaffold or construct. The scaffold is then placed in a bioreactor to simulate the
physiological conditions for cells to proliferate and differentiate into the cell lineage
desired. The scaffold loaded with cells, is finally implanted into the patient.

Figure 1.5. Scheme of tissue engineering principles. 1. Extraction of stem cells from the patient through a
biopsy. 2. Expansion of cells in vitro. 3. Seeding the cells with growth factors on a scaffold. 4. Cell
proliferation and differentiation ex vivo in a bioreactor to simulate physiological environment. 5.
Implantation of the cell loaded scaffold on the patient®.
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The materials implanted in the past were intended to be bio-inert. Scientist have now
evolved to the fabrication of bioactive materials that integrate with biological molecules or
cells and regenerate tissues’ .

The term regenerative medicine has similar concepts of those of tissue engineering, but
with the only difference that in this case, the grafts or scaffolds can incorporate some type
of signaling (e.g. growth factors) which will then be implanted by minimally invasive
surgery into the defect. Therefore, in this approach, the scaffolds are implanted directly into

the organism without the need of in vitro cultures™.

1.4. Biomaterials for bone tissue engineering and

regener ative medicine

Up to now, science has only been able to replace tissue with physiological tolerance,
biocompatibility and long term stability, with relative success. This demonstrates that we
are still far from obtaining a really biomimetic material and shows the superiority and
complexity of natural structure™. It is important to distinguish the difference between a
biological material and a biomaterial. Biological materias are the materials fabricated by
biological systems, such as bones, whereas the biomaterials are materials that are designed
and fabricated by scientist that can produce a beneficia effect on living tissues. In the latter
case, biomimetic materials are a branch of biomaterials which are considered as
biomaterials that are not made by living organisms, but have similar composition, structure

and properties.
1.4.1. Calcium phosphates

The use of calcium phosphates as bone biomateria is due to the similarity with the minera
phase of bone and teeth. CaPs have been used for more than 90 years with medical
objectives. The first CaP used for bone healing was proposed by Albee and Morrison in
1920%°. Later on, in 1951, Ray implanted HA in rats and Guinea pigs™. It was not until
1970, in which they started to be synthesized, characterized and implanted.
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Calcium orthophosphates are considered as bioactive materials. The meaning for bioactive
is that, these are materias that will promote the formation of a biological apatite before
interfacing directly with the tissue at the atomic level, resulting in the formation of a direct
chemica bond with bone. At the same time, in some cases CaP will be able to dissolve and
allow newly formed tissue to grow. Bioceramics made of dense HA may be considered as
bioactive, whereas porous scaffolds made of biphasic CaP, may be used as bioresorbable
materials. The genera applications of these materials are the use in non-loading bearing
implants, such as filling bone defects in oral or orthopedic surgery, middle ear surgery or
even coatings for metallic prosthesis. These materials are opposite to those considered as
the first generation of biomaterials or bioinert, which would provoke the formation of a
fibrous capsule isolating the material from the body.

There are two main types of CaP: the ones obtained by precipitation of an agueous solution
at room temperature and the ones obtained by thermal treatment. The specific type of CaP
that formed depends on the solubility of the CaP in agueous medium. The name and
composition of the main compounds that can be obtained at low temperature in agueous

systems, as well as the compounds obtained by thermal treatment, appear in Table 1.5:

Name Formula CalP Mineral Symbol
Monocal cium phosphate Ca(H,POy),-H,0 0.50 - MCPM
monohydrate
Dicalcium phosphate CaHPO, 1.00 Monetite DCP
Dicalcium phosphate CaHPO,4-2H,0 1.00 Brushite DCPD
dihydrate
Octacalcium phosphate CagH,(PO,)s-5H,0 1.33 - OoCP
Preci p| tated CalO_X(H PO4)X(PO4)6_X(OH)2—X 1.33- - PHA
hydroxyapatite 1.67
Precipitated amorphous Cag(POy)2-nH0 1.50 - ACP
calcium phosphate where n=3-4.5
Monocal cium phosphate Ca(H,PO,), 0.50 - MCP
a-Tricalcium phosphate a-Cag(PO,), 1.50 - a-TCP
B-Tricalcium phosphate B-Cag(POy), 1.50 - B-TCP
Sintered hydroxyapatite Cayo(PO,)s(OH), 1.67 Hydroxyapatite SHA
Oxyapatite Cayo(PO,)sO 1.67 - OXA
Tetracaclium phosphate Cay(PO,),0 2.00 Hilgenstockite TetCP

Table 1.5. Calcium phosphates that may be obtained at low temperature (top 6) or through high temperature
sintering (bottom six)*".
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The first six compounds correspond to those compounds which can be obtained by
precipitation in agueous medium, whereas the last 6 correspond to those obtained by
thermal treatment.

The key feature that will prognosticate what the behavior of the CaP will be in vivo, will
depend on their solubility *%. In genera, if a CaP is less soluble that the mineral phase of
bone, it will take long period of time to degrade, if ever degrading. If the solubility of the
CaP is higher than that of the mineral phase of bone, it will degrade. Although it is also
worth highlighting that in vivo, there will also be the effect of the cells, such as osteoclasts
that will enhance the dissolution of the CaP.

Before advancing in the description of the different solubilities of the CaP, first of al, itis
important to understand the concept of solubility. An example is given in the general case
of having a compound with formula AX in agqueous solution in the system A(OH), — H.X —
H.O. The logarithm of the concentration of A is represented versus pH (Figure 1.6). When
equilibrium is obtained between a solution and an excess of solute, the solution becomes
saturated and is represented with the line shown, which is the saturation line. If the
concentration of the solute rises or decreases around this equilibrium point for each pH, the
solution will become supersaturated in the compound in the first case, and will be
undersaturated in the second case. In the supersaturated region, the compound will have an
excess of ions in solutions and will precipitate, whereas in the undersaturation zone, the

compound will dissolve in order to maintain the thermodynamic equilibrium.

Supersaturation zone

Log [A]
/

Figure 1.6. Solubility diagram for a theoretical system A(OH), —H,X — H,0.%%"
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The same interpretation can be given for a system Ca(OH), — H3PO4 — H,O which can be
shown in Figure 1.7. The diagram can be represented as a function of the calcium
concentration or phosphorous, but it is easier to visuaize in the calcium case. The
equilibrium solubilities are shown for the most common CaP: tetracalcium phosphate
(TTCP), Dicacium phosphate dihydrate (DCPD), Dicalcium phosphate anhydrous (DCP),
octacal cium phosphate (OCP), a-tricalcium phosphate (a-TCP), B-tricalcium phosphate (-
TCP) and hydroxyapatite (HA). As can be observed, a negative slope can be observed in
the neutral and acid zone, which means that the solubility increases as the pH decreases. In
general, for a given pH, the lowest line will correspond to the most stable and less soluble
compound. It is because of these diagrams that it can be concluded that for a pH higher than
4.2 and at 37°C, the most stable compound is HA, and that below this pH, the most stable
compound is DCP. It can aso be seen, that at pH lower than 8.5, the most soluble
compound is TetCP, and at pH values higher than 8.5, the most soluble compound is
DCPD.

It can then be concluded that, when a CaP is introduced in water, it will dissolve and
precipitate in a CaP that is more stable at that temperature and pH. This is the basis of the
calcium phosphate cements (CPC), being able to hydrolyze and evolve into a more stable
system, which isusually HA, that is the mineral phase of bone.

[
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Figure 1.7. Solubility diagram for the system Ca(OH), — HsPO, — H,0%%.
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1.4.2. Calcium phosphate cements

Calcium phosphate cements are blends of calcium phosphate powders and agqueous
solution, which in many cases may be distilled water or an accelerant solution (e.g. sodium
hydrogenphosphate). Once these two components are mixed together, a viscous and
moldable paste is obtained, which sets to form a firm mass within minutes. Once the paste
has become stiff enough, it can be placed into a defect, as bone substitute for the damaged
part of the bone, where it hardens in situ. The amount of liquid and powder that will be
mixed will determine the properties of the paste, as well as the properties of the final solid
body. The paste may be injected into the defect, where it can intimately adapt to the bone
cavity. The schematic phases of a CPC are shown in Figure 1.8:

CEMENT

POWDER + LIQUID

mixed

|
PLASTIC PASTE

Setting

RIGID PASTE

Hardening

SOLID BODY

Figure 1.8. Scheme of the CPC preparation. Initially the powder and the liquid are mixed to form a paste,
which upon the setting forms a rigid paste to finally lead to a solid body after the hardening.

They are considered as osteoconductive, which describes the ability of the material to have
bone growing on its surface, and may in some cases, be osteoinductive. Another important
feature is that CPC are osteotransductive, meaning that CPC are replaced by new bone

tissue™®. They posses sufficient compressive strength, are non cytotoxic, presenting
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chemical and X-ray diffraction patterns similar to those of bone®*. The main advantages and
disadvantages of CPC are presented in Table 1.6.

Advantages Disadvantages
1. Self-setting ability in vivo 1. Mechanical weakness
2. Good injectability that allows cement 2. Can be washed out from surgical defect if
implantation by minimally invasive surgical excess of blood
techniques
3. Good osteoconductivity and occasional 3. Lack of macroporosity

osteoinductivity
4., Can be replaced by newly formed bone after a 4. The in vivo biodegradation may be slower than
period of time the growth rate of newly forming bone

5. Moldability

6. Excellent biocompatibility and bioactivity

7. No toxicity

8. Low cost

9. Ease of preparation and handling

10. Setting at body temperature

11. Form chemical bonds to the host bone

12. Clinically safe materialsin their powder
components

13. Can be used to deliver antibiotics, anti-
inflammatory drugs, growth factors, etc. at local
sites

Table 1.6. Advantages and disadvantages of the use of CPC®.

The first monolithic calcium phosphate ceramic, at room or body temperature, was put
forward by LeGeros et al® and Brown and Chow®”®, The first formulation consisted of the
equimolar mixture of TTCP and dicalcium phosphate (DCPA or DCPD) which was mixed
with water at a L/P ratio of 0.25 ml/g, obtaining a hardened CDHA after 30 minutes®” .
Severd years after, more than 15 combinations of calcium phosphates were established as
possible powders for CPC** ™. Depending on the pH value of a cement paste, only two end
products may exist: poorly precipitated HA or CDHA (pH> 4.2) and brushite (pH<4.2).

That is why two main CPCs are known: apatite cements and brushite cements.

The first reaction that takes place in any CPC is the initial dissolution, which will depend
on the chemical composition and the solution pH as was previously seen. The dissolved
reactants form a supersaturated microenvironment respect the final products. It is their
relative stability that will lead to the formation of one of the end products or the other. So
basicaly, the mixing of the dry powder with an agueous solution induces various chemical
transformations, where crystals of the initial calcium orthophosphates rapidly dissolve and
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precipitate into CDHA crystals or DCPD. During the second phase, which is the
precipitation, the newly formed crystas grow and form a web of intermingling
microneedles or microplatelets of the final products, providing the initial mechanical

properties.
1.4.3. Collagen

Collagen is a French neologism from the 19" century that was meant to designate the
constituent of connective tissues that produced glue (from the Greek, yoA\la, glue, and
vevos, birth). In 1983, the Oxford dictionary defined collagen as “that constituent of
connective tissue which yields gelatin on boiling”. That is because, most of the work was

done on heat-denatured collagen.

Collagen is a fibrous protein found in all multicellular animals. Collagen is basicaly
secreted by cells into the extracellular matrix. It is the main component of bones and skin,
being the most abundant protein in mammals with a 25% contribution of the total protein
mass in the body. The main structure of collagen is composed of three polipeptidic chains
(apha chains), which are bounded together forming a coil (Figure 1.9). Its triple helical
structure is obtainable due to its different chains conformations. The apha chains are
unique in the sense that they repeat a determined structure in order to form the hierarchized
structure. The chains arerich in proline, lysine and glycine. Proline and lysinse may also be
found in its hydroxysilated form, which are hydroxyproline and hydroxylisine. Glycine is
found every three amminoacids in order to be able to have its small side chain (Hydrogen)
facing into the inner part of the helix. Proline is able to stabilize the helix form in each
alpha chain. Each polypeptide forms a left-handed helix in which every third residue comes
into the center of the superhelix, shifted by 30° from the preceding centra residue of the
same chain. This results in the formation of a right-handed superhelix. The repeating
structure of collagen is then Gly — Xaa — Yaa, in which Xaa and Yaa can be any
amminoacid, but are frequently proline and hydroxiproline. A posttranslational process
allows for the maturation of the trandation product into the fibrillar materials with high
tensile strength, characteristic of collagen-rich tissues 2. The basic collagen molecule has a
length of 3000 A and 15 A of width, presenting a molecular weight of 300 kDa">".
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Figure 1.9. Tropocollagen molecule in which each of the different colors represents « different a chain™.

It isimportant to highlight that collagen is the genera term for the proteins of the ECM that
present the triple helical structure, but that doesn’t mean that all the proteins with this triple
helical structure are identical. In fact, at the end of the 1960’s, cartilage was studied, and it
was seen to contain collagen with a primary structure different to that found in skin,
tendons and bone, which had been previously studied (type | collagen). This new collagen
was called type Il and the molecules were shown to be homotrimers. Further on, another
similar molecule was found and was named collagen type Il1I. Type Il collagen was
isolated from tissues that also contained collagen | molecules, which was afterwards shown
that, the two types of molecules could form heterotypic fibrils™. This created confusion
since new collagen types started to appear. At present time, over 25 different types of apha
chains have been identified, which are codified by different genes. Although the
combination of these different alpha chains could lead to thousands of collagen types, only
around 20 types of collagen have been identified. The most important collagen types are
type I, 11, 111, V and XI, but our interest will be focused in collagen type I, due to the fact
that it is the collagen type present in bone and the most abundant collagen type. In the case
of type I collagen, the composition is two al and one a2 chains. That is why a general
definition of collagen had to be found in which al different types of collagens could be
included: it is considered as a structural protein of the ECM which contains one or more

domains having the conformation of atriple helix.

The characteristics of collagen as biomaterial and the way it interacts with the body,
significantly differs from other polymers since it presents cell recognition domains and
higher biocompatibility, therefore its use is widely extended’’. Compared to other natural
polymers, it presents biodegradability, weak antigenicity and superior biocompatibility.
One of the main advantages of collagen is that it can self-assemble forming fibers and
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bundles, making collagen stronger and more stable. The main advantages and some

drawbacks for using collagen are summarized in Table 1.7.

Advantages Disadvantages

Available in abundance and easily purified from High cost of pure type | collagen.
living organism.

Non-antigenic. Variability of isolated collagen.

Biodegradable and bioresorbable. Hydrophyilicity which leads to swelling and more
rapid release.

Non-toxic and biocompatible. Variability in enzymatic degradation rate as
compared with hydrolytic degradation.

Synergic with bioactive components. Complex handling properties.

High tensile strength. Side effects, such as bovine spongiform
encephal opathy.

Hemostatic: promotes blood coagulation.

Different forms.

Biodegradability can be regulated by cross-linking.
Easily modifiable to produce materials as desired
using its functional groups.

Compatible with synthetic polymers.

Table 1.7. Advantages and disadvantages of using collagen as biomaterial .

In the field of bone regeneration, collagen has been used, although due to its low
mechanical propertiesit has been usually combined with other materials such as HA, which
in addition can make the materia osteoinductive under certain enviorments’®.
Nevertheless, it is not the only way collagen can be made osteoinductive, since it has aso
been used in some occasions as drug carrier (e.g. BMP-2) in order to induce bone cell

differentiation®.

In order to reproduce the function needed, it is important to recreate the bone ECM
structure. The structure of the ECM is basically composed of collagen, and that is why,
many efforts have been put on developing systems which are able to recreate the
appropriate bone ECM micro-architecture. That is why, collagen gels are used to create
tissue equivalents. The properties of this gel will depend on the organization of the collagen
fibrils in the network, which at the same time is a response of externa stimuli, such as
mechanical stimuli. These fibril gels create a 3D network on which cells can be seeded,
which may promote in vivo like cellular activity that is completely different from those
observed in 2D%.
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1.4.4. Calcium phosphate/collagen composites for bone

regener ation

There are many studies in which collagen has been mixed with hydroxyapatite. These
composites may present advantages over the different components individualy. An
accelerated osteogenesis was observed in a study in which collagen/HA scaffolds were
implanted in Wistar ratsin 5 mm calvariae defects and were shown to increase osteogenesis
adready after 28 days™. Other collagen/HA composite material has also shown better
osteoconductive properties and calcification production identical to that of bone matrix®®*,
presenting biocompatibility both, in animals and humans, as was observed in commercially
available composites (Biostite and Bio-Oss)®*®. Mehlisch in the 90s, implanted a material
composed of a collagen matrix with HA particles for ridge augmentation for 1 year and
reported a high biocompatibility®. Besides the enhanced biological behavior, the composite
mechanically may aso behave in a better way than its components by themselves. The
ductile properties of collagen may help increasing the low fracture toughness of ceramics.
On the other hand, the addition of a ceramic in collagen has also been reported to have an
increased resistance to three dimensional swelling compared to collagen as observed in a
collagen calcium phosphate composite in the form of multilayer sheets obtained using
enzymatic mineralization®’. They have been also shown to improve its mechanical wet

properties™.

Compared to other scaffolds, there is evidence of the biological advantage of collagen
compared to artificial polymeric scaffolds, demonstrated in cartilage regeneration®, as well
as a better cell adhesion to collagen surfaces rather than PLLA or PGA implants®. Some
polymeric scaffolds can take up to two years to degrade (e.g. Poly(hydroxybutyrate) (PHB),
Poly(hydroxyvalerate) (PHV))®*, while some collagen hydroxyapatite composites have a
more reasonable degradation rate between 2 months and 1 year®. On the other hand, when
comparing hydroxyapatite/collagen composite scaffolds to other ceramic scaffolds, they
perform well compared to HA or TCP®. The addition of collagen to the ceramic structure

can provide improvements from a surgical point of view: shape control, spatial adaptation,
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increased particle and defect wall adhesion and the capability to favor clot formation and
stabilization .

A synthetic bone graft substitute of type | bovine collagen, hydroxyapatite and tricalcium
phosphate (Collagraft Bone graft matrix Strip) was used successfully in anima and human
applications for long bone fractures™. It was approved by FDA in 1994 as a substitute for
autogenous bone grafts for treating acute long bone fractures and traumatic defects when
used with bone marrow and internal or externa fixation. It was reported as a highly
compatible and well incorporated in spinal fusion®. However, Muschler et al** reported the
use of Collagraft in a canine spinal fusion model stabilized with acrylic bone cement and
cerclage wire. They reported poor results, mainly attributed to poor stabilization of the

spine through cement and cerclage wire fixation.

Nowadays, some biomaterials composed of hydroxyapatite and collagen may be found in
the literature. The processes by which these are obtained differ among them and this leads
to different final properties. The intention of the following paragraphs is to give an
overview of the different techniques that are being used and that have been used for the
preparation of hydroxyapatite and collagen composites.

a) Soaking of collagen sponges

The method consists on the immersion of a collagen porous matrix in a phosphate
containing solution, mainly SBF or PBS, in order for the HA to precipitate. The HA
crystals are able to precipitate on and throughout the collagen matrix. The collagen is
usually lyophilized in order to obtain a porous sponge like morphology. The mgority of
these scaffolds are based on the method described by Kokubo™. When the fluid in which
the collagen sponge is located becomes supersatured in calcium and phosphates ions, such
as when placed in SBF solution, HA precipitates on top of it*%. It is considered as a fast
and easy method to obtain a collagen HA scaffold. In this approach, the first experiments
were done with SBF or PBS as mentioned, but since then, new solutions have arisen in
order to also obtain HA which may affect the final properties of the HA®. In general, it is
difficult to control the amount of HA that isincorporated into the scaffolds.
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An upgrade of this principle consists on placing the collagen sponge in water and make
calcium and phosphate solutions pass through the sponge drop by drop. Collagen has a
solid form, making a calcium phosphate solution diffuse into the fibrils®. It is reported that
in this way, the orientation of the collagen fibers can be controlled®. Furthermore, by
controlling the solutions used and the speed at which the solutions are added, a gradient

collagen scaffold with calcium rich areas and calcium depleted areas can be obtained®.

An even more interesting approach that was taken in a previous work was to create sponges
with the soaking method and then incorporating cells arising from bone fragments. This
sponges were then able to be coiled, obtaining scaffolds colonized with cells even in the
inside of the scaffold™".

The use of a sponge is not always necessary. In another example, microbeads of collagen
were prepared, and in order to stabilize the structure, these were crosslinked with
glutaraldehyde and placed in PBS for the precipitation of the HA%,

Nevertheless, even though the majority of scaffolds are obtained having a collagen scaffold
onto which the HA is precipitated, the opposite can aso be found, in which a porous HA

scaffold can be made, being impregnated afterwards with a collagen solution'®.
b) Smultaneous precipitation of calcium phosphate/collagen solutions

Many other works relay on the principle of a simultaneous precipitation of collagen and
HA. The condition for the stable formation of HA is akaline, and collagen fibrillogeneis
occurs at around body temperature and pH. That is why, for the fibrillogeneis of collagen to
occur in vitro, it requires certain conditions of physiological saline with a precise pH and

temperature™®+%,

In order to obtain this simultaneous precipitation, the process is generally done through a
simultaneous titration system. There are severa ways through which this co-precipitation
can be obtained. The system can be formed by a phosphate containing solution and

collagen solution'®, or a calcium containing and collagen solution'®. This way, both the
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collagen and the HA will precipitate at the same time. That is why the system is called co-
precipitation or simultaneous precipitation.

It has been demonstrated that the c-axis of HA crystals can be induced to grow along the
direction of collagen fibrils, if the right conditions of mineralization are met, in which the
temperature is maintained at 40°C and the pH around 8-9'%". The system by which it is
prepared is similar to that shown in Figure 1.10. The way in which the experiment was
carried out, was having 2 | of 99.6 mM Ca(OH), aqueous suspension and another tank with
2| of 59.7 mM H3PO, agueous solution with 5 grams of atelocollagen. Both solutions were
added drop by drop in a centra tank, which initially contained 1 | of water. These
concentrations were established in order to obtain a final weight ratio of HA/col of 80/20.
The temperature was controlled in a water bath, and so was the pH by the simultaneous
titration of Ca?* and PO,> solutions'®*%’. The solutions concentration is usually controlled
so that the final ratio of HA/col is between 80/20 and 60/40 (wt/wt)*" 1.

pH controller S ~

Tube pump Tube pump
o
|:|I
H;PO, ag+ Ca(OH), suspension
collagen

Water bath

Figure 1.10. Representation of the system used to prepare scaffolds through a co-precipitation of collagen

with calcium and phosphate ions'%’.

The results showed the fabrication of collagen fibers of 20 um in length and having the c-
axes of HA crystals aligned along the elongation direction of the HA/col fibers, which is
similar to the structure found in bone'™:. The driving force for the surface interaction
between HA and collagen was probably an interfacial interaction between these molecules,
because HA formation on Langmuir-Blodgett monolayers indicates that HA nanocrystals
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formed on carboxyl-terminated monolayer, but not formed on amino-terminated
monolayer*?. Red shifts were observed with FTIR when comparing the collagen spectra
with those of the composites. Those shifts are related with a decrease in bonding energy of
the C-O bond and is basically assumed to be caused by the interaction with Ca’* ions. This
method has been resembled by other authors by using similar protocols in which the

collagen and the HA precipitate at the same time™*>.
c) Solid freeform fabrication

The use of solid freeform fabrication for collagen/HA scaffolds has not been directly
applied to collagen durries, but rather, moulds made of polymeric materials have been
prepared with the solid freeform fabrication technique, onto which the collagen/HA slurries
were then poured. Briefly, collagen slurries containing 70% wt of HA were mixed and
blended. These slurries were then poured into the moulds fabricated through solid freeform
fabrication of biocompatible materials (BioBuild and BioSupport). The moulds with the
dlurries were then frozen and after the complete freezing, these were immersed in ethanol
for the complete dissolution of the moulds. The materials were then left drying in order to
obtain the macroporous scaffolds. It is important to highlight that the morphology and
porosity of the scaffolds completely depends on the solid freeform fabricated moul d**4**°.

d) Freeze-dried collagen and HA slurries

This method is aso called the phase separation method or simply freeze-drying process. It
is based on the freeze-drying of collagen:HA slurries to obtain macroporous scaffolds. The
techniques described up to now usually had the collagen as the matrix of the material. With
the present technique, materials with higher content of HA can be obtained. This means that
in the case in which the amount of collagen is high, and therefore, becomes the continuous
phase, the material obtained will be a highly porous material with HA deposits. In the case
in which the amount of HA is high, the material obtained will be a ceramic with some
collagen, not presenting, in general, macroporosity. The ratios of HA and collagen can be
perfectly controlled by controlling the amount of HA incorporated®™ % |n the
previously described methods, since HA arises from precipitation, the amount of HA is

more difficult to control and is generally between 80:20 or 60:40 wt ratios of HA:collagen.
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With the present technique, most of the works present a higher range of HA:collagen
weight ratios, ranging from 1:99 to 2:1%%M°. Higher ranges have also been covered up to a
8:1 weight ratio of HA:collagen content in collagen scaffolds'. TenHuisen also obtained
a composite with a higher ratio of HA in the composite, being HA the matrix of the

material, achieving up to a 22:1 HA:collagen weight ratio™*.

€) Calcium phosphate cements with collagen

There have been few works in which collagen has been combined with a CPC. An apatitic
CPC composed of TTCP/DCP was studied in combination with collagen at a L/P ratio of
0.29 ml/g, adding collagen in its liquid and its powder phase™®. The results showed that the
incorporation of the collagen in the powder phase gave poor results in terms of setting time.
Lower setting times were found when collagen was incorporated in the liquid phase,
although the optimum results were found when the liquid phase was composed of collagen
and an accelerant solution (e.g. sodium hydrogenphosphate). There was an increase in the
setting time and a linear decrease in the diametral tensile strength when collagen was
present in more than 1% in the liquid phase. When the accelerant solution was present,

122 More recent works describe the

there was an improvement in workability and handling
addition of collagen (3% wt) in the liquid phase in a brushitic cement composed of MCP
and B-TCP™ at a L/P ratio of 0.29 ml/g and also reported an improvement in cement
handling. Furthermore, collagen was found to accelerate the setting reaction and maintain
the compressive strength similar to that of the cement without collagen. The most important

123 An even more

claim was the excellent cohesion properties and high cellular adhesion
recent work reports a 10 fold increase in the work of fracture of an apatitic CPC composed
of TTCP and DPA containing 5% collagen solution in its liquid phase for different L/P (e.g.
0.29, 0.33 and 0.4 ml/g)***. Furthermore, the presence of collagen doubled the initial
cellular attachment in the composite at a L/P ratio of 0.29 ml/g for collagen concentrations
of 2.5 and 5% wt™**. Recent work also describes the hydrolysis of a collagen and a-TCP
paste in water'®. Two different methods for the mixing were applied: simple mixing or
milling the mixture, using 5% and 20% weight collagen ratios respect to HA. It was shown
that in the case of having the non-milled composite, the diametral tensile strength decreased

compared to HA aone, whereas it remained similar in the case of the milled case. The
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diametral tensile strength was higher in the case of the milled composite compared to the
non-milled composite and is attributed to the better dispersion of small collagen fibers in

the composite'®.

1.5. Cdll interactionswith biomaterials

The adhesion of cells to biomaterials is affected by the characteristics of the materias
surface, which includes the chemistry, topography, surface energy, etc. All these
parameters play an important role in the subsequent capacity of the cells to proliferate and
differentiate, as well as to attach, adhere and spread on the initial stages. The behavior of
the cells in the first stages of culture, will rule the posterior behavior of cells on the
biomaterial.

There are several mechanisms by which cells are able to communicate among them'?® and
with the surface of the ECM** (or to the surface of a material in which proteins have been
deposited), which will determine the way in which the cells will behave. There is a high
specificity between the ligands and the adhesive molecules. The ligands may be in the
surface of the material or in neighboring cells. There are four families of adhesion
molecules. selectins, immunoglobulin superfamily, cadherins and integrins. Only cadherins
and integrins have been described in osteoblastic cells. Integrins are the adhesion molecules
that deal with cell substrate adhesion, while cadherins control cell to cell adhesions. We
will only briefly describe the integrins since these are the only ones that will actually be
discussed during the thesis. Integrins consist of transmembrane heterodimers formed by the
union of o and B subunits. Each of the subunits presents a large extracellular domain,
transmembrane domain and a short cytoplasmatic domain. These heterodimers are the ones
that will send the information found outside the cells, inside, meaning that it will control

the adhesion, spreading, proliferation, differentiation and even the apoptosis of the cell**®

130

The linking between the integrin receptors and the substratum of the material are the so
called focal contacts. These focal contacts are closed junctions where the distance between

the substrate surface and the cell membrane is between 10 — 15 nm. A foca contact occurs
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essentialy in cells with low motility and is promoted in vitro by ECM proteins, like
fibronectin and vitronectin. These focal contacts and the subsequent architecture of the
cytoskeleton will determine the mobility and the strength of the adhesion. In this context, if
the architecture of the cytoskeleton is in the shape of long bundles, presenting finger like
protrusions, they are called fillopodia. If they are assembled in the form of a mesh and the
structure of the protrusions is sheet like, they are called lamellipodia. It can be said that
cells with a low motility present strong focal adhesions, whereas the ones with a high

motility, form less adhesive structures.

It will be the surface characteristics of the material, as well as the capacity to attract
proteins to its surface, that will determine the cell morphology. Cells will initialy attach,
adhere and finally spread. In the case of having a calcium phosphate cement, the ability to
adsorb proteins on its surface will arise from the surface energy of the CDHA formed and
from the high specific surface area, among other parameters, to attach proteins. Cells will
be able to interact with the adsorbed proteins. The hypothesis is that by adding collagen on
the structure of the CPC, there will be an increase of the chance for the cells to find a

binding domain on the surface, through which cells will adhere.
1.5.1. Collagen-integrinsinteraction

Integrins is aterm which was first applied in 1987 to emphasize the role of these receptors
in integrating the extracellular matrix outside the cell with the actin containing cytoskeleton
inside the cell. The signals they convert travel two directions: from outside the cell, inside,
and the other way round as well. They transduce information from the ECM to the cell and
reveal the status of the cell to the ECM. This alows cells to make rapid and flexible

responses.

Integrins are the largest family of cell adhesion receptors™. Integrin type receptors are
composed of one o and one B subunit. They are transmembrane proteins and are not
covaently linked together. Integrin o, has 5 subunits, only presenting 4 of them in
vertebrates™. The largest subgroup on vertebrates is formed by o subunits that have a

specia ligand binding inserted domain, named ol domain. There are four integrins
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containing al domain (subunits al, a2, a10 and a11) for the collagen receptor integrins.
These types of units have associated a 31 heterodimer. The most important and well known
are a1p1 and a2B1. Integrin alpl is expressed in many MSC and seems to be important
for the action of many inflammatory cells. Integrin a2f1 is abundant on many epithelial
cells types and platelets and is also expressed in MSC. These two integrins may have

opposite effects on many signaling pathways>**%.

It is also well known that, depending on the type of collagen, the integrins aso have
different affinities (Figure 1.11). In other words, the type of integrin interaction may
depend on the type of collagen. In this sense, a2 and all, have a higher affinity for the
fibril forming collagens, such as types I, Il and Ill, whereas, a1l and o10 have higher
affinity for basement membrane (type 1V) and beaded filament (V1) collagens. At the same
time, the response that is given from the outside to the inside of the cell will also depend on
the type of integrin that is being activated. In the case of al, the proliferation is increased,
whereas the collagen synthesis is decreased, whereas for a.2, collagen synthesisis increased
and so is the collagenase synthesis increased. In the case of a10 and a1l the effects are

unknown.

LIGAND PREFERENCE

Fibril forming (1, II, Il etc.) Basement membrane (V)
collagens beaded filament (V1)
collagens
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membrane

SIGNALLING /
/ l \ w10
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Figure 1.11. Representation of integrins involved in the collagen interaction with cel 15432,



CHAPTER 1 | 33

1.5.2. Recognition sitesin triple helical and denatured collagen

Receptor binding sites in collagens may be divided into at least 4 categories.

- Specific domains inside the triple helical areas that can be recognized by cell
receptors. They represent highly specific binding. A good example is the GFOGER
motif. These have high affinity for a2 1 integrin®*®**".

- Relatively common sequencesin the triple helix, such as GPO.

- Cryptic binding sites in collagens that can be recognized by receptors only after
denaturation of the collagen. In this group, it can be found the well known RGD
sequence, which is mainly recognized by other receptors such as VN, FN and Fgn
type integrins. Actually, after heat denaturation (gelatin) of collagen, o581 and oV
integrins can bind to it.

- Specific receptor binding in non-collagenous domains, such as NC1 domain.

It is quite interesting to note, that the mechanism by which cells adhere to collagen is
completely RGD-independent, since the RGD sequence in collagen is completely hidden in

its native conformation. That is, cells adhere to collagen through al1f1, a2B1, a10p1 and

a11p1 integrins which are RGD independent™*#*

, Whereas an RGD dependent mechanism
would be the adhesion of denatured collagen, such as gelatin, through integrins o581 and

oV B3138,l40,14l
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Chapter 2: Calcium Phosphate
Cement-Collagen for Bone

Regeneration

2.1. Introduction

In chapter 1 it has already been mentioned that new bone substitutes must be found with
similar properties to that of bone at a physico-chemical level, mechanical and biological
level. The thesis is centered on a calcium phosphate cement (CPC) based on a-
tricalcium phosphate (a-TCP) which is combined with collagen. Alpha tricalcium
phosphate hydrolyses into calcium deficient hydroxyapatite (CDHA) through the

reaction:

3C8.3(PO4)2 (s) + HgO([) > Ca9(HPO4)(PO4)5(OH)(S)
a-TCP CDHA
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Collagen has already been described as an interesting biomaterial, especially from a
biological point of view that may enhance the limited biological properties that CPCs
may have in some cases. The combination of collagen and hydroxyapatite has been
widely studied, since it tries to mimic the structure of bone. Most of the approaches are
based on the formation of collagen sponges, on to where calcium phosphates
precipitate'>. A simultaneous precipitation of collagen and HA may also take place,
forming mineralized collagen scaffolds™®. These types of scaffolds are pre-forms that

can further be implanted, but cannot be moulded or injected into a cavity.

Therefore, the combination of the collagen with an injectable and mouldable CPC, was
thought as a system to improve the biological performance of a CPC. Nevertheless, first
of all it was important to characterize the physicochemical properties of the CPC in

order to understand the effect of adding collagen in its formulation.

Two of the main parameters that play a key role in the kinetics and setting reaction of
CPC are the specific surface area of the starting powder and the particles size
distribution’”. This may be controlled by adjusting milling protocols of the a-TCP in
order to obtain different final properties. Therefore, in the present work, two different
types of powders will be used. Moreover, collagen will be incorporated in the liquid
phase of the CPC. Collagen may be extracted from many different animals or tissues,
which results in different properties'™''. For example, collagens extracted from tendons
are usually more insoluble than from other tissues'’. In the present study, bovine
pericardium collagen was used, which was completely soluble in acid medium. One of
the approaches taken to be able to change the CPC features was to modify the liquid
phase. In order to do so, three types of collagen solutions were used: the collagen
solubilized in acid, the fibrillisation or self-assembled collagen and the crosslinked
collagen. The fibrillisation was done by controlling the ionic strength, the pH and the
temperature of the solution, obtaining a gel like collagen'*?'. This fibrillised
morphology was envisaged as a process to obtain a collagen similar to that found in the

ECM.

Few are the works in which collagen is mixed with a calcium phosphate cement®>*.

The approximations taken in the several works in which CPC is mixed with collagen,
only take into account solubilized collagen or lyophilized collagen as a powder that can

be mixed with the CPC powder. One of the novelties of the present work focuses on
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applying the different treatments to collagen, obtaining different collagen states similar
to those of the extracellular matrix. The effect of the different collagen treatments on the
setting reaction of the CPC, as well as on the physico-chemical, morphological and

mechanical properties of the CPC, were analyzed.
2.2. Objectives

The objective of this chapter was to prepare a CPC based on a-TCP combined with
collagen. The collagen was processed in order to obtain solubilized collagen, fibrillised
collagen and crosslinked collagen. The different types of collagen were combined with
the CPC, and the setting reaction, as well as the physical-chemical, mechanical and

morphological properties of the composite CPC were characterized.

2.3. Materials and methods

2.3.1. Powder phase

2.3.1.1. Synthesis and preparation

The powder phase of the cement was composed of o-tricalcium phosphate (o-
Ca3(POy),, o-TCP). In order to fabricate a-TCP, first of all, it must be taken into
account that TCP has three allotropic phases, which are o’, a and . The B phase is
stable at room temperatures and up to 1180°C, whereas the o phase is stable at

temperatures higher than 1180°C.

The powder phase of the CPC was obtained by sintering at 1400°C for 15 hours
(Hobersal CNR-58) a mixture of calcium carbonate (CaCO3, Sigma-Aldrich C4830) and
calcium hydrogen phosphate (CaHPO,, Sigma-Aldrich C7263). The two components

were weighted in the appropriate molar ratios according to equation:
2C3HPO4 + CaCO3 > Ca3(PO4)2 + C02 + HzO

The final mixture weighted 175 grams (131,589 g of CaHPO, and 48,399¢g of CaCO3).

It was homogenized for 15 minutes with an overhead homogenizer (Whip Mix) and
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introduced into a Platinum-Rhodium crucible. A sintering process was performed in a

furnace (Hobersal CNR-58) following six steps (see Figure 2.1.):

1- Heating up to 300°C, for 1.45 hours at 2.5°C/min speed.

2- Carbon dioxide and water elimination at 300°C for 2 hours.

3- Heating up to 1100°C for 5 hours and 30 minutes at a 2.5°C/min speed.

4- Stabilization for 2 hours at 1100°C, allowing the transformation of B-TCP into
o-TCP.

5- Heating up to 1400°C for 2 hours at a 2.5°C/min speed.

6- Stabilization for 2 hours at 1400°C in order to make sure of the complete

transformation into a-TCP.
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Figure 2.1. Heating ramp for the preparation of the o-TCP powder.

During the initial heating up to 300°C, carbon dioxide and water were eliminated. The
carbon dioxide was eliminated from the calcium carbonate and the water was eliminated
from 2 molecules of calcium hydrogenphosphate, obtaining calcium oxide and calcium

pyrophosphate:
CaCO3;— CaO + CO,

2C3.HPO4—> C8.2P207 + Hzo
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Once the calcium pyrophosphate and the calcium oxide were obtained, the increase in
temperature to 1100°C, and subsequent sintering and diffusion of these two molecules,
produced TCP. Since depending on the temperature, o or B could be obtained, in order
to make sure of the complete conversion of 3 to oo TCP, the temperature was maintained

at 1400°C for 2 hours. The reaction was as follows:
C32P207 +Ca0 —» Ca3(PO4)2

Once the sintering process finished, an air quench was done, in which the crucible was
extracted and the block contained inside was crushed with a hammer into small pieces

and air-cooled, in order to retain the a-phase of the TCP.

The milling of the o-TCP is an important step in the CPC fabrication process and is a
critical point that determines the final properties of the different CPCs. Since CPC
depends on many variables, maintaining as many variables as possible constant is a
must. That is why, having a size distribution of the particles in a constant and same
range every time the milling was done was necessary, in order to avoid changing the

hydrolysis reaction kinetics of the different a-TCP particles.

In this thesis, two main particle size distributions were used, one of them named as
coarse, and the other one named as fine. The protocols for obtaining these two particle
sizes were standardized, and after different studies regarding the effects of the milling
time, the amount of balls used, the size of the balls and the rotation speed, two main

protocols were obtained.

The milling was done in a planetary mill (Pulverisette 6, Fritsch GmbB) using an agatha
recipient in both cases. For the coarse cement, 10 big balls (BB) (30 mm in diameter)
were introduced in the recipient with 145 grams of a-TCP and milled at 450 rpm for 15
minutes. For the fine powder, 145 grams of o-TCP were milled, first with 10 BB at 450
rpm for 60 minutes, followed by a milling for 30 minutes with 100 small balls (sb) (10

mm in diameter) at 450 rpm.

The reaction of the CPC takes place in two steps, as previously mentioned in chapter 1;
the first one consisting of dissolution of the a-TCP and the second being the subsequent

precipitation in a more stable phase, namely CDHA. In order to favor the latter one and



54 | CALCIUM PHOSPHATE CEMENT-COLLAGEN FOR BONE REGENERATION

accelerate the process, a nucleating agent consisting of PHA (Alco ref. 1.02143) was
added to enhance the precipitation of the CDHA. The reason was that the seed acts as an
initial nucleating agent on top of which CDHA starts to precipitate. The effect of the
seed is associated with the heterogeneous nucleation of the set cement. In order to do so,

a 2% wt of PHA was introduced in the CPC powder, according to previous works’.
2.3.1.2. Characterization of the powder

The specific surface area (SSA) of the powder was measured by nitrogen adsorption

following the BET theory (Micromeritics, ASAP 2020).

The analysis of the particle size distribution was done by Laser diffraction, based on the
optical principle according to which the small particles disperse the light in a
determined and symmetric patron. The intensity and the angle at which the light is
dispersed is proportional to the particle volume as long as the material is opaque

(refraction index = 1). The analysis were done in a LS 13 320 (Beckman Coulter).

Two main types of analysis can be done: in humid and in dry state. In the humid case,
the particles are dispersed in alcohol, whereas in the dry state, the samples are measured
under vacuum. The humid system is more accurate and has a better detection limit
(between 2 mm and 40 nm), than the dry system (between 2 mm and 400 nm). It also
has to be mentioned that the amount of powder needed in the dry state is in the order of
magnitude of grams, whereas in the humid, the amount of sample needed is in the range

of micrograms (three orders of magnitude less).

In order to obtain the particle size distribution of the initial TCP powders, the humid
method was chosen. In order to do so, a tip of a spatula with the powder was introduced
in alcohol, subjected to ultrasounds for 5 minutes to deagglomerate the powder particles

and then introduced in the particle counter.

The phases present in the CPC powder were assessed by X-ray diffraction (XRD). The
difractogram was obtained with a Philips MRD difractometer controlled by computer
with a Nickel filter for the copper K, irradiation and a graphite monocromator. The
working conditions were a potential of 40 KV and intensity of 30 mA. The range

covered was between 4 and 40° of 20.
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The difractograms showed the peaks obtained for the diffraction and these were
identified and compared with the crystallographic data of o-TCP (JCPDS-29-359) and
B-TCP (JCPDS-9-169). Since the adsorption coefficient in both cases was the same, the
relative amounts of the two allotropic phases was obtained through the ratio of

intensities of the highest peaks.
2.3.2. Liquid phase

The liquid phase was either a collagen solution or, in the control cements, accelerant

solution (2.5% Na,HPO,) or 50 mM acetic acid.
2.3.2.1. Preparation of collagen solutions

Collagen was introduced as the liquid phase of the CPC. Collagen was extracted from
calf pericardium, which was a process done by the group at Clinica de Hierro in Madrid,
leaded by Eduardo Jorge-Herrero. The process by which the collagen was processed is
briefly described. The pericardium from young calves was obtained from
slaughterhouses and transported to the lab in a 0.9% saline solution. The tissue was
afterwards cleaned to remove any remnants of fat. Collagen was then isolated by
enzymatic digestion with porcine pepsin (EC 3.4.23.1), 2100 U/mg, in a proportion of 1
mg per gram of tissue in a formic acid solution with a final concentration of 0.5 N,
introducing 10 ml per gram of tissue. After 20 hours of agitation at 4°C, the tissue was
centrifuged for 1 hour at 5000 x g in a Beckman L-70 centrifuge. The supernatant was
precipitated with solid NaCl to reach a final concentration of 2.5 M, followed by 20 h of
agitation at 4°C. Subsequently, the samples were centrifuged for 1 hour at 23000 x g.
The precipitate was redisolved in 0.5 N acetic acid and dialyzed against 0.1N acetic
acid. Once dialyzed, the samples were lyophilized. Previous to the mixture with the

CPC powder, three different pre-treatments were applied to the collagen.

Solubilized collagen was named for the collagen that was completely dissolved in the
solvent, which was a 50 mM acetic acid solution. In general, unless otherwise

mentioned, the concentration used was 10 mg/ml.

The fibrillisation is a process in which the different collagen molecules are associated,

obtaining a fibrillised or self-assembled structure. The formation of collagen fibers
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involves the precipitation of the protein in an ordered form and was done by controlling

the environmental conditions, such as pH, temperature and ionic strength.

The process applied consisted on the initial solubilization in 50 mM acetic acid and the
addition of a 0.3 M sodium hydrogenphosphate stock solution to obtain a final
concentration of sodium hydrogenphosphate in the collagen solution of 20 mM. The
solution was kept during 20-30 minutes at 37°C, and was afterwards stabilized at pH 7.4
with the addition of NaOH 1 M. This method was a recompilation and modification of
previous works reported in the literature'***?'. The obtained collagen was fibrillised

collagen.

Finally, a third method was used, in which the solubilized collagen was afterwards
cross-linked adding 1% vol Glutaraldehyde solution (GA, Sigma-Aldrich G400-4) in
order to obtain a 0.2% vol GA in the collagen slurry. That means that when preparing 1

ml of soubilized collagen, 2 pl of the 1% GA solution were added.
2.3.2.2. Collagen characterization

In order to compare the different collagen treatments, samples were prepared at a
concentration of 10 mg/ml and were afterwards lyophilized (Cryodos Telstar) for 24
hours. The specimens were characterized by scanning electron microscopy (SEM, JEOL

JSM-840) and scanning differential calorimetry (DSC 2920, TA Instruments).

In order to prepare samples for SEM observation, after lyophilizing, samples were

sputtered with gold in order to cover the surfaces of the collagen to make it conductive.

Differential scanning calorimetry (DSC) is a thermoanalytical technique in which the
difference in the amount of heat released by the study sample and a control can be
measured against temperature. The main objective of DSC was to observe the
denaturation temperature that involves an energy change. A scan over a range of
temperatures was done. DSC was applied to each of the lyophilized materials and done
at a heating speed of 10°C/min from 25°C to 150°C (n=3). Negative values of heat
evolution indicate exothermic process, whereas positive values indicate endothermic

Process.
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2.3.3. Characterization of the setting reaction and cohesion

In the CPC preparation, the powder was added to the liquid phase, which was the
collagen solution. The optimum L/P ratio was adjusted depending on the workability,
ability to inject and the setting time. The L/P used in this chapter was maintained

constant to 0.45 ml/g, unless otherwise specified.

Three variables were studied: collagen concentration (10 and 50 mg/ml), initial powder
size (coarse and fine) and collagen treatment (fibrillised or non-fibrilised, as well as
cross-linked collagen in some cases). From now on, the samples will be named as a
function of the concentration (10 or 50), with the designation of the initial particle size
(C or F) and if it is fibrillised or not (F or blank). The samples studied and the codes
used are displayed in Table 2.1.

Code Particle size Collagen concentration | Collagen treatment
(mg/ml)

CTRLC Coarse 0 N.A.
COLCI0 Coarse 10 Solubilized
COLCIOF Coarse 10 Fibrillised
COLC50 Coarse 50 Solubilized
COLC50F Coarse 50 Fibrillised

CTRLF Fine 0 N.A.
COLF10 Fine 10 Solubilized
COLF10F Fine 10 Fibrillised
COLF50 Fine 50 Solubilized
COLF50F Fine 50 Fibrillised

Table 2.1. Samples studied and codes used for this chapter. The three main variables studied were the

particle size (Coarse/Fine), the collagen concentration (0, 10 and 50 mg/ml) and the collagen treatment
(Solubilized/Fibrillised).

2.3.3.1. Setting and cohesion times

The setting time of a CPC is the time upon which the cement starts to harden and cannot
be molded anymore. When the powder is mixed with the liquid, a plastic and moldable
paste is obtained. As time evolves, the paste loses its plasticity and mouldability, but
increases its strength. The initial time in which a moldable paste loses its plasticity is

called setting time.
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The setting time can be monitored through different methods and can take into account
several properties of the CPC. It can be tracked through viscosity measurements,
through the heat released in the reaction or the dissolution of the reagents, among

others.

The Gilmore needles are considered the easiest and fastest way to control the setting
time. The protocol is described in the ASTM Standard C266-99. It is based on the
resistance to the indentation of a needle on the cement. The system consists of two
needles: a thick needle that has a weight of 113.4 g and a thin needle that has a weight
of 453.6 g. The initial and final setting time are defined as, the time from the mixing of
powder and liquid, after which the light and heavy needle did not leave any mark on the

cement surface, respectively.

In order to prepare the reagents to measure the setting time, the collagen was weighted,
at a concentration of 10 mg/ml with a L/P ratio of 0.45. The corresponding amount of
powder was weighted and mixed with the collagen solution. Once the mixing was
completed, the paste was introduced in brass cylinders, 5 mm in height and 10 mm in

diameter.

The materials studied all had the same initial powder, being fine powder granulometry
in this case, presenting different liquid solutions. The different solutions were the
external control, which was an accelerant solution composed of 2.5% Na,HPO,4 and the
internal control, which was 50 mM acetic acid solution. The collagen was mixed in the
form of solubilized collagen, fibrillised collagen and crosslinked collagen. Another

liquid phase used was a 0.2% GA solution.

Once implanted, a CPC is going to be surrounded by the body plasma and it has to be
able to stay as a whole. The cohesion time is defined as the minimum time that takes
place since the initial contact of the liquid phase with the solid phase, so that the

immersed paste in a liquid is maintained and does not disintegrate.

In order to observe if the samples had cohesion after 2 minutes of preparation, the CPCs
were mixed, being introduced afterwards in a water bath at 37°C. The CPC prepared

presented as liquid phase acetic acid, soluble collagen and fibrillised collagen.
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2.3.3.2. Differential Scanning Calorimetry

Differential scanning calorimetry monitored at 37°C was done in order to observe the
energy evolution during the initial setting time. Between 50 and 100 mg of the
composite were introduced in the lit, closing with the tap, without encapsulating the
sample to avoid pressing the sample and pushing the water out of the capsule. In the
space designated for the control in the DSC, another lit with tap was placed. The voltage
needed to maintain the experimental samples and the control at the same temperature
was recorded with time. The voltages were then converted to heat evolution using
thermoelectric calibration constant and normalizing by the weight (W/g). The effect of
collagen concentration was observed in these DSC, comparing CPC with a 10 mg/ml
(COLF10) and a 50 mg/ml (COLF50) collagen concentration, with a cement containing
acetic acid (CTRLF) in its liquid phase (n=3).

Since the mixing of the liquid phase and the powder phase were done outside the DSC,
the initial minutes of setting were not observed. Furthermore, since the lit was not
encapsulated in order to avoid extrusion of the liquid when encapsulating, there also
existed a chance that part of the liquid evaporated. According to literature, some authors

25-28

covered the CPC only with parafilm, but did not cover the samples with a tap™~™". In

those works, no effect was attributed to water evaporation.
2.3.3.3. pH evolution

The pH evolution was determined of two slurries with a high L/P ratio. The L/P ratio
was maintained high in order to allow the pH-meter to take the measurements. The
liquid and the powder were mixed in a beaker and stirred by means of magnetical
agitation. The pH-meter was then introduced in the beaker and the pH value was taken
every 5 seconds. Soluble collagen was mixed with o-TCP at L/P ratios of 14.29 and
33.33 ml/g for 1 hour with a collagen concentration of 5 mg/ml (n=3). These values of
L/P ratios were taken from previous literature work in order to be able to compare the
results”. Acetic acid and water were mixed at the same L/P ratios and were used as

controls (n=3).
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2.3.4. Calcium phosphate cement properties

2.3.4.1. Collagen liberation during setting

Bradford spectrophotometric analysis was done in order to determine the amount of
collagen released from the CPC. For that purpose, the cement with collagen was soaked
in distilled water in order to control the amount of collagen that was released from the
cements during the 7 day setting reaction. The cements were prepared mixing the fine
powder with two different collagen concentrations of the solubilized collagen, 10 and
50 mg/ml. The samples studied were COLF10 and COLF50, as well as the same
samples with crosslinked collagen (COLF10-GA and COLF50-GA). The reason to
compare the solubilized collagen with the crosslinked solublized collagen was to
observe if the collagen would dissolve and would be released to the water without the
crosslinking with GA. The crosslinked collagen was used as a control since it is known
that with the GA crosslinking, collagen is stable and does not dissolve when put in

contact with an aqueous solution.

The amount of sample studied was, approximately, 0.5 grams of cement paste, meaning
that the amount of collagen was 0.2 ml. That means that there were 2 mg of collagen in
the whole sample in the 10 mg/ml concentration collagen CPC and 10 mg of collagen
for the 50 mg/ml CPC. The samples were then introduced in two different amounts of
distilled water: 1 ml and 12 ml. All the water was removed for analysis and replaced
after 1, 2, 3, 4, 5, and 6 hours and then every day, up to 7 days, doing the experiment in

triplicates.

The Bradford protein assay was used and it is a method to determine the total protein
concentration. The concentration interval in which the spectrophotometric response is
linear respect to the protein concentration is the range between 1.25 and 25 pug/ml. 100
ul of the supernatant were collected and mixed with 100 ul of the Bradford reagent. It is
based on the binding of the dye Coomassie to the protein. In the studied range of assay,
the dependence is linear between the amount of protein present and the amount of
protein linked to the dye. The assay is colorimetric, which means that the increase in

color intensity increases with the protein concentration. The protein concentration was
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then determined by comparison with standard protein of bovine serum albumin

solutions, measured at an absorbance of 595 nm.

In order to verify and corroborate the results, a nanodrop spectrophotometer (NanoDrop
8000 Spectrophotometer, Thermo Scientific), which consists of a spectrophotometer of
high accuracy that only needs 1-2 pl of sample to do the measurement, was used. This
technique is useful, accurate and fast for determining nucleic acids and proteins. The

different solutions were measured without any dilution.
2.3.4.2. Collagen distribution

The distribution of the collagen in the cement was evaluated by fluorescence technique
using (3-(4-carboxybenzoyl)quinoline-2-carboxaldehyde) (CBQCA) as fluorescent
agent. This reagent has the ability to link to amino groups. A 48 well plate was used and
several pieces of the set cement, which was set in water for 7 days, were introduced in
them (n=3). A total volume of 600 pul was introduced in each well, containing a 1| mM
solution of CBQCA (previously dissolved in acetone) and 2 mM in KCN. The samples
were left reacting for 90 minutes and rinsed afterwards three times in distilled water for
15 minutes. Samples were observed by means of confocal microscopy (Leica TCS-
SPE), soaking them in distilled water and leaving them immersed in water during the
observation in order to avoid the interference of salts. Fluorescence images at 488 nm
and reflexion images were taken for each sample. Since CPC may present some
autofluorescence, a CPC without collagen was used to measure the background
fluorescence. Afterwards, samples were analyzed in the same conditions, making any

signal of fluorescence arise from the collagen molecule. The studied samples were

CTRLF, COLF10, COLF10F, COLF50 and COLF50F.
2.3.4.3. Scanning electron microscopy (SEM)

The samples were freeze-dried to eliminate water, in order to facilitate gold sputtering
of the samples. Once the samples were coated, the samples were observed in a SEM

(JEOL JSM-840).
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2.3.4.4. Fourier Transformed Infrared Spectroscopy

The material analyzed consisted of the CPC with the different collagen treatments, in
order to see the differences with a collagen concentration of 10 mg/ml and 50 mg/ml

(COLF10, COLF10F, COLF50, COLF50F and CTRLF) (n=3).

The methodology consisted on crashing the composite, to obtain a fine powder that was
then mixed at a ratio of 1:100 with potassium bromide (KBr). Potassium bromide is
transparent to the IR and does not interfere with the measure. Both of the powders were
homogenously mixed and introduced in a device on top of which a load of 1000 kg.cm™
was applied. The result was a semitransparent disk with which the measurement was
done. The disk was afterwards placed in the spectrophotometer (FTIR Bomem MB-120)
and the measurement was done. The spectrums were done 30 times and an average
spectrum was obtained. A blank with no sample was obtained in order to have the base

line.

In order to observe better the possible interactions of HA and collagen, a 70:30 wt%
CPC:collagen in weight composite was prepared with soluble collagen (n=3) in order to
increase the amount of collagen in the composite. The collagen was prepared at a
concentration of 50 mg/ml, and in order to maintain the ratio 70:30 %wt, a L/P ratio of
8.62 ml/g was used. In this case, in which the proportion of collagen was higher, the
samples had sponge-like morphology, making difficult crashing the samples. Therefore,
random parts of the composite were cut and placed in a diamond cell and observed with

an IR Microscope Plan Spectra Tech attached to the previous FTIR, Bomem MB-120.
2.3.4.5. X-Ray diffraction

X-Ray diffraction was carried out in order to determine the phase evolution from the
initial stages until the end product was obtained. In this case, the process applied was
the same as in section 2.3.1.2, but the comparison was done between the JCPDS cards

of a-TCP and HA (JCPDS-9-432).

Fine CPC composed of acetic acid (CTRLF), solubilized collagen (COLF10) and
fibrillised collagen (COLF10F) as the liquid phase were prepared and left setting for 1,
2,4, 8,16, 24, 48, 72, 96, 120, 168, 240 and 336 hours (n=1). The amount of o-TCP
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that had reacted at time t was determined through the reaction conversion with the

formula:

|,M

CDOHA

W=
IEIM a—-TCP ~ It[M a—TCP ™ MCDHA]

Where w; is the fraction of o-TCP at time t, I; is the intensity of the peak 30.74° at time
t, Mcppa 1s the adsorption coefficient of the CDHA, which is 84.97 cmz/g, Iy is the
intensity of the peak at time zero and M. tcp is the adsorption coefficient of o-TCP,
which is 86.43 cm?/g. The standard deviation was taken as the square root of the

intensity*".
2.3.4.6. Helium pycnometry

The skeletal density of a material can be calculated by introducing a determined amount
of sample and measuring the volume it occupies using a Helium pycnometer (AccuPyc
1330). The pycnometer is based in two cells: the calibrated sample cell (Vep), in which
the sample is introduced and the calibrated expansion cell (V). The first assumption is
that Ve and Ve, are at ambient pressure (P,) and ambient temperature (T,) and that the
valve that communicates both of the cells is closed. V is then charged up to an

elevated pressure (P,).

Since this technique is non-destructive, a total of three cylinders (J= 6 mm and h=12
mm) before being used for the mercury intrusion porosimetry, were weighted and then
introduced in the chamber. The process was repeated three times with different

cylinders.
2.3.4.7. Mercury intrusion porosimetry

Mercury intrusion porosimetry (MIP, Micromeritics, Autopore IV) was used to measure
total porosity of the samples, as well as to obtain a pore size distribution of the sample
represented as dV/dlogD respect pore entrance diameter (D). Three different variables
were studied: initial powder particle size, collagen concentration and fibrillisation of

collagen (n=1).
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2.3.4.8. Injectability

Injectability can be defined as the ability a paste has to be extruded through a syringe. It
was measured by the weight percentage of the cement paste that was injected from a
standard syringe, by a force of 100 N. A L/P ratio of 0.45 ml/g was used. Before the
mixture of the two components, a 5 ml syringe with a 2 mm opening was weighted
(We). The paste was then introduced in the syringe and weighted again (Wy). The
syringe was then placed in the mechanical compression instrument (MTS Bionix 858),
at an advancing speed of 15 mm/min until a 100 N force was obtained. At the end of the
assay, the syringe was weighted (W,). The injectability (I) was defined as:
)

=—1 1 X100
Wy = W)

The assay was done for a minimum of three samples and all the samples were injected 2
minutes after mixing the powder and the liquid. The samples studied were CTRLF,

COLF10 and COLF10F (n=3).
2.3.4.9. Mechanical properties

Cylinders were prepared introducing the slurries into Teflon cylinder moulds of 12 mm
height and 6 mm diameter and left reacting for seven days in Ringer’s solution. The
CPC cylinders were then extracted from the Teflon mould and tested. A standard
number of ten cylinders were prepared for each composition and used for compression
testing in Universal Testing Machine (Adamel Lhomargy DY 34) at a crosshead speed
of 1 mm/min. The force was axially applied. The samples analyzed were CTRLF,
COLF10, COLF10F, COLF50, COLF50F, CTRLC, COLC10, COLC10F, COLC50 and
COLC50F.

A representation of the force applied versus the displacement was recorded. These units
were given as force, in Newtons, and the displacement, in mm. The force was then
transformed into stress, by dividing the force by the area and the displacement was
transformed into strain, by subtracting the initial length of the material and dividing by
the initial length, obtaining a dimensionless value. Calculating the stress in compression

gives a negative value, since the initial value is bigger than the final value. Absolute
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values were then used. The test finished when the samples broke, obtaining a value for

the maximum strength applied.

_If-lo

lo

&

The tension applied was then represented versus the strain, obtaining the ¢ vs € curve.

The slope of the initial linear displacement corresponds to the Young modulus.
2.3.4.10. Statistical analysis

Statistical analysis was carried out with significance of 5%. One way analysis of
variance (ANOVA) with Fisher post-hoc test was conducted. The data are expressed as

mean =+ standard deviation.

2.4. Results

2.4.1. Powder phase

2.4.1.1. Thermal treatment

After the sintering for 15 hours, the quenching was done fractioning the TCP block.
XRD of the powder confirmed the production of a-TCP. The difractogram shown in
Figure 2.2 shows the characterized difractogram with the identified peaks corresponding

to o-TCP and shows the presence of small amounts of B-TCP (< 4%).
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Figure 2.2. X-Ray difractogram of the obtained o-TCP powder after heat treatment. The indexation of
the peaks indentifies a-TCP as the main phase of the powder, having less than 4% of p-TCP.

2.4.1.2. Particle size distribution

The specific surface area of the coarse o-TCP powder was 1.228+0.008 m?*/g, having a
median of 5.186+0.572 um. The specific surface area of the fine a-TCP powder had a
value around two times that of the coarse o-TCP, having a value of 2.347+0.005 m?/g.
The median particle size was 2.41+0.048 um. The particle size distributions for coarse

and fine a-TCP are shown in Figure 2.3.

Coarse
4 — Fine
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Particle size (um)

Figure 2.3. Particle size distribution for the coarse and the fine orTCP powder. The median for the
coarse aTCP was found at a value of 5.186+0.572 um, whereas for fine o-TCP, the peak was found at
2.4140.048 pm.
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2.4.2. Liquid phase

When collagen was solubilized in acetic acid, the viscosity of the solution was higher
than water. The viscosity increased even more when the collagen was fibrillised. A gel
block was formed. When the crosslinking was done, bundles and aggregations of

collagen fibres were formed.

The SEM images of the lyophilized collagen solutions after the different treatments are
shown in Figure 2.4. The morphology of the solubilized collagen was homogenous,
showing membrane morphology throughout the whole sample (Figure 2.4.a), whereas
for the fibrillised collagen, a more fibrous structure was observed (Figure 2.4.b). A
more anisotropic structure was formed which combined the membrane morphology
previously observed with a more elongated and fibrous structure. The morphology of
the crosslinked collagen was similar to that of the solubilized collagen, although

presenting a higher number of interconnecting fibres (Figure 2.4.c).

Figure 2.4. SEM micrographs for the lyophilized collagen solutions after the three different treatments:
a) solubilized: presenting a homogenous membrane structure, b) fibrillised: presenting a heterogeneous
structure which combined the previous membrane structure with a more fibrous structure and c)
crosslinked: presenting fibres heterogeneously distributed.
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The thermal analysis by DSC showed an exothermic peak in the three types of collagens
solutions which refer to the denaturation temperature of collagen. The negative values
for the heat evolution were indicative of an exothermic process. A displacement of the
peak was observed when comparing solubilized collagen and fibrillised collagen
(Figure 2.5). The solubilized collagen presented a peak at 70+2°C, whereas for the
fibrillised collagen it appeared at 89+2°C. Crosslinked collagen showed the peak at
85+2 °C. DSC results were indicative of an effective fibrillisation of collagen but no
difference was observed between the fibrillsed and crosslinked collagen. The increase in
the denaturation temperature was similar for fibrillised and crosslinked collagen

compared to the solubilized collagen.

Temperature (2C)
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Figure 2.5. DSC of the different collagen treatments, in which the different peaks indicate the
denaturation temperature. The solubilized collagen presented a peak at 70+2°C. This value was increased
when the collagen was crosslinked (85+2 °C) and fibrillised (89+2°C).

2.4.3. Characterization of the setting reaction

A high L/P ratio of 0.45 ml/g was used when mixing the powder with collagen solutions
due to their high viscosity. When the powder was mixed with the collagen solutions, the
viscosity of the paste was higher than for the acetic acid used as a control, but still had a

workable consistency. When the collagen was fibrillised, the behaviour was similar to
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that of solubilized collagen. When the crosslinker was added, although bundles of
collagen appeared, making the mixing already heterogeneous in the initial stages, the

CPC was still workable.

2.4.3.1. Setting and cohesion times

Setting times of the cements prepared with the different collagen solutions and also with
2.5 wt% Na,HPO, (accelerant solution) or 50 mM acetic acid, that served as control
CPCs, were measured with the Gillmore needles and the results are shown in Table 2.2.

The standard deviation is taken as +1 minute.

to (min) t; (min)
2.5 wt% Na,HPQO, solution 6 15
50 mM acetic acid solution 15 40
Solubilized collagen 13 35
Fibrilised collagen 12 32
Crosslinked collagen 5,5 27
GA 20 -

Table 2.2. Setting times for cements prepared with 10 mg/ml collagen concentration for the different
collagen treatments and cement at L/P ratio of 0.45 ml/g. Standard deviation is + 1 minute for all series.

The incorporation of acetic acid in the CPC clearly increased the setting times to 15
minutes compared to the 6 minutes obtained with accelerant solution. When collagen
was added, the values were similar to those of the acetic acid, meaning that the main
responsible for the increase in the setting time was the acidic character of the solution.
No big differences were observed when comparing the fibrillised (12 min) and
solubilized collagen (13 min). Nevertheless, the setting times were similar to those of
the accelerant solution when glutaraldehyde was added into the collagen solution (5.5
min). When GA was used without collagen, the values were much higher than in the

presence of collagen (20 min).

The CTRLF, COLC10 and COLCIOF samples presented cohesion after immersing

them in the water bath. The cohesion times was proven to be less than 2 minutes.
2.4.3.2. Differential scanning calorimetry

Figure 2.6 shows the heat evolution for the control cement with acetic acid and for the

collagen-containing cements with 10 or 50 mg/ml. Exothermy, revealed by the negative
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values of the heat evolution, was observed until 600 min. At this point no more heat
evolution was detected indicating that water had completely reacted or evaporated. In
order to assess the phase obtained, DRX was done. The samples consisted of 75% a-

TCP and 25% CDHA, indicating that the transformation was not complete.

The rate of heat evolution shows that as the collagen concentration was increased in the
CPC, at the initial times, there was less heat evolution, meaning that there was a higher
release of energy for the cement without collagen. After 200 minutes approximately, the
heat evolution for the CTRLF was reduced, obtaining similar values for the different
samples. After 400 minutes of reaction, the collagen containing samples released higher
heat compared to the CTRLF. The results do show differences, but as mentioned in
materials in methods, it also has to be taken into account that water evaporation can also

play a role in the heat evolution.

l exo O : . )
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Figure 2.6. Heat evolution for the setting reaction of the CPC mixed with collagen (10 mg/ml and 50
mg/ml) and acetic acid at a L/P ratio of 0.45 ml/g.

In order to observe better the initial reaction time, the graph in Figure 2.6 was
represented in logarithmic scale (Figure 2.7.). In this graph it can be seen that the

reaction takes place slower initially as the collagen concentration is increased.
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Figure 2.7. Heat evolution in logarithmic scale for the setting reaction of the CPC mixed with collagen
(10 mg/ml and 50 mg/ml) and acetic acid at a L/P ratio of 0.45 ml/g.

2.4.3.3. pH evolution

Figure 2.11 shows the pH evolution when mixing the fine CPC powder with different
solutions as liquid phase (water, 50 mM acetic acid or 10 mg/ml collagen solution in 50
mM acetic acid). The increase of the pH was similar when having water, acetic acid or
the collagen solution (Figure 2.8). Nevertheless, compared to water solution, there was
a delay in the dissolution kinetics. The pH plateau was achieved earlier in the water
containing cements than in the collagen or acetic acid containing cements. When the
L/P ratio was decreased, the acetic acid and the collagen containing mixtures continued
having a delay in the dissolution kinetics. Furthermore, there was also a slight delay in
the dissolution kinetics in the collagen containing samples compared to the acetic acid
containing samples (Figure 2.9.). This can be observed since the collagen and acetic

acid curves do not completely overlap at low times.
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Figure 2.8. pH curve for differente cement formulations containing water, 50 mM acetic acid solution or
5 mg/ml collagen solution in 50 mM acetic acid as the liquid phase of the CPC, at a L/P ratio of 33.33
ml/g.
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Figure 2.9. pH curve for differente cement formulations containing water, 50 mM acetic acid solution or
5 mg/ml collagen solution in 50 mM acetic acid as the liquid phase of the CPC, at a L/P ratio of 14.29
ml/g.
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2.4.4. Calcium phosphate cement properties

2.4.4.1. Collagen release during the setting reaction

The amount of collagen released from the samples was analyzed for up to 7 days.
Collagen is known to be soluble in acidic conditions and is not supposed to be soluble
in neutral pH. However, in order to know if collagen was being dissolved during the
soaking period in water, where the cements were immersed while the setting reaction

was taking place, Bradford analysis was done.

No change in the coloration of the solution was observed, neither with the cross-linked
nor the non-crosslinked collagen for the different time points, meaning that the amount
of collagen released in the medium at the different time points, if any, was very low,

below the detection limit.

From these results, it can be concluded that the amount of collagen dissolved was lower
than 1.25 pg/ml in the different amounts of water, both for the crosslinked and the non-
crosslinked specimens for the different time points, which would represent less than a
0.025% of collagen dissolved to the medium when having a 10 mg/ml collagen
concentration in the 1 ml sample. In the 10 mg/ml collagen CPC immersed in 12 ml, the
release was lower than 0.3% collagen. Furthermore, for the 50 mg/ml solution
immersed in the 1 ml and 12 ml, the maximums released were lower than 0.005% and
0.06% respectively. From these results, it was concluded that collagen crosslinking was

not necessary.

The same result was obtained from the Nanodrop spectrophotometer, in which the
concentration of the protein detected didn’t differ from the blank. The different values

oscillated around 0. The detection limit of the spectrophotometer was 0.0025 mg/ml.
2.4.4.2. Collagen distribution

CPC presented autofluorescence when observed under confocal microscopy. Therefore,
the intensity that was observed for the CTRLF was substracted for all other samples.
The first samples analyzed were the samples COLF10 and COLF50 (Figure 2.10). The

image in the left corresponds to the reflection image and the image in the right
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corresponds to the image taken with the exciting laser beam. For COLF10 (Figure
2.10b), the intensity was lower compared to COLF50 (Figure 2.10d). In both cases, the
distribution was shown to be homogenous; the only thing that varied was the intensity,

which was dependent on the concentration.

Figure 2.10. Distribution of collagen in a cement with L/P of 0.45 ml/g with solubilized collagen at two
different concentrations after 7 day immersion in water: 10 mg/ml (a,b) and 50 mg/ml (c,d). a)
corresponds to the optical image of the studied area of the cement for the 10 mg/ml solubilized collagen,
b) corresponds to the fluorescence image of the studied area of the cement for the 10 mg/ml solubilized
collagen, c) corresponds to the optical image of the studied area of the cement for the 50 mg/ml
solubilized collagen, d) corresponds to the fluorescence image of the studied area of the cement for the
50 mg/ml solubilized collagen.

Regarding the fibrillised collagen, the structure was completely different (Figure 2.11).
There were areas in which the collagen was present, and parts of the CPC in which no

collagen was present at all. When collagen was fibrillised, a non-homogenous
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distribution was observed, although an increase of the intensity in the areas in which

collagen was present, compared to the COLF10 and COLF50, was observed.

The difference when comparing low concentration with a high concentration was the
higher amount of gaps that the COLF10F left (Figure 2.11b). For COLFS50F, collagen
appeared almost in the totality of the sample (Figure 2.11d.), whereas for COLF10F,

collagen only appeared in some parts. The intensity was higher in both cases compared

to the same concentrations with the solubilized collagen.

Figure 2.11. Distribution of collagen in a cement with L/P of 0.45 ml/g with fibrillised collagen at two
different concentrations after 7 day immersion in water: 10 mg/ml (a,b) and 50 mg/ml (c,d). a)
corresponds to the optical image of the studied area of the cement for the 10 mg/ml fibrillised collagen,
b) corresponds to the fluorescence image of the studied area of the cement for the 10 mg/ml fibrillised
collagen, c) corresponds to the optical image of the studied area of the cement for the 50 mg/ml fibrillised
collagen, d) corresponds to the fluorescence image of the studied area of the cement for the 50 mg/ml
fibrillised collage.
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In summary, the collagen distribution was homogenous for soluble collagen, whereas in
tended to be heterogeneous for fibrillised collagen. As the amount of collagen was
increased, the intensity also increased for the soluble collagen, and not so much for the

fibrillised collagen.
2.4.4.3. Scanning electron microscopy

As can be seen in Figure 2.12a, the fracture surface images of CTRLF revealed that HA
crystals were aggregated surrounding the original o-TCP particles. Typical Hadley cells
were observed, showing an empty thick shell of hydration products inside which a o-
TCP grain had fully reacted. At higher magnifications, it was seen that the structure
consisted of a network of small HA crystals, combined with some bigger crystals
(Figure 2.12b). Regarding COLF10, the morphology was similar to that of CTRLF
(Figure 2.12c and d). The presence of the collagen was not detected with this type of

technique.

In contrast, the collagen was observed in the samples containing fibrillised collagen
(Figure 2.12e and f). In this case, the collagen was observed as bundles of collagen
fibers arranged on top of the CPC crystals. These fibers were only observed in some
parts of the CPC composite. The morphology was similar between the fibrillised
collagen and crosslinked collagen with GA (Figure 2.12g and h).
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Figure 2.12. SEM micrographs for the different CPC materials at two different magnifications for a L/P
ratio of 0.45 ml/g after 7 day immersion in Ringer solution: a) and b) CTRLF, c) and d) COLF10, e) and
1) COLFI0F, g) and h) COLF 10 crosslinked with GA.
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2.4.4.4. Fourier Transformed Infrared Spectroscopy

Figure 2.13 shows the results for the fine CPC for the two different concentrations and
the two different collagen treatments (solubilized and fibrillised) after 7 days of setting
in Ringer’s solution at 37°C. Attention should be focused on the amide I region, which
is located in the 1658 cm™ zone. This gives information on the C=O bond of the
carboxylic acid in the collagen and the possible interaction with the calcium phosphate.
As can be seen, the information given by Figure 2.13 is quite limited in this respect,
since a very small band appears in this area and no shifts can be observed. This band
also appears in the CTRLF, meaning that the band arises from the CPC and not from the
collagen. The main band observed is the phosphate band at 1026 cm™, which
corresponds to the stretching of the PO4> group in the HA.
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Figure 2.13. FTIR spectrum for the different materials at L/P ratio of 0.45 ml/g after 7 day immersion in
Ringer solution for: CTRLF, COLF10, COLF10F, COLF50 and COLF50F.

The assignment of the different bands represented in Figure 2.13 is summarized in
Table 2.3.




Wavenumber (cm-1) Vibration

3521 OH stretching

3415 Water-adsorbed deformation

1620 OH water-adsorbed bending

1210 Son mode of HPO,* hydrogen-

bonded

1130 V3 Vibrationz_component of
HPO,~ groups

1085 v; (PO4)

1026 v; (PO4)

1006 v; (PO4)

44 v3; P-O(H) c;_eformation of
HPO,~ groups
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Table 2.3. Main FTIR bands observed for the CPC at a L/P ratio of 0.45 ml/g after 7 day immersion in
Ringers solution. The same bands were observed for all the studied materials: CTRLF, COLFI0,

COLFI10F, COLF50 and COLF50F.

In order to verify what kind of interaction appeared between the collagen and the

cement, and taking into account that the amount of collagen used in the prepared

cements were too low for IR detection, the amount of collagen was increased. A CPC

containing a 50 mg/ml collagen solution at a L/P ratio of 8.62 ml/g, which corresponded

to a 70/30 % w/w composite of cement/collagen was prepared. Figure 2.14 shows the

main bands observed in it with the corresponding assignation.
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Figure 2.14. FTIR spectrum of the a composite prepared in the ratio in weight 30:70 of collagen:CPC
after 7 days in aqueous solution, compared to the CPC for 7 days in aqueous solution and collagen.
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In this case, the main shifts observed were in the phosphate band, which did not exist in
collagen, which appeared at 1031 cm™ for calcium phosphate and changed to 1024 cm™
for the composite material (Figure 2.15). There are two other bands which also
correspond to the phosphate group that appeared at 961 cm™ for the CDHA and the
composite, and another band at 1111 cm'l, that also had the same value for the
composite. The shoulder at 1145 cm™ only appeared on the CPC. The other band
present that appeared at 872 cm” corresponded to the presence of the

hydrogenphosphate group.
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Figure 2.15. FTIR spectrum of the CPC, composite material made of 70:30 %wt CPC:collagen and
collagen. The L/P ratio used for the CPC was 8.62 ml/g and was then left in water for 7 days for the
complete transformation into CDHA. The presented area corresponds to the phosphate modes of
vibration. Only one shift appears which corresponds to the phosphate mode of vibration 3. The dotted
line indicates the presence of a shift.

The assignment of the different bands observed in Figure 2.15 is shown in Table 2.4.

CDHA band (cm™) Composite band (cm™) Assignment

1145 - v, vibration component of HPO,*
groups

1111 1111 V3 (PO4)

1031 1024 v; (PO4)

961 961 v (PO4)

872 872 v; P-O(H) deformation of HPO,*
groups

Table 2.4. FTIR bands and assignation of the phosphate zone of the composite material made of 70:30 %wt
CPC:collagen and the CPC. The L/P ratio used was 8.62 ml/g and the samples were then left in water for 7
days for the complete transformation into CDHA.
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In the amide region, collagen showed several bands. The first two bands observed in
collagen appeared at 1238 cm™ and 1334 cm™ that corresponded to the amide III and to
a carboxylic mode of vibration respectively (Figure 2.16). These bands did not appear
on the composite. Collagen then showed a band at 1404 cm™, which appeared at the
same wavelength for the composite material that corresponded to the C-N bending
mode of vibration. The presence of carbonates was shown with the band at 1148 cm™
for collagen and the composite. There were two bands that did show a shift in the
wavelength, which were the amide II and the amide 1. The wavelengths values had a red
shift, meaning that the wavelengths values were decreased. Regarding the amide II, the
red shift went from 1558 cm™ for collagen, to 1551 cm™ in the composite. The amide I
band also showed a shift from 1653 cm™ to 1647 cm™. Amide I is the band with the
most important information, since it is the COO stretching band and determines the

possible interaction with the calcium phosphate.
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Figure 2.16. FTIR spectrum of the CPC, composite made of 70:30 %wt CPC:collagen and collagen. The
L/P ratio used for the CPC was 8.62 ml/g and the CPC was then left in water for 7 days for the complete
transformation into CDHA. The amide region is shown in this figure. Two main shits appear at 1558 and
1653 em™, corresponding to the amide IT and amide I. The dotted lines indicate the presence of a shift.
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The assignment of the different bands observed in Figure 2.16 is shown in Table 2.5.

Collagen (cm™) Composite (cm™) Assignment
1653 1647 Amide [ (C=0 bend)
1558 1551 Amide II (N-H stretch, C-N bend)
1448 1448 COs™
1404 - C-N bend
1334 - Antisymetric stretching -COO-
1238 - Amide III (C-N bend, N-H stretch)

Table 2.5. FTIR bands and assignation of the amide zone of the composite material made of 70:30 %wt
CPC:collagen and the collagen. The L/P ratio used for the CPC was 8.62 ml/g and the samples were then
left in water for 7 days for the complete transformation into CDHA.

2.4.4.5. X-Ray diffraction

X-Ray diffraction was used in order to analyse the evolution of the phases present in the
CPC during the reaction. The results showed the same crystalline phase, CDHA both for
cements with and without collagen. The process was monitored as was mentioned
before and the results are shown in Figures 2.17, 2.18 and 2.19 for the CTRLF,
COLF10 and COLF10F, respectively. It is shown in all three cases that, as time goes on,
the peaks for a-TCP disappear, giving rise to the HA peaks.
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Figure 2.17. Phase evolution during the setting of the a-TCP for 14 days in water monitored by XRD for

CTRLF at a L/P ratio of 0.45 ml/g.
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Figure 2.18. Phase evolution during the setting of the a-TCP for 14 days in water monitored by XRD for

COLF10 at a L/P ratio of 0.45 ml/g.
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Figure 2.19. Phase evolution during the setting of the o-TCP for 14 days in water monitored by XRD for
COLFI0F at a L/P ratio of 0.45 ml/g.

Figure 2.20 shows the kinetics of the transformation reaction. It is seen that the three
different materials have similar kinetics. After 3 days, almost all the CPC had
transformed into CDHA. The end product was the same in all cases. Nevertheless, after
14 days, the amount of a-TCP reacted was 96% for CTRLF, 92% for COLF10 and 93%
for COLF10F.
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Figure 2.20. Percentage of reaction as a function of time obtained from the DRX analysis for the CTRLF,
COLF10 and COLF10F at a L/P ratio of 0.45 ml/g.

The graphic was transformed into logarithmic scale as is shown in Figure 2.21. The

reaction kinetics was similar for the three series studied.
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Figure 2.21. Logarithmic representation of the percentage of reaction as a function of time obtained from
the DRX analysis for CTRLF, COLF10 and COLF10F at a L/P ratio of 0.45 ml/g.

2.4.4.6. Helium pycnometry

The skeletal density of the different samples measured by Helium pycnometer is shown

in Figure 2.22. It is observed that, as expected, the density decreased when collagen was
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incorporated. The values decreased from 2.86 g/cm’ for the CTRLF, to 2.84 g/cm® for
the 10 ml/mg collagen containing CPC and up to 2.80 g/cm® for the 50 ml/mg collagen-
containing CPC. The relationship was inversely proportional to the concentration,
meaning that as the collagen concentration increased, the density decreased. There were
no significant differences when comparing the fibrillised collagen samples and the non-

fibrillised collagen samples.
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Figure 2.22. Skeletal density for the CPC with fine initial particle size with and without collagen for a
L/P ratio of 0.45 ml/g.

2.4.4.7. Porosimetry

The total porosity of the samples and the pore size range measured by MIP are shown in
Table 2.6. The porosities for the different samples were shown to range between 41%
and 48%. The measured pore size ranged between 0.006 um for the lowest limit, since it
is the limit of detection of the porosimeter, and 4.7 pm. Nevertheless, the peak of the
different pore size distributions was in the same order of magnitude for the different

samples.
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Main peak Secondary
POROSITY (%) | RANGE (um) (um) peak (um)
CTRLC 41,2 0,006-1,312 0.021 0.0770
coLcio 41,1 0,006-1,412 0.095 -
COLCI10F 47,3 0,006-2,664 0.032 0.730
COLC50 43,9 0,006-0,121 0.040 -
COLC50F 43,6 0,006-3,142 0.095 -
CTRLF 42,9 0,006-0,121 0.017 -
COLF10 43,1 0,006-0,520 0.017 -
COLF10F 44,1 0,006-0,329 0.021 -
COLF50 41,2 0,006-0,095 0.014 -
COLF50F 48,0 0,006-4,707 0.026 0.403

Table 2.6. Values for the total porosity, pore size range and highest volume pore sizes for the materials
composed of CPC with and without collagen as the liquid phase of the CPC for a L/P ratio of 0.45 ml/g.

The information shown in Table 2.6 was extracted from Figure 2.23 to Figure 2.28 that

represent the entrance pore size distribution for the different samples.
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Figure 2.23. Pore size distribution for CTRLF and CTRLC for a L/P ratio of 0.45 ml/g using 50 mM
acetic acid as liquid phase.

It can be seen that the coarse CPC had a pore size distribution between 0.006 um and 1
um, whereas the fine CPC had a narrower pore size distribution which ranged between
0.006 um and 0.1 um (Figure 2.23). The total porosity of the samples was similar, with
a value of 41% for the CTRLC and 43% for the CTRLF.
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The pore size distribution of the samples containing solubilized collagen is shown in
Figure 2.24. In the COLF10 and COLC10 samples, the results were very similar to
those for their respective controls (Figure 2.24a). When the collagen was incorporated
in higher concentrations (COLF50 and COLC50), there was a small shift to lower pore
sizes in both cases (Figure 2.24b). The peak became narrower, and for the COLC50, the

pore size was reduced to 0.1 pm.
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Figure 2.24. Pore size distribution comparing the two different CPC initial particle size distributions in
the presence of collagen: COLF and COLC for two different concentrations at a L/P ratio of 0.45 ml/g:
a) 10 mg/ml and b) 50 mg/ml.

The results for the samples containing fibrillised collagen are shown in Figure 2.25. For
the low concentration (COLF10F and COLC10F), the pore size distribution was similar
to the control (CTRLF and CTRLC) and for COLC10F, there were a higher number of
pores in the submicron range, which was associated with a slight increase in the total
porosity (47% for COLC10F and 41% for CTRLC) (Figure 2.25.a). As observed in
Figure 2.25b, when the collagen was incorporated in higher concentrations, COLC50F
had similar pore size distribution and porosity to the CTRLC, whereas COLF50F had a
higher total porosity (48%) than the CTRLF (43%) associated with an increase in the

micron sized pores volume.
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Figure 2.25. Pore size distribution comparing the two different CPC initial particle size distributions in
the presence of fibrillised collagen: COLF and COLC for two different concentrations at a L/P ratio of
0.45 ml/g: a) 10 mg/ml and b) 50 mg/ml.
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The comparison between the solubilized and the fibrillised collagen in the samples with
10 mg/ml and 50 mg/ml can be found in Figure 2.26. The curves for the coarse CPC
were very similar among them (Figure 2.26a), as well as the curves for the fine CPC
(Figure 2.26b), which were also very similar among them. That means that there is no
direct effect of the presence of soluble collagen or fibrillised collagen at low collagen

concentrations on the pore size distribution.
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Figure 2.26. Pore size distribution comparing the soluble collagen and the fibrillised collagen composite
with the control at 10 mg/ml for at a L/P ratio of 0.45 ml/g: a) coarse and b) fine.

In order to see the effect at higher concentrations of collagen, the same parameters were
compared with the high collagen concentration, 50 mg/ml (Figure 2.27.). Regarding
coarse CPC, the COLCS50F and the CTRLC were very similar, whereas the COLC50
had a much narrower distribution. Regarding the fine CPC, CTRLF and COLF50 had

similar distributions, whereas the COLF50F was the one with a broader distribution.
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Figure 2.27. Pore size distribution comparing the soluble collagen and the fibrillised collagen composite
with the control at 50 mg/ml for at a L/P ratio of 0.45 ml/g: a) coarse and b) fine.
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Finally, in order to compare different concentrations, the samples with the two
concentrations were compared among them with their respective controls (Figure 2.28.).
For the coarse CPC, as was previously seen, the 10 mg/ml had no effect on the pore size
distribution, whereas the 50 mg/ml reduced the peak to 0.1 um. Regarding fine CPC,
COLF10 did have a small increase in the pore size distribution compared to CTRLF,
whereas COLF50 decreased the pore size distribution compared to CTRLF.
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Figure 2.28. Pore size distribution comparing the two collagen concentrations (10 and 50 mg/ml) with
the control for a determined initial CPC particle size for a L/P ratio of 0.45 ml/g, being a) coarse and b)

fine.
2.4.4.8. Injectability
Figure 2.29 shows the injectability of the control cement and the collagen-containing

cements. For the CTRLF, 50% of the paste was injected, whereas for COLF10 and
COLF10F, 96% and 65% of the paste were injected, respectively.
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Figure 2.29. Percentage of injectability for CTRLF, COLF10 and COLF10F for L/P ratio of 0.45 ml/g.
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The force diagram is shown in Figure 2.30. Regarding CTRLF, it was seen that the
force started increasing as the piston slowly advanced. Every time the piston advanced,
the force increased and it was more difficult to inject the paste. A different behavior was
observed for the soluble and fibrillised collagen (COLF10), in which the force increased
up to 20 N, and at that force, a plateau was reached. The plateau was maintained until
the force started to increase in the case of the COLF10F, not being able to inject all the
paste. However, for COLF10, the force remained constant at the 20 N value until all the
paste was completely injected. The force increased to 100 N when the piston reached

the end of the syringe.
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Figure 2.30. Force diagram for the injected materials CTRLF, COLF10 and COLFI0F for L/P ratio of
0.45 ml/g.

Figure 2.31 shows the initial yield force needed to start injecting the paste. It can be
seen that the CTRLF and the COLF10 had similar values, being 21.5 £ 1.5 N and 20.6 +
1.7 N respectively. The yield force for COLFI0F was higher, 25.1 £ 0.5 N.
Furthermore, it is also interesting to note that in both of the cases in which collagen was
present, once the paste started to be injected, the force started to increase. Afterwards, a
considerable decrease in the force (5 N at the most) was observed, being able to inject
the paste at the same force as the initial value. This decrease in the force was not found

for the CTRLF.
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Figure 2.31. Force diagram for the injected materials CTRLF, COLFI10 and COLFIOF at short
displacements for L/P ratio of 0.45 ml/g.

2.4.4.9. Mechanical properties

The compressive strength for the coarse and fine CPC with collagen is shown in Figure
2.32. When the collagen concentration was low (e.g. 10 mg/ml), the compressive
strength of the CPC did not significantly vary. Nevertheless, when higher
concentrations of collagen were incorporated in the CPC (50 mg/ml), the compressive
strength of the CPC diminished. Compared to control, the samples with a concentration

of 50 mg/ml of collagen presented half the compressive strength of the control material.

When collagen was incorporated as fibrillised collagen, the samples presented lower
values compared to those of the solubilized collagen, except for the COLF10F, in which
an increase was observed, although it was not statistically significant. Significant
differences were found between COLC10 and COLCIOF. In general, the values
obtained with the coarse CPC were lower than those with fine CPC, being the
differences statistically significant for the samples CTRL, COL10F and COL50.
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Figure 2.32. Maximum strength for the CPC with fine and coarse initial particle size prepared at a L/P
ratio of 0.45 ml/g using acetic acid, solubilized collagen and fibrillised collagen as liquid phase of the
CPC after 7 day reaction in water.*denotes significant differences between coarse and fine CPC.
**denotes significant difference between the fibrillised and solubilized collagen for coarse CPC for a
concentration of 10 ml/mg.

Representative stress-strain curves for the different fine CPC series are shown in Figure
2.33. These curves were used to calculate the compressive strength, as well as the strain
the materials presented. It is shown that the slopes of the different curves are similar to
CTRLEF, except for the COLF50F and COLF10F. It can be seen that the strain before

breaking is higher for the fibrillised collagen composites (COLF10F and COLF50F).
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Figure 2.33.Stress-strain curves for the fine series CPC at a L/P ratio of 0.45 ml/g after 7 days setting in
water.
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2.5. Discussion

2.5.1. Collagen processing

One of the objectives of the study was to characterize the effect of different collagen
pre-treatments previous to the mixture with the CPC powder. That is why it was
important to initially characterize the fibrillised collagen and the crosslinked collagen,
compared to the solubilized collagen. The assembly of collagen molecules into fibrils is
an entropy-driven process, similar to that occurring in other protein self-assembly
systems, such as microtubules, actin filaments and flagella. These processes are driven
by the loss of solvent molecules from the surface protein molecules and results in
assemblies with a circular cross-section, which minimize the surface area/volume ratio
of the final assembly.” The resulting molecule is rod-like and self-assembles
spontaneously to form fibrils, in the process named as fibrillogensis®'*. The length and

diameter of the fibrils will depend upon the conditions involved in the growth.

The kinetics of fibrillogenesis has been previously studied. Gross was one of the first
scientists to focus in collagen fibrillogenesis and made a first analysis on precipitation
of collagen fibrils from neutral salts and measured the increase in opacity of the system
as time evolved">~>. The rate of precipitation varied with temperature and ionic strength,
obtaining considerable changes in the fibrils size. The variation of rate of precipitation
with ionic strength and pH indicated that it was controlled to some extent by
electrostatic interactions between the soluble collagen particles.'* Collagen self-

assembly involved a phase transition with no change in molecular conformation'’.

Under typical assembly conditions, which are those used in this study, which is a
temperature between 31-38°C and pH around 7, it has been reported that the intensity of
scattered light measured by light scattering technique and by turbidimetric methods has
a sigmoideal shape, with an initial lag phase'***. The images shown by AFM in the
work by Goh et al showed that at the beginning monomers, dimers and short oligomers
were present. Once the lag phase concluded, the microfibrils proliferated and were

present until the termination of assembly”'.
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The process of fibrillisation was assessed in this study by DSC. It was observed that the
denaturation temperature was 70°C for the solubilized collagen, 85°C for the crosslinked
collagen and 89°C for the fibrillised collagen (Figure 2.5). The denaturation temperature
for collagen depends on the collagen source™. Parameters such as type of animal and
tissue of origin play a key role on the final denaturation temperature, which range
between 50 and 80°C™, although in some animals these values can drop even more, like

in the case of fishes, where the denaturation temperature is usually around 30°C*%7,

Concerning pericardium collagen, which was the collagen used in the present work, the
denaturation temperatures were found to be around 70°C for samples from sheep
origin®®. A study that used bovine pericardium collagen, which has the same animal
origin as in the present study, reported a denaturation temperature of 70°C *°. This value

matches exactly our values found for the solubilized collagen sample.

In order to increase the denaturation temperature, which is directly related with higher
mechanical properties and less degradation susceptibility, the collagen was
crosslinked®’. The method used to cross-link may affect the final denaturation

tempera‘[ure4 4

Most of the works use GA or a mixture of 1-Ethyl-3-(3-
dimethylaminopropy)carbodiimide  hydrochloride (EDC) and N-hydroxysulfo
succinimide (NHS) for crosslinking or as controls to compare with new crosslinking
methods, since they are considered the most efficient crosslinkers and present
significant increase in denaturation temperature**. In general, the temperatures that have
been reported for crosslinked pericardium collagen are similar to those presented in the
present work. For instance, a temperature raise from 70°C for the soluble collagen to
83°C for the collagen crosslinked with Hexamethylene diisocyanate (HMDC) for bovine
pericardium derived collagen was reported®®. In two other works, the values raised up to

85°C for the crosslinked pericardium collagen®>*

. In another study, the crosslinking
process was optimized for the NHS:EDC molecule and it was seen that the highest
denaturation temperature that was obtained for bovine pericardium collagen was
86.9°C*. Therefore, these values match very close the 85°C found for our crosslinked

collagen.

Regarding the fibrillised collagen, up to our knowledge, no works have been reported

on bovine pericardium collagen. Fibril formation involves the aggregation and

17,18

alignment of collagen molecules '°, which, according to previous reports, improves
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thermal stability’”**. Similar works regarding other types of collagen have reported an
increase in the denaturation temperature when the collagen was gelified or self-
assembled. Some of the works reveal big increase in the denaturation temperature,
although in those cases, the denaturation temperature of the untreated collagen was
rather low*"". Bae et al revealed an increase of the denaturation temperature of gelified
stingray collagen up to 44.3°C™ compared to the untreated stingray collagen of
33.2°C*". Our results suggest that the self-assembly of the soluble collagen led to similar

denaturation temperature to those of cross-linked collagen.

It was also seen by SEM that the morphologies were different depending on the
treatment (Figure 2.4). The solubilized collagen presented a homogenous membrane
structure whereas the fibrillised collagen presented a different structure, presenting an
ordered fibre strucutre. Crosslinked collagen presented similar structure to the
solubilized collagen, with the combination of the membrane and some fibres. The
morphologies for the solubilized collagen and crosslinked were observed to be similar
to previous works done on the characterization of collagen®. The fibrillised collagen was

not studied in this previous work.

Therefore, it can be concluded that the addition of Na,HPO, at a final 20 mM
concentration, which increased the ionic strength and raised the pH to a 7.2 value, led to
a self-assembly of collagen molecules (Figure 2.34) by a the process of fibrillisation
through the entropy-driven process’'. The fibrillisation increased the size of collagen
fibres, and binded the different triple helix molecules™. Fibrillisation and crosslinking
was then associated with an increase in the crystallinity of the material which was

shown by the increase of the denaturation temperature as shown by DSC**.

Fibrillization © e —— e
/ / —— | ——

\_ CrOSSlinking
Tropocollagen
>

Figure 2.34. Schematic representation of the different collagen conformations. Each of the red bars

represents a triple helix of the collagen molecule. a) Solubilized collagen b) Fibrillised collagen and c)
Crosslinked collagen.
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2.5.2. Setting reaction

When the collagen solution was mixed with the powder, the paste obtained had a high
viscosity. It was actually the fact that collagen solution initially had a higher viscosity
than water, which made the mixing with the CPC slightly more difficult and therefore
higher L/P ratios were needed, being 0.45 ml/g the lowest one in which a workable
paste was obtained (with water or accelerant solution the lowest L/P ratio may range
between 0.32 and 0.35 ml/g). The liquid to powder ratio determines the final properties
of the CPC, as well as the rheological properties of the CPC paste. This affects the
different properties that have been studied and therefore, the optimum L/P ratio has to
be optimized depending on the application in each case. In general, as the L/P ratio
increases, the mechanical properties decrease, due to an increase in porosity. On the
other hand, a low amount of liquid leads to a poor workability of the paste and difficults

the formation of a slurry and subsequent dissolution of the reagents.

The maximum collagen concentration, above which the slurry was not workable for a
L/P ratio of 0.45 ml/g was a collagen concentration of 50 mg/ml. Tamimi et al reported
a maximum workable concentration of 30 mg/ml** using a brushite CPC with a L/P
ratio of 0.28 ml/g. Knepper-Nicolai et al reported that an apatitic cement (Biocement D)
was mixed a at L/P ratio of 0.42 ml/g with a 25 mg/ml collagen solution®*. Moreau e al
used three different L/P ratios ranging from 0.28 to 0.4 ml/g with collagen
concentrations up to 75 mg/ml, although the lowest L/P ratio did not result in a

workable paste for the higher collagen concentration™*.

One of the requirements that CPC must fulfil is to form a paste with cohesion when
immersed in aqueous solution. It is important that the CPC maintains its integrity once it
is placed in contact with body fluids. What we found was that all CPC formulations
presented cohesion after 2 minutes, both in the presence and absence of collagen.
Therefore, it was not necessary to incorporate any additives to enhance cohesion.

56,57 . 58,59
, gelatine or even

Indeed, polymeric materials such as chitosan®, alginate
collagen®, have been combined with CPC and have increased the anti-washout and

handling properties of the CPC, since the gel is able to entrap the CPC particles.

In order to observe when the CPC started to harden, or if the setting reaction was being

delayed, Gilmore needles were used. The setting times were similar when comparing
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the different CPC prepared with acetic acid, with collagen and with fibrillised collagen
(Table 2.2). Nevertheless, the values were increased respect to the accelerant solution
(NaHPOQy). Similar results were found for a TTCP CPC, in which the values of setting
time measured by the same method increased up to 30 minutes in the presence of
collagen®. In another study, it was found that acetic acid reduced the setting time of a

CPC composed of TTCP® and this was attributed to the lower pH compared to water.

In order to further characterize the initial setting reaction, DSC was applied for soluble
collagen mixed with the CPC at different concentrations: 10 and 50 mg/ml (Figure 2.6
and Figure 2.7). It was interesting to observe that the heat evolution was lower in the
CPC in which the collagen was present, and depended on the collagen concentration,
being lower for the higher collagen concentration. In general, this method was more
objective and sensitive than the Gillmore needles, but one of the main drawbacks was
that the first 2-3 minutes of the reaction could not be monitored due to the sample
preparation and equipment set-up®'. Furthermore, water evaporation may also play a
role in the heat evolution in our case. Previous works hasn’t taken into account the
water evaporation and have observed similar heat evolutions patterns as in the present
work. Nevertheless, the equipments are different and can make sure that water
evaporation does not take place since the calorimeter were designed to observe the
setting reaction of a cement™2®. In our case, the DSC was not specifically designed for
cements, but can still be used to measure the setting reaction, although the results have

to be analyzed carefully.

Previous works done on DSC with similar composites showed that the effect of adding
collagen or gelatine in the composite delayed the setting reaction in agreement with the
results obtained in the present work. When gelatine was mixed with gypsum, there was
a retardation in mineralization as gelatine concentration was increased®®. It was also
found that in collagen and gelatine matrixes, the onset of HA formation was higher
compared to aqueous medium® and was attributed to the steric blockage of the HA
inside the gels. This same effect was attributed to proteoglycans, which are known to

inhibit HA formation®>®*

. Boskey showed that, collagen solutions do not promote
calcium phosphate formation within calcium and phosphate solutions®. In agreement
with this explanation, it was found that collagen itself was not an hydroxyapatite

nucleator®® and that it inhibits the HA formation®’.
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On the other hand, several studies have demonstrated the ability of collagen to nucleate

and grow HA crystals®”%

22,70,71

. This ability has been attributed to the carboxylic groups of
collagen . Furthermore, TenHuisen demonstrated that in a TTCP cement, the
presence of gelatine did not alter the time for the HA formation unless the concentration
was increased, having an increase in viscosity associated®®, whereas the presence of
collagen actually accelerated the HA formation, verified with DSC’*. When TTCP and
DCP were mixed with collagen, completion of the reaction to form HA was accelerated
from 4.5-5 hours when mixed with water, to 2.5-3 hours when mixed with collagen

solutions’?.

Another important observation was that he same limitations of the equipment did not
allow to show the complete transformation into CDHA. In our results, it was shown by
XRD that the amount of CDHA formed after the DSC experiment was around 25%.
Nevertheless, in previous studies it was also seen that the growth of the product resulted
in a decrease in the rate of reaction as the process became dependent on diffusion®. As
it is well known, the mechanism by which these types of CPC react, the process is
initially controlled by surface area, until sufficient HA is formed to become controlled
by diffusion’*"*. This may explain the incomplete reaction of the a-TCP together with
the limitations of the DSC employed. Once the reaction became controlled by diffusion
or that all the liquid had evaporated due to the equipment, no more changes were
observed in the DSC. Other works have been able to show heat evolution for a longer
period of time and is probably due to the higher amounts of CPC present, and therefore,

to higher amounts of water that may react.

The pH evolution during the initial stages of the setting reactions were measured in
order to observe the ion release (Figure 2.8 and 2.9). There was an increase in the pH
when the reaction started to take place regardless if the liquid phase was water, acetic
acid solution or collagen solution. After the a-TCP powder was mixed with the liquid,
calcium and phosphate were dissociated and found in solution. The phosphate groups
were then protonated due to the presence of water, forming hydrogenphosphate and
increasing the pH, since the amount of protons in solutions was being reduced””"*">. A
delay was found in the pH shift for both of the L/P ratios in the presence of the acetic
acid solution and collagen solution compared to water. In both cases the pH was lower

due to the presence of acetic acid. Since the acetic ion has a highly electronegative
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oxygen in solution, the protons could be attracted both to the acetic ions and to the
phosphate groups. Therefore, in the presence of the acetic acid, the pH increase took
place slower. The pH was then stabilized in all cases when the phosphate groups had

been protonated.

It is also worth highlighting that the lower pH obtained for the CPC containing acetic
acid or collagen solutions compared to the water containing CPC was also expected to
give a higher solubility according to Figure 1.7, since the solubility according to the
phase diagram is higher. However, this lower pH may also decrease the precipitation
reaction of the CDHA since the solubility of the HA is increased. Therefore, the net

effect is that the dissolution-precipitation reaction should not be affected by the pH.

For high L/P ratios (33.33 ml/g), the pH raise of the CPC in the presence of collagen
was observed to be as fast as the acetic solution (Figure 2.8), whereas at low L/P ratio
(14.29 ml/g), the pH raise was slightly delayed when collagen was present (Figure 2.9).
This was probably due to the higher viscosity of the slurry, which made the mixing
slower and delayed the ion diffusion respect to the acetic acid solution. The effect of
lower diffusion rates and the higher viscosity of a polymeric solution, being gelatin, was
also previously observed by TenHuisen et al for hydroxyapatite gelatine composites™.
A previous work in which gelatine and o-TCP were mixed at the same L/P ratios as in
the present study, similar pH results were observed’. Nevertheless, their results showed
a higher increase in the final pH for the lower L/P ratio that was attributed to an

intermediate phase, which was OCP™.

The delay in the pH raise with a collagen concentration of 5 mg/ml was already
observed for a L/P = 14.29 ml/g, which was the more extreme conditions that could be
used to be quantified with the pHmeter. It was not possible to measure the pH evolution
for higher collagen concentrations, since the viscosity was too high. Similar situation
happened when the L/P ratio was decreased too much, making a slurry in which the pH

wasn'’t able to be measured.

As conclusion, the slower pH evolution found in the collagen containing CPC at a L/P
of 14.29 ml/g can be ascribed to the high viscosity of the collagen solution. When
cement was mixed with water, the wetting of the powder was instantaneous after

mixing. With collagen, the mixing of the slurry was not as fast. Once the collagen was
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completely mixed with the powder, the ion diffusion throughout the collagen network
was somehow hindered. Hunter suggested that, the diffusion in the gels was slow due to
the structuring of solvent molecules inside the gel”®. In other studies, it was said that the
diffusion was not possible, arriving to the conclusion that hydroxyapatite was not even

formed due to the presence of collagen in a TTCP CPC with a 3% collagen solution®.
2.5.3. Collagen release and collagen distribution

The collagen release during the setting of the CPC was measured for up to 7 days,
which is the time needed for the transformation into CDHA. It was observed with the
Bradford study and the quantification with Nanodrop that no collagen was released at

any time point.

In the CPC with 10 mg/ml collagen concentration, if all the collagen was released into
the medium, the maximum concentration of the collagen in the supernatant solution
would have been 5 mg/ml (when the samples were immersed inl ml of water) and 0.41
mg/ml (when the samples were immersed in12 ml of water), and for the CPC containing
50 mg/ml collagen concentration, 25 mg/ml (when the samples were immersed inl ml
of water) and 2.08 mg/ml (when the samples were immersed in12 ml of water). These
values are high enough for any of the two techniques to detect the presence of collagen.
Since no collagen was detected in the presence and in the absence of the crosslinker,
and knowing that the detection limit for the Bradford was 1.25 pg/ml and 2.5 pg/ml for
the Nanodrop, it was concluded that less than 0.0025% (1.25 png/5000 pg *100) of the

collagen was dissolved for the COLF10 immersed in 1 ml of water.

These results were further confirmed through the confocal microscopy observation of
the CPC with a fluorescent marker (CBQCA) (Figure 2.10 and 2.11). The results
confirmed that after the setting, collagen was present in the CPC. Since the CPC was
immersed in water for 7 days for the setting, this result confirmed that the collagen was
not susceptible to washout and that it was trapped in the CPC structure. For the samples
containing solubilized collagen, the distribution was totally homogenous (Figure 2.10).
This was probably because the collagen was in the form of monomers dispersed
throughout the CPC and probably found between the crystal network. When the
collagen concentration was increased, the fluorescence intensity increased, still having a

homogenous distribution (Figure 2.10). Regarding the samples with fibrillised collagen,
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the samples were observed to be heterogeneous (Figure 2.11). The collagen bundled-up
together by means of fibrillisation, making interconnections between the different
collagen monomers. The light was brighter than for the solubilized collagen, because
there was higher amount of collagen concentrated in certain points. Furthermore, the
images also revealed that, even though the pH rises to near neutral pH when the setting
reaction takes place as observed in Figure 2.8 and 2.9, and it is known that this is near
the pH at which fibrillisation takes place, the collagen was still maintained as

solubilized and did not fibrillise.

Therefore, it was concluded that no collagen was released and that the crosslinking was
not necessary. There are two reasons that explain this behavior. The first one is that the
calcium phosphate is found as the matrix of the material, having the collagen between
the ceramic particles. Therefore, the collagen is entrapped between the compact
structures formed by the CDHA. Furthermore, since CDHA presents high amount of
Ca®", and collagen presents high amount of carboxylic groups, it is possible to have a
chemical interaction between the two chemical groups. Similar results have been found
for CPC, in which it was observed that the presence of collagen made a compact
structure which did not allow for collagen to be released”. In general, CPC with
collagen don’t incorporate crosslinkers, although no published data demonstrates the

reason why it is not necessary”>**"’.
2.5.4. Microstructure

The microstructure formed for the CPC in the presence of collagen was very similar to
that of the control CPC (Figure 2.12 a-d). At low magnification, Hadley shells are
visible in the structure for the CTRLF and COLF10, which are formed when o-TCP is
brought in contact with water, dissolving and followed by the precipitation of CDHA
surrounding the a-TCP powder, giving rise to shell-like structure (Figure 2.12 a,c). At
higher magnification it was seen that the structure was conformed of an entangled
network of the CDHA crystals (Figure 2.12 b). The same structure was found in the
presence of solubilized collagen (Figure 2.12d). Tamimi et al observed similar
microstructure both in the presence and absence of the collagen to the results observed
in the present study?. They attributed this observation to an homogenous distribution of

the collagen, and since the collagen was in the form of small molecules, it was not
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detectable by SEM**. This is in agreement with the fluorescence results found in the
present work, in which collagen was found to be distributed homogenously. The
presence of collagen was detected by SEM when the collagen was fibrillised and
crosslinked (Figure 2.12 e-h), presented as bundles or membranes covering the CDHA
crystals. This happened because the aggregation of the small monomers into bigger
sized collagen molecules in the form of bundles, which were detectable with SEM.
Moreau et al used a TTCP CPC with collagen in the form of fibers, which were clearly
detectable by SEM?*, and attributed this observation to the aggregation of different

collagen molecules to form a braided structure.
2.5.5. Phase evolution and CPC-collagen interaction

The XRD difractograms confirmed that the presence of collagen did not alter the setting
reaction of the CPC and that CDHA was formed as the final product of the setting
reaction (Figure 2.17, 2.18 and 2.19). It was also seen that the kinetics of the CDHA
formation were similar in the presence of acetic acid, solubilized collagen and fibrillised
collagen (Figure 2.20 and 2.21). Although in the setting reaction studies (pH evolution,
DSC and Gilmore needles) a small delay was observed at very short times (during the
first minutes of reaction) this does not contradict the XRD study where the first value of
the kinetic study is 1 hour. In previous studies it was shown that collagen hindered the
transformation of the CPC into HA also at short times™. Therefore, it can be concluded
that a small delay is found only during the initial minutes of reaction, but after 1 hour,
the conversion of the a-TCP into CDHA takes place at a similar rate in the presence and

absence of collagen.

The collagen molecule has about 1000 residues per chain, in which about 20 % of these
residues have a side chain of COOH or NH,. When collagen is mixed with a calcium
phosphate, the dissolution of the calcium phosphate will lead to the liberation of Ca*
and PO43' ions to the medium which will be able to interact with the COO™ and NH;"
groups of the collagen molecules. These interactions, mainly electrostatic, have been
previously studied by FTIR and have appeared as shifts in wavenumber when calcium

and phosphate solutions were mixed with collagen solutions’®.

The interaction between the collagen and CPC for the samples with L/P ratio of 0.45

ml/g containing 10 mg/ml or 50 mg/ml solution showed no significant bands in the



CHAPTER 2 | 105

amide region (Figure 2.13). Therefore, a composite with higher content of collagen was
fabricated. It was seen in the results that there were two main regions in which a shift
was detected for the 70:30 wt% composite (Figure 2.14): the amide I (~1650 cm™) and
amide II (~1550 cm™) region corresponding to collagen, and the v; PO4>” mode of

vibration (~1030 cm™) region corresponding to the CDHA.

Regarding the phosphate groups, the most predominant band corresponded to the 1041
cm” band for the CDHA which shifted to 1031 cm™ for the composite material (Figure
2.15, Table 2.4). A possible explanation was the interaction between the NH;" groups
and the PO4> groups, weakening the bond and creating the shift. Nevertheless, this shift
has not been previously discussed in the literature by other authors and therefore it is

difficult to speculate about the rationale behind.

The most relevant bands appeared in the amide region, and more specifically, the amide
I region (Figure 2.16, Table 2.5). The amide I corresponds to the bending of the bond
between carbon and oxygen of the carboxylic group (C=0). It was seen that there was a
shift from 1653 cm™ for collagen to 1647 cm™ for the composite (Figure 2.16). The
observed shift was 6 cm™. The possible interaction present here was between the
calcium atoms and the carboxylic group. These shifts have been previously discussed

and will therefore be taken into consideration.

The interaction in separate of collagen and Ca®" ions and phosphate ions can be
monitored and were indeed studied in previous works. An experimental study was done
in which recombinant human like collagen (RHLC) was mixed with several solutions”.
A comparison between RHLC, RHLC with Ca ions, RHLC with phosphate ions and
RHLC with calcium phosphate was done in order to see which of the ions had the
biggest effect in the IR shifts. The positions of RHLC and RHLC with phosphate ions
were almost the same, revealing that there was no obvious interaction between RHLC
and phosphate ions. When RHLC and RHLC with Ca ions were compared, there were
some differences. Two concentrations of Ca ions were introduced, for the lower
concentration, amide I, appeared at 1639 cm’', while for the higher concentration, the
amide I appeared at 1633 cm™. The amide I in pure RHLC was observed at 1662 cm™ .
When the RHLC was combined with the calcium phosphate, a similar shift appeared as

the one observed when RHLC was mixed with the calcium ions, decreasing from 1662
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cm™ for collagen to 1653 cm™ for the composite. From these results, it can was seen
that, in the mineralization of the RHLC, there is no interaction with phosphates. The red
shift observed in the amide I was attributed to the weakening of the C=0O bond in the
peptide chain because of the formation of new chelate bonds between calcium ions and
C=0 bonds. This is thought to be quite reasonable since the fact that the oxygen from
the carbonyl has a nonbonding pair of electrons which can chelate metal atoms’. This

theory has been supported by other authors™*®%7*-#12

. This was also demonstrated by a
decrease in the carboxylic group bond order (from 1.76 to 1.51), meaning that the free

electrons in the oxygen were able to chelate calcium ions®.

Table 2.7 reports the values given by other authors for the wavenumbers shift in the
amide I region when a calcium phosphate is incorporated in the structure of collagen.
The explanation given by the different authors on the shift is the chelation of the
calcium ions with the carboxylic groups of the collagen as previously explained. As can
be seen in Table 2.7, the shifts are in the range of 3 cm™ to 14 cm™. The range found in
the present study falls within this range (6 cm™). This shift can therefore be assigned to
the interaction of the collagen and the CDHA. This shift and the fact of having an
electrostatic binding between the collagen and the CDHA, may also be related with the
fluorescent images (Figure 2.10 and 2.11). It is possible that besides the physical
interaction of the collagen and the CDHA which retains the collagen in the CDHA
network, there may also be a physical-chemical interaction which enhances the retention

of the collagen in the structure as was shown by fluorescence.

Material Amide I shift (collagen to Author
collagen/CaP)

Mineralization on PHBV/collagen composite 1659 to 1656 (3 cm-1) Jingjun W_79
Collagen mineralization 1657 to 1651 (6 cm-1) Zhang W
Simultaneous precipitation of collagen Shift (no value given) Keeney M*!
Mineralization of recombinant human like 1662 to 1653 (9 cm-1) Wang Y
collagen

Collagen mineralization in SBF 1663 to 1649 (14 cm-1) Zhang L]
CPC with collagen 1653 to 1647 (6 cm™) Present study

Table 2.7. Wavenumber appeared in the literature when comparing collagen and a composite composed
of hydroxyapatite and collagen.

2.5.6. Density and porosity

The skeletal density of composite CPC decreased as the collagen concentration was

increased (Figure 2.22). Even though the presence of collagen was low, the skeletal
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density decreased and this was because the collagen has a lower density than the
calcium phosphate, making the material decrease its density. This skeletal density is an
intrinsic property of the material. The extrinsic parameter that relates directly with the
morphology of the material is the porosity. The total porosity was measured with the

mercury intrusion porosimeter.

The effect of three variables in the porosity of CPC were studied, being the initial
particle size distribution of the powder, the presence of solubilized collagen and
fibrillised collagen and the collagen concentration. The initial particle size of the cement
powder, being coarse and fine, influenced the pore size range, which were higher for the
coarse cements, although presented similar values of total porosity (Table 2.6). The
particle size distribution was considered as the parameter that changed the most the pore
sizes. Solubilized collagen was not shown to affect significantly the porosities nor the
pore size distributions for the low (10 mg/ml) and high (50 mg/ml) collagen
concentrations. Similar trend was observed for the fibrillised collagen at low collagen
concentrations, although at higher concentrations, the presence of fibrillised collagen
increased the pore size distribution to higher pore sizes. This was probably due to the
fact that, as was seen in the collagen distribution observed by fluorescence, the collagen
was heterogeneously dispersed, forming bundles. Once these bundles were dried, they
could leave a void in which the mercury could easily penetrate and that was why these

higher pore sizes were observed.

It is known that porosity has high significance in the field of drug delivery systems. In
fact, several studies proved the efficiency of the CPC as drug delivery vehicle®. The
main difference of the CPC with other materials, is that the drug can be mixed with the
liquid or the solid®, or can be incorporated by adsorption in the set cement™. In both of
the cases, one of the most important parameters is the pore size and its pore size
distribution®>*.

In a previous study, it was shown the importance of the nano and microporosity in the
CPC". The influence of the initial liquid to powder ratio, as well as the influence of the
initial particle size of the CPC, had huge relevance in the field of protein adsorption and
the ability for proteins to penetrate inside the matrix. It was seen that as the L/P ratio
was increased, the amount of protein that was able to penetrate was increased, but this

penetration was also depended on the initial particle size. Since the different particle
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sizes created two well defined microstructures, the lower the specific surface area, the

higher the porosity, and therefore, a higher protein penetration.
2.5.7. Injectability

When performing an in vivo or a clinical application, one of the first parameter that
surgeons will deal with is the injectability. One of the main complains surgeons have, is

88-91

that CPC are poorly injectable™ . Some CPC are not injectable due to the high force

that must be applied for the injection or that because not all the paste can be extruded.

Our results revealed that the presence of collagen increased the injectability of the CPC,
from 50% to 96% for the CTRLF and COLFI10 samples respectively (Figure 2.29).
Nevertheless, the presence of fibrillised collagen did not show the same efficiency for
the CPC extrusion. The increase in injection was only up to 65%. Furthermore, the
presence of fibrillised collagen showed an increase in the force needed to start injection
respect to the CPC with solubilized collagen and the CTRLF (Figure 2.30). This can be
adscribed to the presence of an initial paste composed of CPC and collagen bundles.
Solubilized collagen did enhance the injectability, but the presence of the bundles
decreased the ability to be injected. Furthermore, both CPC with collagen in the liquid
phase presented a slight increase in the force needed to start injecting the paste (Figure

2.31). This can be attributed to the higher viscosity of the paste.

It is known that the ability of a CPC to be injected can be enhanced by the increase in
the L/P ratio, the use of round particles, the addition of citrate ions and the use of
viscous polymer solutions’'. The presence of polymers combined with the CPC have

been shown to enhance the injectability’”

. The main reason for the enhanced
injectability is the lubricating effect that the polymer has on the different cement
particles’'?**7. The presence of a polymer between the different grains may reduce the
friction between the different grains and therefore increase the injectability’™”’. This
was thought as the main reason for an increased injectability observed in the CPC

combined with collagen.

One of the most important problems in the ability to inject a CPC is the phase
separation or the filter-pressing effect. When a CPC is injected, a certain pressure is

applied to the syringe and this pressure is directly applied to the cement paste. Since the
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paste has to pass through a small cannula at the end, there can be the filter pressing’'.
This occurs when a phase separation takes places, meaning that when the injection is
produced, the liquid is extruded, whereas most of the powder remains in the
syringe’***°. That means that the L/P ratio inside the syringe can be controlled, but
once it is injected, the L/P ratio of the extruded paste can be different from the initial
one. If the paste is able to be injected completely, the phase separation is less likely to
happen. In the case in which not all the paste is injected, the force will start to increase,
and therefore, the phase separation will take place. The incorporation of collagen or
other polymers in general, may reduce the phase separation effect, and therefore the
injectability may be increased’’. Although the incorporation of collagen was not

designed to increase this feature, the results showed that it did enhance the injectability.
2.5.8. Mechanical properties

The results for the compressive strength showed that for the low concentration (10
mg/ml) collagen containing CPC, the compressive strength was similar to that of the
control (Figure 2.32). Nevertheless, a clear decrease of the mechanical properties was
found when the collagen concentration was increased, both for fine and coarse CPC.
The decreased values for the CPC containing the higher concentrations of collagen
cannot be attributed to an increase in the total porosity of the samples, since it was
previously shown to be similar (Table 2.6). The results are in agreement with previous
works that reported that for similar collagen concentrations incorporated in the CPC, the
effect on the compressive strength was non-existing””, although when the collagen
concentration was increased, the compressive strength was reduced®. The presence of
fibrillised collagen slightly decreased the mechanical properties compared to the
solubilized collagen containing samples. Nevertheless, it is worth highlighting that the
presence of the fibrillised collagen, especially for the COLF50F, there was an increase
in the strain, although it presented a lower compressive strength, leading non-
catastrophic failures compared to the brittle failure of the CTRLF (Figure 2.33). This
was also previously seen when a CPC was combined with collagen fibers®. The
enhanced mechanical properties in that case were attributed to the presence of HA on

the collagen fibres which were able to resist crack propagation.
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Lower values of compressive strength were found for the coarse than for the fine CPC.
This cannot be attributed to the porosities since they present similar total porosities
(Table 2.6.). However, it was previously reported that for the same inorganic CPC, the

mechanical properties for coarse and fine were not statistically different’.

2.6. Conclusions

The results have shown that collagen containing CPC can be obtained by dissolving
collagen in the liquid phase of a CPC. Different collagen treatments were applied in
order to observe the effect of collagen morphology on the properties of the CPC.
Collagen was shown to be a retarder of the hydrolysis of the a-TCP into CDHA at the
initial reaction times. The main principle underlying this delay was the presence of the
acetic acid and the higher viscosity of the collagen solution. Nevertheless, already after
1 hour, there were no differences in the kinetics of the transformation into CDHA in the

presence of collagen and that the final product was not altered.

An important finding was that the collagen was not released during the 7 day setting
reaction in water. This was further confirmed by the observation of collagen with a
fluorescent marker in the set CPC. The distribution was shown to be homogenous for
the solubilized collagen and heterogeneous for the fibrillised collagen. It was also seen
that the presence of collagen, increased the injectability and that it did not influence the
mechanical properties at low collagen concentrations, whereas at higher collagen

concentrations there was a decrease in the mechanical properties.
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Chapter 3. Cdl Response to
| njectable CPC/Collagen Composites

3.1. Introduction

The previous chapter focused on the preparation and characterization of the collagen
CPC composites. Thefinal goal of these materiasisto be able to enhance the biological
performance. Hydroxyapatite and collagen have been combined, mainly as macroporous
tissue engineering scaffolds. Hydroxyapatite is known to be a biocompatible biomaterial
in vitro as well as in vivo, with an osteconductive potential®. Therefore it has been
combined with collagen by several methods as described in chapter 1. However, in the
collagen scaffolds, the matrix is composed of collagen, onto which small amounts of

HA precipitate*”’. In the present chapter, the matrix of the material is the calcium
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phosphate, and the effect of collagen on the in vitro biological performance is studied in

this chapter.

In previous works in which collagen was mixed with a CPC, the biological aspects were
not deeply studied®™™*. The main effect that was reported in the previous works was the
ability of the collagen to increase the initial adhesion on the CPC material. The effect of
collagen on cell proliferation and differentiation on CPC based materials has not been
previousdly studied. The concentration of the collagen solution incorporated in the CPC
was 10 mg/ml, since higher collagen concentrations have reported no difference at early
cell attachment on other CPC™.

3.2. Objectives

The objective of this chapter was to study the in vitro cell response to injectable calcium
phosphate cement —collagen composite material. The effect of collagen addition, as well
as the pre-treatment of the collagen to form solubilized or fibrillised collagen was
investigated. The study was aimed at analyzing the initial adhesion of osteoblastic cells
Sa0s-2 on the material, aswell asto observe the proliferation and differentiation after 1,
7 and 14 days.

3.3. Materials and methods

3.3.1. Materials

The study was done on 15 mm diameter disks. The disks were prepared by moulding
the CPC paste in Teflon moulds of 15 mm in diameter and 2 mm in height. After 3
hours, the disks were unmolded and left reacting in Ringer’s for 7 days in order to
ensure the transformation of the a-TCP into CDHA. The L/P used was 0.45 ml/g. The
liquid phase of the CPC was a 50 mM acetic acid solution for the control and two

different 10 mg/ml collagen solutions: solubilized and fibrillised.

The materials were coded using 4 letters. The first three letters corresponded to COL,
which identified the samples as containing collagen, followed by C, meaning the initial
particle size of the CPC, which was coarse in this case, followed by a number referring

to the concentration of the collagen solution. Finally, the presence of and F at the end
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indicated that the collagen had been fibrillised. The materials studied were then:
COLC10, COLC10F and CTRLC. The CTRLC was CPC composed of coarse cement
with acetic acid solution was coded as. The tissue culture plastic (empty well) was also
used as control, being coded as TCPS. The materials were sterilized by immersion for 1
hour in 70% ethanol.

3.3.2. Cédlls

Human osteoblast-like Saos-2 cells were used as cell model. The cells were maintained
in McCoy medium (Sigma, M8403) supplemented with 0.75% of L-glutamine (GIBCO
25030), 1% penicillin/streptomycin (GIBCO 15140), 2 % of sodium pyruvate (GIBCO
11360) and 15 % of feta bovine serum (GIBCO 10270-106) in a humidified
atmosphere of 5% CO; in air. The culture medium was exchanged every second day.
Upon confluence the cells were detached with a minimum amount of trypsin-EDTA
(Gibco) that was inactivated with FBS after 5 minutes. The cells were then re-cultured

or used for experiments.

Saos-2 cells were harvested from nearly confluent flasks as described above and seeded
in 24 well plates. Afterwards, 1.5 ml of complete medium was added, changed after 24

hours and then changed every 48 hours.

3.3.3. Céll behavior on CPC/collagen composites

3.3.3.1 Initial adhesion

In order to verify the effect of the presence of collagen in the CPC in terms of initial cell
attachment, an initial adhesion assay was performed. 15 mm diameter disks were
prepared as previously described. COLC10, COLC10F, CTRLC and TCPS samples
were studied. The materials were left overnight in contact with serum free medium to
wet the samples. On the next day, the cells were seeded on the materials a a
concentration of 1.000.000 cells/well and were left in contact with the material for 4
hours. The samples were then removed and placed in another well plate and the number
of cells attached to the material was quantified. The viability of the cells was estimated
spectrophotometrically with the LDH assay and the cell morphology was assessed by

fluorescence microscopy after FDA staining.



124 | CELL RESPONSE TO INJECTABLE CPC/COLLAGEN COMPOSITES

3.3.3.2 Cdll proliferation and cell differentiation

For the same materials used in the initial adhesion test, 100.000 cells were seeded per
well, which represented approximately 14.000 cell/cm?®. Proliferation, performed with
an LDH kit, differentiation, measured by the quantification of ALP activity, as well as
FDA and SEM images after 1, 7 and 14 days were taken.

3.3.4. Characterization

3.3.4.1. Proliferation

Relative cell numbers were evaluated at 1, 7, and 14 days by the lactate dehydrogenase
(LDH) assay. The LDH activity was then determined spectrophotometrically with a
commercialy available LDH kit (Roche, Germany) in a plate reader (Power WaveX,
Bio-Tek Instruments, USA; 490 nm). For that purpose, at each time point, the samples
were washed twice with PBS and lysed by freeze-thawing, following at least two
repeating cycles in the culture plate. The lysates were then transferred into eppendorfs.
The lysates were centrifuged at 1500 rpm for 10 min to remove cell debris. Aliquots of
the samples were placed on 96 well plates to obtain a final sample volume of 100 pl,
after the corresponding dilution. Afterwards, 100 ul of the reaction mixture was placed
on the wells, with the previously added sample. The reaction mixture was composed of
the mixture of the catalyst, which is a mixture of Diaphorase/NAD", and the dye
solution, which is composed of lodotetrazolium chloride and sodium lactate (Figure
3.1). The mixture of the reaction mixture and the samples aliquots, were |eft reacting for
30 minutes, after which 50 ul of a stop solution, composed of 1M HCI, was placed in
each well in order to stop the reaction. A calibration curve with decreasing

concentrations of cellswas created to express resultsin cell number.
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Figure 3.1. Diagram of LDH oxidation of lactate into pyruvate through the reduction of NAD+ to NADH.
The reaction in step 2 shows how the tetrazolium salt is reduced to a formazan salt which has the red
coloration of the end product which is done through the help of the catalyst and the oxidation of the
NADH to NAD" (From LDH kit Roche).

3.3.4.2. Differentiation

The retention of osteoblastic phenotype was evaluated by measuring akaline
phosphatase activity. No osteogenic medium was used. A colorimetric method, based
on the conversion of p-nitrophenyl phosphate into p-nitrophenol in the presence of
alkaline phosphatase, was used. The lysates obtained in the previous section were mixed
with 2-Amino-2-methyl-1-propanol buffer (Sigma Diagnostics Inc A9226.) and
phosphatase substrate solution (Sigma, 4 mg/ml P5994), and incubated for 30 minutes
at 37°C. The reaction was stopped with 0.05 M NaOH and the production of p-
nitrophenol was determined by measuring the absorbance at 405 nm. The values were
calibrated to a standard curve, prepared from known concentrations of p-nitrophenol
(Sigma N7660), and the results for alkaline phosphatase activity were normalized to the

number of cells on each sample.
3.3.4.3. Fluorescein Diacetate staining

To follow the overall morphology of adhering living cells, fluorescence images were
obtained after the fluorescein diacetate staining (FDA, Invitrogen F1303) (Figure 3.2.),
to obtain control on cell viability. At given time of incubation, the living cells were
labeled with fluorescein diacetate (FDA), by adding 10 ul/ml from a stock of 1 mg/ml
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FDA in acetone to the medium. Under these conditions, the vital cells converted FDA in
a fluorescent analogue via their esterases. The dye was then removed and rinsed three
times with water and observed with PBS at 37°C. Representative pictures of the adhered

cells were then taken with a fluorescent microscope (Nikon, Eclipse E600) using the

green channel.
0
o
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Figure 3.2. Representation of the Fluorescein Diacetate molecule.

3.3.4.4. Scanning Electron Microscopy

Cell morphology was further characterized by means of SEM. For that purpose, the
samples were washed in 0.1M Phosphate buffer, pH 7.4, and cells were fixed with a
2.5% glutaraldehyde (Sigma-Aldrich G400-4) solution in PBS, washed and maintained
in 0.1M phosphate buffer. Osmium tetraoxide (Sigma-Aldrich 201013) was added after
fixation, and graded ethanol solutions were used to dehydrate the samples (50, 70, 90,
96 and 100% ethanol). Finally hexamethyldisilazane (HDMS, Fluka 52620) was used
for complete dehydratation of the samples, being air-dried afterwards.

3.3.5. Statistical analysis

Statistical analysis was carried out with significance of 5%. One way analysis of
variance (ANOVA) with Fisher post-hoc test was conducted. The data are expressed as

mean + standard deviation.

3.4. Results

3.4.1. Initial cell adhesion

The fluorescent images after FDA staining for the different materials showed the initial
attachment after 4 hours in serum-free medium (Figure 3.3). In general, cells appeared
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to be rounded, although some cells were starting to expand. There were some
differences between the different materials concerning the amount of the cells observed.
In CTRLC (Figure 3.3.a and b) and COLC10F (Figure 3.3.e and f) , the number of cells
present was similar. However, for the COLC10 (Figure 3.3.c and d), there were a higher

number of cells compared to the other two substrates.

Figure 3.3. Initial adhesion of Saos-2 cells after 4 hours on the different materials at two different
magnifications. a) and b) CTRLC, c) and d) COLC10, €) and f) COLC10F. Scale bar = 100 zm.

Figure 3.4 shows the number of cells that attached to different CPC materials and the
TCPS measured by LDH. TCPS presented the highest value of cells attached, athough
only 300.000 cells out of the 1.000.000 initially seeded attached, which represented a



128 | CELL RESPONSE TO INJECTABLE CPC./COLLAGEN COMPOSITES

30% of cell attachment. On the other hand, the amount of cells that attached to the
CTRLC was 100.000, representing a 10% of the cells initially attached. These values
were further increased in the presence of collagen for the samples COLC10 and
COLCI1O0F, arriving to values close to those of TCPS, being 25% and 15% respectively

of cell attachment.
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Figure 3.4. Quantification of number of cells after 4 hours, representing the number of cells that have
attached to the well and the number of cells extracted from the material.

3.4.2. Céell proliferation and cell differentiation

3.4.2.1. Proliferation

The results for proliferation at 1, 7 and 14 days are shown in Figure 3.5. Initially, after 1
day the number of cells was low in the 4 cases, having a higher number in the TCPS.
After 7 days, the number of cells on TCPS raised considerably, whereas it remained low
for CTRLC and COLC10F. However, in COLC10 the number of cells was three times
higher than for the CTRLC and COLCI10F. Findly, after 14 days, the proliferation for
COLC10 was higher than the CTRLC, and was aso higher than the COLC10F. The
CTRLC and the COLC10F samples seemed to behave in a similar way, not presenting

significant differences among them.
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Figure 3.5. Number of cells measured by LDH after 14 days of culture for the a) TCPS, CTRLC,
COLCI10F and COLC10. In b) the cell number is only expressed for the CPC materials in order to
observe more clear the differences among the CPC materials.

3.4.2.2. Differentiation

The results for differentiation at 1, 7 and 14 days measured by means of ALP activity
are shown in Figure 3.6. The media did no present osteogenic factors. The first
observation that can be made is that when the CPC was present, the ALP activity was
significantly higher than that of the TCPS. Furthermore, there were two clear ALP
evolution patterns. For the TCPS and CTRLC, the ALP values raised from 1 to 7 days,
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obtaining its peak at 7 days, and decreasing afterwards at 14 days. However, for the
collagen containing CPC, the maximum was achieved after 1 day, decreasing its value

progressively after 7 and 14 days.
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Figure 3.6. Alkaline phosphatase activity after 14 days of culture for the TCPS, CTRLC, COLC10F and
COLC10.* denotes significant differences between COLC10F and COLC10.* denotes significant
differences between TCPS and the rest of the materials at 1 day. # denotes significant differences between
CTRLC and the rest of the materials. ## denotes significant differences between COLC10F and TCPS
and CTRLC. + denotes significant differences between CTRLC and TCPS. ++ denotes significant
differences between COLC10F and TCPS and COLC10.

3.4.2.3. Overall cell morphology

The cell morphology observed by SEM for 1, 7 and 14 days can be observed in Figures
3.7, 3.8 and 3.9. In general, the main difference that was observed was that, in
COLCL10F, cells were more elongated. That is, cells expanded their phyllopodia to find
the best focal adhesion on the material. For CTRLC and COLC10, the cells were shown
to have a more homogenous spread zone. In COLC10, cells were flat and expanded,
whereas in the CTRLC, cells were smaller and more shrinked. This behavior was found
at 1, 7 and 14 days.



CHAPTER 3 | 131

Figure 3.7. Cell morphology observed by SEM after 24 hours of culture for a) CTRLC, b) COLC10 and
¢) and d) COLC10F.

Figure 3.8. Cell morphology observed by SEM after 7 days of culture for a) CTRLC, b) COLC10 and
c) COLCI0F.
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Figure 3.9. Cell morphology observed by SEM after 14 days of culture for a) CTRLC, b) COLC10 and c)
COLCI10F.

3.5. Discussion

The main objective of this chapter was to assess the enhancement of the biological
properties of the CPC in the presence of collagen. It is known that collagen has the
aminoacid sequences recognized by the integrins that enhance cell adhesion (e.g.
GFOGER). If the integrins do not recognize any protein on the surface of the material or
in any type of surface, the cellswill have difficulties to attach.

In order to understand what happened in the initial stage of interaction material-cell, a
cellular adhesion experiment was conducted. It isimportant to highlight, that in general,
apatitic substrates have lower adhesion and proliferation than the TCPS, and similar
results have previously been reported™™’. It was seen that only 10% of the cells initialy
seeded on the CTRLC attached to the materia (Figure 3.4). Nevertheless, the
incorporation of collagen in the CPC raised the cell adhesion values to 15% for the CPC
containing fibrillised collagen and 25% for the CPC containing solubilized collagen.
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These values were considered as a significant increase, especialy if these are compared
to the optimum material, which was the TCPS that had 30% of cell attachment. The
results are in accordance with a previous work, in which a CPC was mixed with water
and then collagen powder was aggregated, performing a small in vitro study, and what
was observed was that the presence of collagen increased the number of attached cells
on the substrates’. In that case, the amount of cells that initially attached was around
50%, whereas in our case it was around 25% for the solubilized collagen sample.
Nevertheless, the ratio of adhered cells respect the CPC without the collagen in that
study and in our study is constant, being the initial adhesion around 2.5 times higher in
the presence of collagen compared to the CPC without collagen®. The increase in cell
adhesion in the presence of collagen is due to the presence of the GFOGER aminoacid

sequence, among others, that stimulate cell adhesion®®,

The initial attachment pattern was then continued in the culture for 14 days, in which it
was seen that the proliferation was the highest for the TCPS (Figure 3.5). TCPS, as in
the case of the cell attachment experiment, continued presenting higher cell number
than the CPC containing samples, which was an expected result as previously
demonstrated for apatitic substrates>*4**’. However, the proliferation rates for the
CPC containing materials behaved similar to those found previously in this type of CPC
without collagen, in which the number of cells was low after 1 and 7 days™. Actually, in
the previous study, they compared the effect on cell behavior of the two different initial
particle size, showing a higher proliferation for a coarse and a higher differentiation for
fine cements™. In our study, the coarse CPC was used in order to enhance the cellular

proliferation.

The lower rates of proliferation in the apatitic substrates may be related with the
presence of a crystal morphology in the surface™?. This crystal morphology reduces
and delays cell attachment, and consequently, cell proliferation. The same crysta
morphology was found in the collagen containing CPC, however, the collagen increased
the proliferation rates for the CPC, athough the increase was only found for the
solubilized collagen, whereas the fibrillised collagen behaved in a smilar way to the
CTRLC. Furthermore, it has also been previously reported that a material with similar
inorganic phase, being a-TCP, could be cytotoxic even when the transformation into
CDHA had taken place®. It has also been studied that the liberation of CPC particles
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into the medium smaller than 10 pum, could inhibit cell proliferation®. However,
collagen promoted cellular adhesion®® and it also reduced the amount of CPC particles
liberated to the medium, which were seen by simple visual inspection of the different
wells. This last feature was also previously observed and was attributed to the higher

cohesion CPC presented in the presence of collagen®.

Regarding the cell morphology observed by SEM, it was seen that the cell morphology
presented a shrinked morphology for the CPC not containing collagen (Figure 3.7, 3.8
and 3.9). In the collagen containing CPC, the cells presented higher protrusions, which
was a similar behavior found in a previous work that combined HA with collagen, in
which a better cell spreading was found for the composite®. It was aso found that the
cell morphology was found to be different depending on the collagen pre-treatment. The
explanation for the different cell morphology depending on the collagen treatment could
be related with the collagen distribution in the CPC matrix. In the presence of
solubilized collagen, the collagen was distributed throughout the whole surface, having
the aminoacids sequence present in the whole material. The integrins in the cell
recognized this extracellular matrix and attached to the surface. In the samples with
fibrillised collagen, the distribution was heterogeneous, presenting bundles of collagen
in certain areas and no collagen in other areas. The average distance between the
different collagen bundles was approximately 50 um as derived from the fluorescence
images in chapter 2 (Figure 2.10 and 2.11). Cells would have a higher affinity to attach
to the parts of the material in which the collagen sequences were present. That is why
cells would move their phyllopodia into zones in which there was collagen. In other
words, cells had to stretch much more their protrusions to find collagen in the surface,
showing the elongated cell structure. The cell morphology observed by SEM is
schematically represented in Figure 3.10, in which the green areas represent the
collagen and the red color represents the cells. It can be seen that in the case of
homogenous collagen distribution, cells spread their protrusions in al directions,
whereas in the case of the heterogeneous collagen distribution, cells expand their

phyllopodiato determined parts of the material in which the collagen is present.
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Figure 3.10. Schematic representation of cell attachment for the collagen CPC composites: a) COLC10,
b) COLC10F. The white and black background represents the CDHA, whereas the green signal
represents the collagen. a) Cells spread since cells are able to recognize the different adhesion motifs
found in collagen, distributed homogenously on the surface of the composite, through the integrins. b)
Cells expanding their phyllopodia in order to find the adhesion motif of collagen, which is distrusted
heterogeneously on the fibrillsed collagen CPC composite, therefore, presenting a more stretched
cellular morphology.

The differentiation patterns analyzed by ALP activity clearly showed higher ALP values
for the CPC samples compared to the TCPS (Figure 3.6). Regarding the cell
differentiation, it was observed that the presence of the CPC significantly increased the
differentiation compared to TCPS. This was also previously reported and was attributed
to the crysta morphology of the CPC*. HA has been proofed to have high
differentiation activities™® and was therefore the main effect for the higher ALP

activity on the CPC substrates.

Nevertheless, it was interesting to note that the differentiation in the presence of
collagen changed the pattern compared to the CTRLC. It was shown that in the presence
of collagen, there was a high initial ALP activity and this one decreased with time. In
the CTRLC, the peak of ALP was found at 7 days and then decreased. Therefore, the
mechanism by which the cells interacted with the sample might have been different,
obtaining an earlier differentiation in the presence of collagen compared to the CPC
without collagen. A hypothesis is that the cell interaction with the CPC has a different
integrin binding. For the CTRLC and TCPS, the binding is produced through an RGD-
dependent mechanism via the a5B1 integrin, whereas in the presence of collagen typel,
the anchorage is through integrin a2f1, which is known to induce osteoblastic
differentiation and can therefore serve as cell attachment and differentiation factor?®>,
An increase in ALP values by the a2p1 integrin present in collagen has been previously
reported compared to TCPS®. Furthermore, composite materials compromising
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collagen and calcium phosphate have also shown an increase in osteoblastic
differentiation even at short times’. Therefore, although the main effect of the increased
ALP values was the CPC itself and that the collagen barely had a significant effect on
the differentiation values, it was important to highlight that the presence of collagen

seemed to advance the differentiation pattern.
3.6. Conclusions

The results have shown that the presence of collagen enhanced cell adhesion on CPC-
based substrates by a factor of 2.5. Proliferation was also enhanced in the presence of
collagen. Differentiation was high in the presence of the CPC compared to the control.
Collagen changed the differentiation pattern, having the ALP peak after 1 day, whereas
in the absence of collagen, the peak was found at 7 days. The form in which collagen
was incorporated could also tailor the cell behavior, having a dightly higher ALP
activity for the fibrillised collagen, compared to the solubilized collagen, in which the

proliferation was enhanced.
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Chapter 4. Cell Response to Collagen-
Calcium Phosphate Cement Scaffolds
Investigated for Nonviral Gene
Delivery

4.1. Introduction

The present chapter is the result of the collaboration with the group of Tissue
Engineering Laboratories led by Professor Myron Spector at the VA Boston Healthcare
System, in association with the department of Materials science at MIT and Harvard
Medical School. Thiswork was developed in Boston during a PhD stay for 9 months.

The strategy taken in this chapter differs considerably from the previous chapters. The
reason is that in the previous chapters, the combination of the calcium phosphate
cement and the collagen formed a mouldable and injectable paste which was able to
adapt to any shape and was able to set in vivo. In the present chapter, a tissue
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engineering approach was taken, in which a mineralized collagen scaffold was
fabricated. This pre-formed scaffold was neither injectable nor self-setting.
Nevertheless, in this approach the mineralized collagen scaffold had a higher degree of
macroporosity which alowed a higher cell penetration, important for bone tissue

engineering applications.

In general, an ideal bone graft should present a 3D network that provides support
volume and attachment sites to the cells, namely the extracellular matrix; growth
factors, which may induce osteogenesis and vascularization; and the presence of cells
with osteogenic potential’. The design of synthetic bone grafts should aim at the
development of constructs able to develop the same functions described above, and
therefore should cover not only the intrinsic properties of the material itself, but also
include specific biological functionalities directed to its osteogenic potential.

The fabrication of three dimensional collagen scaffolds has been widely explored for the
regeneration of several tissues”®. Collagen scaffolds have proven to have good
biological properties for tissue engineering, but presenting low stiffness. The
incorporation of calcium phosphates into the scaffold can be used as a strategy not only
to increase their stiffness, but also their osteoconductive potential®’. There are three
main routes used to obtain composite collagen/CaP scaffolds. i) soaking a collagen
sponge in calcium phosphate containing solution®**; ii) simultaneous precipitation of
calcium phosphate solutions at neutral pH with collagen solutions™?® and iii) freeze
drying of slurries composed of calcium phosphate and collagen®*?. In general, the first
method is considered the fastest method to obtain mineralized collagen, although it is
difficult to control the amount of calcium deposited. In the second method it was shown
that it is possible to get the c-axes of HA crystals aligned along the direction of the
collagen fibers, which is similar to the structure found in bone®®. The third method
allows controlling the ratios of the calcium phosphate incorporated in the collagen

scaffold, being usually in the range of 0.15 to 8 HA:collagen wt ratio®® %,

The combination of three dimensional scaffolds with growth factors has proven to be an
effective approach for the regeneration of bone, being able to make the scaffolds
osteoinductive®™. One of the main challenges is to be able to deliver the growth factor
(such as bone morphogenetic proteins, BMPs) in vivo at a therapeutic level due to the
short lives of the molecules and its high cost®. Gene therapy has appeared as an
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aternative, in which the cells are able to produce a specific protein when a gene is
properly transferred into the cells™.

In the gene therapy approach, two main mechanisms by which the cells are transfected
can be found: viral and non-viral vehicles. Both systems have been employed to
incorporate high doses of proteins for tissue engineering applications. Viral vectors are
known to have higher transfection efficiency, although they present high
immunogenicity, making non-vira transfection the most appropriate gene delivery

vehicle for tissue engineering applications™.

Calcium phosphate (CaP) based approaches are an attractive option for non-vira
plasmid DNA transfection into cultured cells*®. They are usually based on the use of
CaP as nanoparticles®*’. Their sizes are in the range of 300 nm and the mechanism by
which the cells were transfected was by endocytosis of the nanoparticles®.
Nevertheless, these nanoparticles are not viable scaffolds on top of which cells can be
seeded. Therefore, the purpose of this work was to develop a collagen-hydroxyapatite
(HA) scaffold for the non-viral delivery of the plasmid encoding the osteoinductive
protein BMP-7. The intention was to provide a local and prolonged release of this
growth factor by the cells seeded or migrating within the scaffold. As an innovative
route, the collagen-HA scaffold was obtained by the combination of a calcium
phosphate cement (CPC) in a collagen template. The CPC was composed of a-
tricalcium phosphate (a-TCP), which upon hydrolysis, transforms into hydroxyapatite
(HA), therefore leading to the precipitation of HA nanometric crystals within the
collagen matrix.

4.2. Objectives

The specific aim of this study was to develop collagen/CPC scaffolds with different
amounts of inorganic phase (13, 23 or 83% wt) and to evauate their effect on cell
behavior. Moreover, the delivery of the BMP-7 plasmid incorporated in the scaffolds
into mesenchymal stem cells (MSCs) in vitro and the expression of the protein was aso

assessed when varying the amount of plasmid incorporated.
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4.3. M aterials and methods

4.3.1. Collagen preparation

A mixture of porcine collagen type | and type |11, named as collagen type I/111 (obtained
from Geistlich Biomaterials, Wolhousen, Switzerland), was used. In order to solubilize
the collagen, the collagen powder was introduced in a 10 mM HCI solution at a 1% wt
concentration. The solution was then blended at 14.000 rpm in order to solubilize the
collagen and maintained at 4°C through a refrigerating system. The collagen was
blended for 6 hours for the complete dissolution of the powder.

4.3.2. Calcium phosphate cement powder

The powder phase of the composite was prepared as previously described in chapter 2,

section 2.3.1 using the coarse CPC.
4.3.3. Preparation of the scaffolds

The a-TCP powder was dispersed in 1 ml of distilled water. The a-TCP suspension was
then incorporated in the dissolved collagen. The collagen and the a-TCP were mixed in
the overhead blender at 6000 rpm for 1 hour at 4°C. The following samples were
prepared: 13, 23 and 83 wt% HA (g HA/g composite); and the collagen without TCP
(0% HA). After the fabrication process, the samples were immediately placed in the
freeze-dryer (Virtis Advantage) and freeze dried for 20 hours at -40°C and 200 mTorr.
Once the freeze-drying process was done, the samples were crosslinked with a
dehydrothermal method at 105 °C and 30 mm Hg with vacuum for 24 hours. This
treatment leads to the formation of covalent linkages among the polypeptide chains of
the collagen fibers by slowly removing the water, resulting in an increase in the strength
of the collagen®*=°. The samples were then cut with a forensic punch to obtain 8 mm
diameter and 2 mm thick samples. The scaffolds were then hydrated by immersion in
graded alcohols: 100%, 96%, 90%, 70% and water. Further crosslinking was performed
with 14 mM 1-ethyl-3-(3-dimethylaminpropyl) carbodiimide hydrochloride and 5.5 mM
N-hydroxysuccinimide (EDAC; Sigma Chemical Co, St Louis, MO, USA) applied for
30 minutes at room temperature. The excess of crosslinking agent was washed out by
rinsing in PBS. The scaffolds were subsequently immersed in water for 5 days for the
complete reaction of the a-TCP into HA.
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4.3.3.1. Scaffold characterization

In order to identify the mineral phase formed in the scaffold, the samples were digested
in 500 pg/ml proteinase K solution dissolved in Tris-HCI overnight at 37 °C in order to
degrade the collagen matrix. The crystals were then crushed in order to obtain a powder
and were analyzed by X-Ray diffraction (XRD, Philips MRD) to confirm the presence
of HA. Ni-filtered Cu K,, radiation was used. The step-scanning was performed with an
integration time of 50 s at intervals of 0.017° (20). Indexing of the peaks was carried out
by means of Joint Committee on Powder Diffraction Standards (JCPDS) cards 29-359
for a-TCP and 9-432 for HA.

The different composite scaffolds were analyzed by scanning electron microscopy
(SEM; FEI/Philips XL30 FEG ESEM) in order to observe the differences in the
morphology of the samples. The specimens were coated with gold-palladium in order to

increase the conductivity of the samples.
4.3.4. Plasmid preparation

Multiplication of the pcBMP7 plasmid (Figure 4.1) (obtained from Stryker Biotech,
Hopkinton, MA) was performed by heat-shock transformation into E.coli
DH5a (DH5a—Invitrogen, Cat#18258-012) competent cells. Cells grew overnight in
Lysogeny broth medium (LB medium, composed of 10g/l bacto tryptone (Becton,
Dickinson and Company, Product # 211705), 5 g/l bacto yeast (Becton, Dickinson and
Company, Product # 288620) and 10 g/l NaCl) containing ampicilin (VWR 80055-786).
50 pl of the cells were put in an eppendorf and kept on ice. The circular DNA (5 pl),
which was resistant to ampicilin, was then added into the E. coli cells and mixed gently
swirling the pipette tip. The mixture was then incubated for 30 minutes on ice and
afterwards into a water bath at 42°C for 45 seconds (heat shock). Five hundred
microliters of pre-warmed LB medium with no antibiotic were added and the tubes were
incubated for 1 hour at 37°C and shaked at 225 rpm. Different volumes ranging between
20 and 200 pl of the resulted culture were spread on LB agar plates (same composition
as LB medium with 15 g/l agar (VWR DF0445-17)) with ampicilin. Only the bacteria
with the plasmid, and therefore having resistance to ampicilin, grow on the agar plate.
The plates cultured were left overnight at 37°C.
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Figure 4.1. Map of the pcBMP7 plasmid incorporated in the scaffolds. The outer circles represent the
fragments that are obtained after cutting the DNA with determined enzymes. The inner dotted circles
corresponds to the DNA solution in contact with Bglll and Xhol, obtaining a fragment of approximately
1.1 Kb and another one of approximately 6 Kb. The outer circles represents the DNA solution in contact
with the enzymes Bglll and Smal, obtaining two different fragments of approximately 3.5-4 Kb.

Once the Petri dishes with the bacterial cells having the DNA incorporated proliferated,
severa colonies from the Petri dish were picked with a sterile stick and placed in a
culture tube with 5 ml of LB medium with ampicillin (100 pg/ml). The tubes were
spinned at 250 rpm in the warm room at 37°C for 6 to 8 hours. The content of the tube
was afterwards introduced into a flask containing 1000 ml of LB medium with the
ampicillin. It was left overnight, shaking at 260 rpm in the warm room at 37°C. A total
of 4 liters were prepared in order to isolate the gene and obtain a high amount. It was

then purified using QI Afilter plasmid Megakit (Qiagen; Vaencia, CA. Cat #12183).
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The absorption ratio at 260 nm and 280 nm was used to determine the plasmid
concentration and purity. The plasmid integrity was verified with polyacrylamide gel
electrophoresis. Different DNA solutions were introduced in the wells. The DNA
solutions were cut with specific enzymes. These enzymes cut the DNA according to the
plasmid map in certain regions. The enzymes used were: Xhol in one case and Smal on
the other. Theinitial segment was cut with the Bglll enzyme in both cases. The specific
regions where these enzymes cut the DNA and the resulting fragments are shown in
Figure 4.1. Once the electrophoresis was applied, the different DNA segments were
separated in the gel according to the different weights. The size of the pcBMP7 was 6.7
kb.

4.3.5. MSC culture

Mesenchymal stem cells isolated from goat marrow were used. Cells were thawed and
expanded using low glucose DMEM supplemented with 1% Pen/Strep and 10% FBS
(non-osteogenic medium) as the medium. When confluence was achieved, cells were
trypsinized and counted with trypan blue. Cells were sub cultured in a tissue culture
flask or seeded onto the scaffolds.

Twenty-four well plates were coated with 1% agarose solution in order to prevent cell
attachment to the bottom of the dishes. Scaffolds were placed on top of the agarose
coating. Cells were seeded on top of the scaffolds at a concentration of 10° cells per
scaffold. Cells were left for a period of time to attach to the scaffolds, which were
maintained wet, after which, 1 ml of expansion medium was added. After 24 hours, the
expansion medium was replaced with osteogenic medium consisting of a-MEM
supplemented with 0.173 pM L-ascorbic acid, 10mM B glycerophosphate and 100 nM
Dexamethasone, as well as 1% penicillin/streptomycin (pen/strep) solution and 10%

fetal bovine serum (FBS). The medium was changed every two days.

4.3.6. In vitro behavior of scaffolds containing different HA

content

The effect of having different amounts of HA incorporated in the collagen scaffold was
verified. The four types of scaffolds prepared were: Collagen scaffold, Collagen-13 %
HA scaffold, Collagen-23 % HA scaffold and collagen-83% HA scaffold. Cell
proliferation in the 4 groups of scaffolds was determined by measuring the DNA
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content (n=6), and the differentiation by means of alkaline phosphatase (ALP) activity
(n=6), after 1, 7 and 14 days. Cell morphology was assessed by SEM and histology at 7
and 14 days.

4.3.6.1. Proliferation

Cell proliferation was measured by means of the DNA picogreen assay at 1, 7 and 14
days. For that purpose, scaffolds were washed in PBS at each time and frozen without
liquid. In order to measure the DNA, samples were freeze-dried overnight and digested
afterwardsin a 500 pg/ml proteinase K (Sigma, Cat# P-6556) solution dissolved in Tris-
HCl at 60°C. The solution was prepared under sterile conditions and then 1 ml of
solution was introduced in each of the wells for analysis. Samples were then vortexed

before and after leaving the samples degrading overnight.

The assay was done using the Quant-iT PicoGreen dsDNA assay kit (Molecular Probes
P7589). The method consisted in a fluorimetric assay measured in a 96-well plate
(Black Isoplate, Wallac #1450-571) in a plate reader (Wallac) recording the
excitation/emission at 485/535 nm. A standard Lambda solution was prepared in order

to have the fluorescent value for different DNA concentrations.
4.3.6.2. Differentiation

The alkaline phosphatase activity was measured at 1, 7 and 14 days. The samples were
washed twice in phosphate buffered saline (PBS), freezing the samples afterwards with
PBS and a drop of Tween 20. The samples were then freeze-thawed three times in order
to enhance cell lysis. Afterwards, samples were analyzed using the QuantiChrom
Alkaline phosphatase assay kit (BioAssay Systems, DALP-250).

Briefly, in order to carry out the ALP determination, the working solution was initialy
prepared by mixing for each well, the following proportions: 200 ul of assay buffer, 5
pl of Mg acetate (final 5mM) and 2 pl of pNPP liquid substrate (10 mM). Two hundred
pl of distilled water and 200 pl of Tartrazine Standard were introduced in a clear bottom
96 well plate. In other wells, 5 pl of each of the samples were introduced in the wells, as
well as 195 pl of working solution, in order to obtain afina volume of 200 ul. The plate
was read at ODgosnm at time zero and read again 4 minutes after. The ALP activity in
U/l was then calculated as:
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Where OD,4 and OD,, are the values of the sample at time 4 and time O minutes. The
factor 1000 converts IU/ml to IU/l. RV was the total reaction volume (200 pl). The
number 4 was the time waited for the second reading. The absorbance factor &, was
18.75 mM™t.cm™, | was the light path in cm and can be described as |= (ODrar —
ODy20)/ (e - C) =1.321 - AOD. SV is the sample volume, being 5 pl.

4.3.6.3. Cell morphology

Cell-seeded scaffolds were washed twice in PBS, and then immersed in a 2.5%
glutaraldehyde (Sigma-Aldrich G400-4) solution in PBS. The samples were then treated
in a 1% solution of osmium tetraoxide (Sigma-Aldrich 201013) in order to increase the
electron-contrast of the samples. Graded ethanol solutions were used to dehydrate the
samples (50, 70, 90, 96 and 100% ethanoal).

Samples for histology were immediately fixed at the determined time points in 4%
paraformaldehyde solution. Samples were then dehydrated overnight in a tissue
processor (Leica TP 1020) containing graded al cohols (70%, 80%, 95% and 100%) and
xylene, and left afterwards in paraffin. Samples were then embedded in paraffin
(Thermo Shandon Histocentre 2) and solidified by cooling them. Paraffin blocks were
then cut (6 pm thick) using a microtome (Finesse Thermo Shandon) and placed on the
dides.

In order to prepare samples for staining, cut sections that were placed on each of the
dlides were then warmed at 55°C to detach the paraffin from the dlide (Slide warmer,
Slide-Line). Samples were immediately introduced in xylene and then in graded
alcohols (100%, 95%, 90% and 80%), and finaly in water to completely remove the
paraffin. Samples were then stained according to each of the established protocols. The
sections were stained with Hematoxilyn and eosin, Masson’s trichrome® and Von

Kossain order to visualize cell morphology, as well as the collagen scaffold™.
4.3.7. Plasmid incor poration

In the second part of the study, the effect of incorporating the plasmid in the scaffold
was determined for the collagen-83% HA construct. The amount of plasmid

incorporated varied from 0 to 50 pg. 20 ul of the solution containing the appropriate
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amount of plasmid were pipetted into the surface of the scaffold. The low amounts of

plasmid incorporated were for safety reasons.

The amount of BMP-7 contained within the scaffolds after 1, 4 and 7 days (n=3) was
determined by freeze-thawing them three times and physically breaking them down in
order to release the BMP-7 produced. The amount of BMP-7 was measured by a
sandwich ELISA kit for BMP-7 protein (DuoSet ELISA Development System human
BMP-7 DY 354). In order to also observe the effect of the plasmid on cell proliferation,
a DNA assay was performed as previously described. The values for BMP-7 expression
were represented as normalized values with respect to the amount of DNA obtained for
the proliferation assay.

In order to make sure that in the case of the quantification of DNA, what was being read
was because of the cells, an interna control was done. The previously described
procedure was applied in a series of scaffolds without incorporating the cells in order to

seeif the DNA quantification technique would also quantify the DNA from the plasmid.
4.3.8. Statistical analysis

The cell experiments were performed using six replicates for each scaffold composition.
Statistical analysis was carried out with significance of 5% or less. One-factor analysis
of variance (ANOVA) with Fisher's post-hoc test was conducted. The data are

expressed as mean value + standard error.
4.4. Results

The collagen differed significantly from the collagen described in the other chapters.
The main difference was that this collagen was less soluble. Therefore, the collagen had
to be blended at higher rpm in order to solubilize and break the collagen fibers. The
blending process was carried out for 6 hours. The viscosity of this collagen was much

higher than the previous one, although the concentration was the same.
4.4.1. Microstructure of the scaffolds

As shown in Figure 4.2, the XRD patterns revealed that the transformation of the initial
a-TCP into HA was complete after 5 days immersion in water, being therefore HA the
only mineral phase present in the scaffolds.
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Figure 4.2. X-Ray diffraction patterns of 83% HA scaffold before (bottom) and after (top) 5 days
immersion in water. Initially the scaffold contained only a-TCP as a mineral phase, which completely
hydrolysed to HA after 5 days.

Homogeneous slurries were obtained with the collagen type I/l and o-TCP. It was
important to stir the system for time enough so that the a-TCP and the collagen would
intimately mix, avoiding problems of heterogeneity. The microstructures of the
collagen-13% and collagen-23% scaffolds were very similar (Figure 4.3a and b),
demonstrating collagen fibers with some crystals incorporated into the matrix. The
morphology of the scaffolds containing 83% HA was completely different (Figure
4.3c). In this case, the collagen fibers were completely covered by the HA crystals. The
matrix of the collagen (Figure 4.3d) was seen as completely smooth with no particles
dispersed
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Figure 4.3. SEM images of collagens prepared with different % HA in wt a) 13%, b) 23%, c) 83% and d)
0%.

4.4.2. Plasmid characterization

The electrophoresis obtained for the plasmid is shown in Figure 4.4. The different bands
that appear in the electrophoresis gel correspond to the fragments that were cut with the
different enzymes. Bands 1, 2, 5 and 6 correspond to the control ladder. The values
correspond to those observed in Figure 4.4b. In the case of lane 3, the presence of one
band was observed at around 3.5-4 Kb. This band corresponds, to the plasmid cut with
the enzymes Smal and Bglll. It should be seen as two bands, but since the values are
very similar, it can only be seen as one band. On the other hand, the bands that appear in
lane 4, appear at 1.1 Kb, 6Kb and 7 Kb. These bands correspond exactly to the plasmid
cut with the enzymes Xhol and Bglll, being the 7 Kb band the complete uncut plasmid.
The bands correspond to the segments that were shown in Figure 4.1. This is then
giving the information that the plasmid obtained corresponded to the map obtained for
BMP7 plasmid.
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Figure 4.4. a) Electrophoresis gel for the plasmid cut with the mentioned enzymes Bglll, Smal and Xhol.
Lanes 1, 4, 7 and 8 correspond to the control ladder. Lane 5 corresponds to the plasmid cut with Smal
and Bglll. Band 6 corresponds to the plasmid cut with Xhol and Bglll.b) Ladder used in the
electrophoresis that appearsin lane 1, 4, 7 and 8 and corresponds to the valuesin kilobases.

4.4.3. Cell response to collagen scaffolds with different HA

contents

The 1-day DNA content, reflecting the initial attachment of the mesenchymal stem cells
to the scaffolds, was substantially lower for the collagen-83% HA scaffold compared to
the 13% HA and 23% HA constructs, which were comparable (Figure 4.4a). The
collagen scaffolds which did not contain HA, contained about 40% fewer cells than the
13 and 23% HA samples (Figure 4.4a).
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Figure 4.5. a) Cdl proliferation measured by means of DNA quantification. * indicates significant
differences between 0% HA scaffolds and 83% scaffolds at 1 day. ** indicates significant differences
between 0% HA and 13% and 23% HA scaffolds at 1 day. # indicates significant difference between 13%
HA and the other scaffolds at 7 days. + indicates significant differences between 0% HA and 13% and
23% HA at 14 days and ++ indicates significant differences between the 13% and 23% HA scaffolds and
the 83% HA scaffold (p<0.05). b) Alkaline phosphatase activity for the scaffolds with different amounts of
HA incor porated.* denotes significant differences between 0% HA and the other compositions at 7 days. #
denotes significant differences between 0% HA and the other compositions

After 7 days, the amount of DNA in the collagen and 13 and 23% HA scaffolds
increased dramatically compared to the 1-day values, indicating considerable cell
proliferation (Figure 4.58). While the number of cells in the 83% HA constructs
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increased more than 2-fold compared to the 1-day measurements, the cell content was
less than 13% of that in the other scaffold groups (Figure 4.53). There were no
significant differences in the DNA contents among the 0, 13 and 23% HA groups after 7

days.

No increase in cell proliferation was observed at 14 days for the scaffolds containing O,
13 and 23% HA, compared to the 7-day results (Figure 4.538). There was, however,
almost a 5-fold increase in the number of cellsin the collagen-83% HA scaffolds from 7
to 14 days (Figure 4.5a). There was no significant difference in cell number between the
13 and 23% HA scaffolds at 14 days, but the 13 and 23% HA scaffolds had significantly
higher DNA contents than the 0% and 83% HA scaffolds.

After 7 days, the ALP activity, normalized to the number of cells in the scaffolds, was
7-fold higher for the 83% HA scaffolds compared to the constructs in the 3 other groups
(Figure 4.5b). The ALP values for the 13 and 23% HA groups were comparable, and
the collagen scaffold group displayed about 60% of their value (Figure 4.5b). Between
the 7- and 14-day periods, the ALP content of the collagen scaffolds increased about 2-
fold, while the values for the HA containing scaffolds all decreased. After 14 days the
ALP/cell was higher for the collagen scaffolds compared to the 13 and 23% HA groups,
but the highest ALP content was still found for the collagen-83% HA scaffolds.

Monolayers of cells were found on the walls of the 13 and 23% HA scaffolds after 7
and 14 days (Figure 4.6a and b). The cells were well spread, presenting fillipodia
extending throughout the scaffold. In the case of the 83% HA scaffolds, there were
differences when comparing 7 and 14 days. After 7 days, there were few cells on the
scaffold, with few contact points with the material, presenting an elongated shape
(Figure 4.6¢). After 14 days, a higher number of cells were observed on the scaffold,
with a more spread morphology, presenting higher amounts of expanding fillipodia.
One of the main differences with the 13 and 23% HA scaffolds, was the presence of
deposits on top of the cells, probably corresponding to extracellular matrix (Figure
4.6d).
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Figure 4.6 SEM images of the cell morphology on the different scaffolds for a) 13% HA (14 days), b)
23% HA (14 days), ¢) 83% HA (7 days) and d) 83% HA (14 days).

Similar trends were observed through the Masson’'s trichrome staining of the
histological sections (Figure 4.7). Qualitatively, higher numbers of cells were observed
in the 13 and 23% HA scaffolds (Figure 4.7 a and b), having in general an elongated
morphology and creating an entangled cell network. In the case of the 83% HA, the
number of cells was lower with fewer protrusions and fillipodia (Figure 4.7c). In the
case of the collagen scaffold alone (0% HA; Figure 4.7d), the cells tended to
agglomerate in certain parts of the scaffold, and their morphology was similar to that
found in the 13 and 23% HA scaffolds. Interestingly, according to the histological and
SEM studies, the cells were able to penetrate throughout the whole thickness of the
scaffold, in all the series studied. Of note was that the scaffold itself stained red, instead
of blue, with the Masson trichrome stain, related to the state of strain in the collagen at
the time of fixation. When collagen is in a relaxed state at the time of
paraformaldehyde fixation, Masson trichrome stains the collagen blue; collagen that is

under tension at the time of fixation is stained red*.
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Figure 4.7 Histological sections of the different scaffolds stained with Masson’s trichrome, being a) 13%
HA, b) 23% HA, ¢) 83% HA and c) 0% HA. Scale bar = 100 um.

The Von Kossa stain is shown in Figure 4.8. The brown/black deposits observed
corresponds to the calcium deposits. As can be observed, there is a higher content of
calcium in the 83% HA scaffolds. In the 13 and 23% HA scaffolds, only some deposits
can be observed. In all the cases, the calcium deposits arise from the calcium phosphate
cement incorporated in the scaffold. In the collagen scaffolds, no calcium deposits can
be observed. The cells can be observed in pink, whereas the collagen was observed as
light pink.
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Figure 4.8. Histologlcal sections of the different scaffolds stained with Von Kossa, being a) 13% HA, b)
23% HA, c) 83% HA and c) 0% HA. Scale bar = 100 pm.

4.4.4. BMP-7 expression

In this part of the study, the plasmid encoding BMP-7 was incorporated in the 83% HA
scaffolds, using different plasmid loadings. First, it was assessed that the plasmid did
not interfere with the DNA technique used to quantify cell proliferation. This was done
by incorporating the plasmid in the scaffolds without seeding cells and afterwards
applying the procedure of DNA quantification, and no signal was obtained.

As shown in Figure 4.9, cell proliferation was higher in the cases in which the plasmid
was present. In al cases the trend shown was that the higher doses of plasmid increased
the amount of cells. The increase in proliferation was dose dependent, except in the case
of the 20 pug and 50 pg dose in which the proliferation was the same.
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Figure 4.9. Proliferation measured by means of DNA quantification for scaffolds composed of 83% HA
containing different amounts of plasmid: 0, 5, 20 and 50 pg. *indicates significant differences between 0
and 5 pg of plasmid incorporated at 1 day. # indicates significant differences between 0 and 5 pg of
plasmid incorporated at 4 days (p< 0.05).

Regarding the expression of the BMP-7 protein, the highest levels of protein were found
in the scaffolds after 1 day and, interestingly, the highest amount was found for 20 g of
incorporated plasmid (Figure 4.10). At 4 days, the highest BMP-7 content was obtained
for the 5 ug dosed scaffolds. But after 14 days, the 20 pg dosed scaffolds yielded again
the highest BMP-7 levels in the matrix (Figure 4.10). The BMP-7 accumulated in the
scaffolds over the 7-day period was higher for the plasmid groups, compared to the non-
transfected controls (0.264 ng of BMP-7 for the 20 pug group, compared to 0.139 ng of
BMP-7 for the O pug group).
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Figure 4.10. BMP7 expression for the 83% HA scaffolds with different amounts of plasmid incorporated
during 7 days. * denotes significant differences between the 20 pg plasmid |oaded scaffolds and the other
plasmid loadings at 1 day. # denotes significant differences between the 5 ug plasmid loaded scaffolds
and the other plasmid loadings at 4 days. + denotes significant differences between the 20 pg plasmid
loaded scaffolds and the other plasmid loadings at 7 days.
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The values of the BMP-7 measured in the scaffolds were normalized by the DNA
content of the specimens (Figure 4.11). After 1 and 4 days, the control scaffolds which
were not supplemented with plasmid contained the highest amounts of BMP-7
normalized to DNA. By 7 days, however, the collagen-83% HA scaffold dosed with 5
ug of plasmid had the highest amount of BMP-7 (Figure 4.11).
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Figure 4.11. BMP7 expression normalized by the DNA content from cell proliferation for the 83% HA
scaffolds with different amounts of plasmid incorporated during 7 days. * denotes significant differences
between the 20 pg plasmid loaded scaffolds and the other plasmid loadings at 1 day. ** denotes
significant differences between the 50 ug plasmid loaded scaffolds and the other plasmid loadings at 1
day. # denotes significant differences between the 0 pg plasmid loaded scaffolds and the other plasmid
loadings at 4 days. ## denotes significant differences between the 50 pg plasmid loaded scaffolds and the
other plasmid loadings at 4 days. + denotes significant differences between the 5 pg plasmid loaded
scaffolds and the other plasmid loadings at 4 days.

4.5. Discussion

The present work allowed the development of macroporous collagen-HA scaffolds with
different HA contents. Initially, the collagen/a-TCP slurry was blended at 4°C, avoiding
the formation of bundles due to collagen precipitation. The hydrolysis of a-TCP has an
increase of the pH associated which, near neutral pH, may induce the collagen
precipitation. Thiswould lead to a heterogeneous slurry, and therefore to heterogeneous
scaffolds. By decreasing the temperature, the hydrolysis rate was reduced, which
combined with the blending process, reduced the risk of bundle formation.



CHAPTER 4 | 161

A recent study of collagen-glycosaminoglycan scaffolds™ has shown that at the
temperature used for the dehydrothermal treatment of the freeze-dried collagen/a-TCP
(105 °C), about 25 % of collagen is denatured. It will be interesting in future work to
evaluate the degree of collagen denaturation in the collagen/a-TCP, to determine if the
calcium phosphate may play a protective role in reducing the collagen denaturation.
One would not expect a reaction between the collagen and the cal cium phosphate during
the dehydrothermal treatment at 105°C. The calcium phosphate is not altered in any
way at this temperature, being completely stable. It would also be of interest in future
studies to investigate how the EDAC-crosslinked material is degraded in vivo, with
respect to the ultimate clinical applications.

The characterization of the scaffolds by XRD showed the transformation of the mineral
phase into HA (Figure 4.2). SEM observations revealed that at low amounts of
incorporated HA, the HA precipitates were found in the fibers of the collagen and not in
the voids (Figure 4.3a and b). At higher amounts of incorporated HA, the structure
revealed a similar trend, observing HA completely covering the collagen fibers (Figure
4.3c). Once again, the HA was precipitating on top of these collagen fibers and the
crystalline structure of the mineral phase corresponded to that previously seen in
previous work in which the a-TCP had been hydrolyzed™. An interesting fact is that the
porous structure of the collagen network was maintained similar in al cases, being the
main difference, the mineralization of the collagen fibers. Further physico-chemical
characterization will be assessed for the different scaffolds (e.g., mechanical properties,

FTIR, pore size distribution).

The proliferation of the mesenchymal stem cells and their differentiation to osteogenic
cells were comparable for the collagen scaffold and the scaffolds containing 13 and
23% HA (Figure 4.5). The main difference was observed for the higher content (83%)
of HA. In this case, the proliferation was significantly lower compared to the other
types of scaffolds, owing in part to the fewer cellsinitially adhered to the scaffold. The
main benefit of the higher amounts of HA, was the significant increase in ALP activity,
suggesting the high efficiency of the HA to induce the differentiation of the MSC into
osteoblasts. This observation was not seen in similar types of scaffolds, in which it was
shown that the incorporation of different ratios of HA on the collagen scaffolds did not
change the AL P activity®.



162

CELL RESPONSE TO COLLAGEN-CALCIUM PHOSPHATE CEMENT
SCAFFOLDS INVESTIGATED FOR NONVIRAL GENE DELIVERY

The lower proliferation of the 83% HA initialy can be attributed to the fact that, when
cells are seeded, collagen plays an important role in initial adhesion. In this case, the
cells lack this benefit since they only enter in contact with the HA and not with the
underlying collagen. Moreover, it has been previously reported that for a set CPC
analogous to the one used in this work, the microstructure of the HA had a direct effect
on cell proliferation and differentiation®. It was seen that, depending on the
microstructure cell proliferation could be delayed. Although there were lower rates of
proliferation in the scaffolds with the highest HA content, in cell differentiation was
increased.

The SEM observation of the cell morphologies reveaed the trend previously mentioned
for proliferation and differentiation. Cell morphology was clearly different for the 13
and 23% HA scaffolds and the 83% HA scaffolds (Figure 4.6 and 4.7). In the first two
cases, the cells presented a spread morphology creating a cell layer on the scaffold
which was probably near confluence, as shown by the proliferation assay. In the case of
the 83% HA, cells are only able to attach to the HA, and this adhesion is slower than in
the case of collagen due to the absence of the cell adhesion motifs sequences present in
collagen. Thisis revealed by the cell morphology observed for the 83% HA, where the
cells presented elongated morphology with few contact points.

It is also worth highlighting that after 14 days, cells were able to proliferate, as was seen
by the proliferation assay, and were shown to cover most of the scaffold surface,
presenting expanded cells on the 83% HA scaffolds. The main difference was the
presence of a higher extracellular matrix formation in the case of the 83% HA compared
to the other two cases, which would be in agreement with the ALP results obtained.
Future studies will address later time points in order to assess the biological behavior of

the scaffolds at longer culture times.

In order to increase the osteoinduction ability of the scaffolds, BMP is widely used in
the field of bone regeneration®* . In the present work, the approach is different, since
the BMP-7 was not incorporated into the scaffold, being expressed by the cells after
transfection of a specific gene encoding the BMP-7 protein. The plasmid used in the
present work has aready been previously used in vivo, presenting promising results®.
The BMP-7 has a higher affinity for HA, that is why the BMP-7 levels were measured
directly on the scaffolds by breaking them>**. Actually, the amount of BMP-7 was also

measured in preliminary studies in the medium, but the values obtained were even
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lower and therefore, the results were analyzed in the scaffold. The amount of BMP-7
produced was higher in the 20 ug plasmid loading after 1 and 7 days and it was aso
found that the accumulated values in this case were 0.264 ng (Figure 4.9). Nevertheless,
a surprising fact was that when the values of BMP7 were normalized by the cell
content, it was seen that the amount of BMP7 per cell content was higher in the casesin
which no plasmid was present (Figure 4.11). This also means that the combination of
the scaffolds with the MSCs in the osteogenic media is expressing the BMP-7 protein.
Therefore, the main effect of the plasmid was the increase on cell proliferation, not
directly on protein expression (Figure 4.10). As mentioned in the results, it was
discarded that the higher proliferation rates measured with the DNA kit could
correspond to the signal coming from the gene DNA, since the incorporation of the gene
without cellsin the scaffold and the subsequent DNA reading gave no value.

The intention of the work was to incorporate a CaP in the collagen structure since CaP
have been widely used for more than 30 years as gene delivery vehicles, having low
efficiencies, but showing few problems of cytotoxicity. In these cases, the CaP have
been used as nanoparticles**’. These nanoparticles are usually in the range of 300 nm
and the mechanism by which the cells are transfected is by endocytosis of the
nanoparticles’’. There are a large number of factors that affect the transfection
efficiency, such as, time of contact between the material with the plasmid and the cells,
the cell type used, the Ca/P ratio, as well as the morphology of the precipitate among

others®°253

The use of CaP in the form of nanoparticles is challenging for their use as tissue
engineering scaffolds® . These nanoparticles have been combined with alginate
hydrogels as an implantable device, but not combined with cells®. That is why the use
of tissue engineering constructs incorporating HA was thought as a promising system to
deliver the plasmid and to be able to combine them with cells. Unfortunately, the
amount of protein was low and in some cases was comparable to the values in the
absence of plasmid. This means that the plasmid might not have been incorporated
inside the cells, although the possible mechanism by which the plasmid could have been

incorporated was discussed.

In the case of having the HA in the collagen matrix, a continuous surface of HA
crystals is created. Therefore, it was hypothesized that the plasmid could have been
incorporated as naked DNA or as part of the crystals. Because HA may present
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electrostatic charges, the gene is able to physically attach to the surface of the crystal.
These crystals may be detached from the structure by manipulation (e.g. media
changing) or degradation of the scaffold™ or a CaP may be precipitated on the surface
of the existing HA due to the supersaturation of calcium and phosphates in the medium.
The size of these HA crystals are in the range of severa hundreds of nanometers to
severa microns. That is why some HA may break and detach from the structure, being
in the range of sizes which the cells are able to endocytosise.

It seems that even if the plasmid was able to enter the cells, the transfection was still
low probably due to the aggressive environment found inside the cell cytoplasm™>".
The more protected the gene is, the higher the transfection efficiency will be, although it
has been shown that the efficiencies are less than 2% even when the gene is protected
with aCaP*.

4.6. Conclusions

Collagen-CPC scaffolds may serve as macroporous scaffolds for MSC proliferation and
differentiation. The scaffolds produced were shown to homogenoudly distribute the HA
on the collagen fibers. The different HA contents affected cell proliferation and
differentiation. The use of the scaffolds as gene delivery vehicles for the production of
BMP7 must be improved athough significant levels of BMP7 were expressed,
associated with an increase in cell proliferation.
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Chapter 5. Porous Hydroxyapatite
and Gelatin/Hydroxyapatite
Microcarriers Obtained by Calcium

Phosphate Cement Emulsion

5.1. Introduction

The present chapter and the following two chapters deal with the application of the CPC
designed in Chapter 2 to a new processing route aimed at the fabrication of
microscaffolds for bone tissue engineering. The urgent need of bone grafts has triggered
the new area of bone tissue engineering, where the development of scaffolds to carry

high amounts of viable and proliferating osteoprogenitor cells is a topic of extensive
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research’. Microcarriers (MC), which can be defined as small beads where anchorage
dependent cells grow in suspension?, are promising candidates for this application, as
they provide significantly higher surface for cellular interaction?. First proposed by Van
Wezel in 1967%, MC in cell culture constitute a system with a high specific surface
(which depends on the sphericity) available for the cells to adhere, thus being able to
grow in extremely high density (theoretically, up to 8 times more) in comparison to the
conventional culture’. Moreover, they can aso be used to encapsulate different
biological moieties or drugs’. As scaffold for tissue engineering, MC have severa
advantages: (i) they can be made injectable, by simply immersing them in a suitable
medium; (ii) as a suspension, they can adapt to the shape of any tissue defect; (iii) they
can create a discontinuous liquid environment, assuring sufficient diffusion of nutrients
and gases; and finally (iv) they ensure homogenous distribution of cells. As can be seen
in Figure 5.1, the MC may behave, once implanted, as scaffold in which the cells may
be homogenously distributed, compared to the typical macroporous scaffolds, in which
sometimes the cell penetration and diffusion may be decreased.

Figure 5.1. The concept of using microcarriers as cell microcarriers or microscaffolds, with respect to its
cell distribution showing: a) non-homogenous cell seeding on macroporous scaffold and b) homogenous
cell seeding on microcarriers’.

MC have been obtained from several materials, including polymers such as dextran,
polylactic acid, chitosan, alginates or gelatine®®, ceramics such as hydroxyapatite (HA),

silica or bioactive glasses™'°, and composites™*2,
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Calcium phosphate (CaP) based materials are being increasingly used as synthetic bone
grafts. Together with their unlimited availability, these biomaterials have other
advantages such as their bioactivity and osteoconductivity. However, they are not
osteogenic, and in presence of these synthetic materials, bone regeneration can take a
long time for the complete functional recovery. In order to enhance their efficiency as
bone grafts, CaP can be combined with growth factors, such as bone morphogenetic

proteins or they can also be associated with cells™®*° .

CaP have been traditionally fabricated as dense or macroporous blocks, athough
granules are also widely used, since their resorption has been predicted to be faster™.
Most granules used for bone regeneration applications have irregular shapes and
submillimeter sizes. However, when they are intended to be associated with cells or
with bioactive molecules, the control of the shape, size and textural properties of these
particulate materials becomes crucial™*. In this context, the development of porous
calcium phosphate MC with tailored size and porosity represents a significant advance.
The introduction of customized porosity, allows the incorporation of biological moieties
or drugs and its controlled release. The round shape, in addition to enhance cell
attachment?, is envisaged to minimize non-desirable inflammation reactions from the
body. Moreover, a higher sphericity contributes to enhancing injectability, as compared

to irregular granules.

Previous studies reported the fabrication of CaP MC, and more specifically
hydroxyapatite (HA) MC by different routes. Generally, a two-step process was needed,
consisting first, in the formation of the MC, for instance, by the dispersion of
HA/polymer slurries in a hydrophobic medium, followed by a high temperature
sintering stage™®*’. Alternatively, HA-coatings were formed on glass'’ or carbon™® MC.
Composite MC containing HA were also prepared by combining an organic phase, such
as sodium alginate®, gelatin® or collagen™ with HA. In this approach, the stabilisation
of the MC was obtained by the gellification or crosslinking of the organic phase, which
encapsulated the HA particles.

In this work, a different strategy was used, based on the emulsion of a calcium
phosphate cement paste (CPC) in oil. The CPC emulsion method was first proposed by
Bohner>™®, and has been proved to be successful for the processing of macroporous

ceramic scaffolds™. However, to our knowledge, no studies have been performed on its
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application for the production of HA and composite MC. One of the main advantages of
this approach is that, it should alow the preparation of HA MC at low temperature,
without the need of a high temperature sintering step. The reason is that the CPC paste,
which constitutes the hydraulic phase in the emulsion, has the ability to self-set through
a dissolution-precipitation reaction, stabilising the CaP droplets™. This implies that,
hydrated compounds can be formed as the MC constituents, with morphologies and
compositions very similar to the CaP found in the mineralized tissues and with high
specific surface. Furthermore, provided the intrinsic porosity of CPC in the
micro/nanometric range, this route can allow the preparation of MC with a particular
microtexture suitable for drug delivery applications”?*. An additional advantage of the
proposed technique is that it allows the incorporation of water soluble polymers in the
MC by dissolving them in the liquid phase of the CPC.

5.2. Objectives

The objective of this chapter was the preparation of porous HA MC by the CPC
emulsion technique, and the analysis of the effect of different processing parameters on
their final properties. The incorporation of gelatin in the MC, with the aim of enhancing
cell recognition®, was aso explored. Thein vitro cell response of the MC obtained was
assessed by means of osteoblastic-like Saos-2 cell cultures.

5.3. Materials and methods

5.3.1. Microcarriers preparation

The powder phase of the CPC was composed of a-TCP, obtained as described in
chapter 2. For the inorganic MC, the powder was mixed with a x10 Phosphate Buffer
Solution (PBS). The liquid to powder ratio was adjusted in order to obtain afluid paste.
Three millilitres of this paste were introduced into a beaker, which contained 300 ml of
the oil and the emulsion was produced by means of mechanical stirring (Heidolph BDC
2002) (Figure 5.2). No emulsifying agent, which could compromise the
biocompatibility of the MC, was added. Stirring was prolonged until CPC setting time
was reached. MC were afterwards extracted adding a 0.01% surfactant solution (Triton
X-100, Sigma-Aldrich 23,472-9) dissolved in Ringers (0.9% sodium chloride (Panreac
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121659.1214) aqueous solution) into the oil emulsion. MC were then separated and
cleaned with acetone. Once extracted, the MC were immersed in a Ringers solution for
the a-TCP hydrolysisto a CDHA to be completed.

0.3 cm

35 cm

[

Ec::}llcm 28 cm

L il

10 cm

Figure 5.2. Schematic representation of the parameters that are controlled in the fabrication of the MC.

In the present work, the effect of different variables on the MC fabrication and
properties was analyzed by means of a 2° factorial design. The studied variables
included:

a) Type of ail. Oils with two different viscosities were used: sunflower oil (40 cP) and
olive oil (80 cP). In apreliminary study, vaseline oil (200 cP) was also tested, but it was

discarded because it was not possible to obtain a CPC emulsion;

b) Initial powder size of the CPC. It is known that, rheological properties and setting
times of CPC pastes are strongly affected by the particle size distribution of the powder
phase. Two different milling protocols for the CPC powder were established, leading to
two particle size distributions, with a median particle size of 5.18 £ 0.25 um for the
coarse CPC and 2.48 + 0.15 um for the fine CPC. Since the viscosity of the paste varied
with the particle size of the powder, the L/P ratio used for the emulsions was adjusted in
each case to the minimum value at which afluid paste could be obtained. According to
this criterion, the L/P ratio was 0.7 ml/g for the coarse powder and 0.8 mi/g for the fine

powder.



176

POROUS HYDROXYAPATITE AND GELATIN,HYDROXYAPATITE
MICROCARRIERS OBTAINED BY CALCIUM PHOSPHATE CEMENT EMULSION

c) Speed of rotation. Two different rotation speeds, 600 and 900 rpm, were tested.

The MC were coded depending on the oil used as O (olive oil) or S (sunflower ail),
followed by the particle size C (coarse) and F (fine), and the speed, 600 or 900 rpm.
Thus, the different MC series were: OC600, OC900, OF600, OF900, SC600, SC900,
SF600 and SF900.

Composite gelatine/lHA MC were obtained by the addition of gelatine (Rousselot ref
LB-B, Bloom 250) in the liquid phase, that was heated to 50°C to dissolve the gelatine
powder. Three different concentrations were tested: 5, 10 and 15 w/vol % with respect
to the liquid phase. The gelatine solutions were mixed with the CPC powder at liquid to
powder ratios of 1.2 ml/g, 1.3 ml/g and 1.4 ml/g for 5 10 and 15% gelatine
respectively. For the preparation of the hybrid gelatine/HA MC, olive oil was heated at
60 °C, above the gelatine gelling temperature, and, after adding the CPC paste, the
emulsion was formed by mechanical stirring at 900 rpm. After emulsification, an ice-
cold washing solution with the same composition stated before (0.01% surfactant in
0.9% NaCl agueous solution) was added to the oil in order to extract the MC and
simultaneously decrease the temperature of gelatine below its gelling point. MC were
further crosslinked by immersing the MC in a solution of 1-ethyl-3,3(3-
dimethylaminipropyl)carbodiimide (EDC, Fluka 39391) (1.15% w/v) and N-
Hydroxysuccinimade (Aldrich 13,067-2) (0.03M) at a molar ratio 2:1. Since the MC
were prepared at a speed of 900 rpm, with olive oil and with fine cement, the code
OF900 was still used, incorporating GEL in front of it with its corresponding
concentration, making the code 5% GEL/OF900, 10% GEL/OF900 and 15%
GEL/OF900.

5.3.2. Microcarriers characterization

The size distribution of the MC was characterized by Laser diffraction (LS 13 320
Beckman Coulter), dispersing the MC in ethanol for the analysis. An optical microscope
(Leica QWin) coupled to an image analysis software (Omnimet and Image J) was aso
used to further characterise the morphological features of the MC. In addition to the MC
size distribution, this technique allowed to evaluate the sphericity of the MC, as well as

to estimate their envelope surface area, an important parameter to be taken into account
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when performing the cell culture studies. Scanning electron microscopy (SEM, JEOL
JSM-840) and field emission SEM (FE-SEM, Hitachi H-4100FE) were used to
investigate the microstructure of the different MC. The samples were previously
sputtered with gold or carbon to avoid charging effects. Mercury intrusion porosimetry
(MIP, Autopore IV Micromeritics) was carried out to examine the porosity content
(open porosity) and to determine the pore size distribution within the MC. The MC
specific surface area was measured by N, adsorption according to the BET method
(ASAP 2020 Micromeritics). The MC phase composition was evaluated by X-ray
diffraction analysis (XRD, Philips MRD). Ni-filtered Cu K, radiation was used. The
step-scanning was performed with an integration time of 50 s at intervals of 0.017° (20).
Indexing of the peaks was carried out by means of JCPDS cards 29-359 for a-TCP and
9-432 for HA. The relative amounts of the different phases present in the samples just
after the emulsion process and after 7 days in Ringers solution were estimated on the
basis of the peak intensity variation by means of the external standard method, as

previously described”, having pure o-TCP as the external standard.

5.3.3. Cdll cultures

Human osteoblast-like Saos-2 cells were used as cell model. The medium used and the

protocols followed are the same as the ones described in section 3.3.2.

Two types of MC were selected for cell cultures: pure inorganic MC, coded as HA-MC
(the previously described OF900 series was selected) and hybrid gelatine/HA MC,
containing 5% gelatin coded as GEL/HA-MC (the previousy described 5%
GEL/OF900). For the preparation route, it is important to know the speed and type of
oil used, indicated with the code OF900, but for the biological characterization it was
not. Actually, the two MC were prepared at the same speed and with the same type of
oil, being the main difference the presence or absence of gelatine. Therefore, with the
codes HA-MC and GEL/HA-MC, the differences in the MC composition can be tracked
more easily. These codes in the cell culture make easier comparing results and
refereeing to these MC in Chapter 6 and 7. To have a narrower size distribution range,
the MC were sieved between 80 and 297 um. Control glass MC (Glass MC Beads,
Sigma G2892) with diameters between 90 and 150 pum (coded as CTRL-MC) were aso
used for comparison. All materials were sterilized with ethylene oxide. Taking into
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account that the size distribution of the different series studied was not the same, it was
necessary to adjust the mass of MC introduced in each well, in order to make sure that
the surface available for cell attachment was the same in each MC series. This was done
by using the values obtained for the envelope surface area measured for the different
MC as reported in the previous section. No statistically significant differences were
found between the HA-MC and the GEL/HA-MC envelope surface areas, with a mean
value of 295 + 19.5 cm?g, whereas the CTRL-MC presented an external surface area of
475 + 19.0 cm?/g. Taking this into account, the mass of MC introduced in the wells was
0.039 g for HA-MC and GEL/HA-MC and 0.024 g for CTRL-MC. Prior to cell seeding,
the MC were soaked in ethanol in order to favour wettability of the samples, rinsed with

PBS three times and afterwards pre-soaked in medium for 24 hours.

Saos-2 cells from nearly confluent flasks were harvested as described above and seeded
in 24 well ultralow attachment plates (Costar 3473) containing the samples in the
amount of 200.000 cells per well, which represented approximately 17.000 cell/cm? of
MC surface. Afterwards, 1.5 ml of complete medium was added, changed after 24 hours

and then changed every 48 hours.
5.3.3.1. Overall cell morphology

To follow the overall morphology of adhering living cells, fluorescence images were
obtained after fluorescein diacetate staining (FDA, Invitrogen F1303) at different times
(1, 7 and 14 days). The protocol followed was the same as the one described in section
3.34.3.

Cell morphology was further characterized by means of SEM. The protocol followed

was the same as the one described in section 3.3.4.4.

5.3.3.2. Céll proliferation

Relative cell numbers were evaluated at 1, 7, and 14 days by the lactate dehydrogenase
(LDH) assay. The protocol followed was the same as the one described in section
3.34.1.
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5.3.3.3. Cdll differentiation

The retention of osteoblastic phenotype was evaluated by measuring akaline
phosphatase activity. The protocol followed was the same as the one described in
section 3.3.4.2.

5.3.3.4. Satistical analysis

The cell experiments were performed twice using three replicates for each MC
composition. Statistical analysis was carried out with significance of 5%. One way
analysis of variance (ANOVA) with Fisher post-hoc test was conducted. The data are
expressed as mean + standard deviation.

5.4. Results

5.4.1. Inorganic Microcarriers

The effects of the oil viscosity, rotation speed and initial particle size on the MC mean
size and sphericity, are shown in Figure 5.3a, where the results of the 2° factorial design
are summarized. In fact, as shown by the evolution of the sphericity and the mean MC
size, no emulsion was really formed when sunflower oil was used with the coarse CPC
at 900 rpm and with the fine one at 600 rpm. Instead, proper emulsions were formed for
all the experimental conditions with the olive oil. In this case, the most significant effect
was the reduction of the CPC particle size, that resulted in a decrease of the MC size
(p<0.05). The stirring speed also had a significant effect on the MC size, an increase of
which, from 600 rpm to 900 rpm, resulted in a significant reduction of the MC mean
size (p<0.05). In all cases, a reduction in MC size was accompanied by a reduction in
the dispersion of the MC size. The MC aobtained in olive oil, as observed by optical
microscopy, are shown in Figure 5.3b-e, which confirms the trends pointed out in

Figure 5.3a.
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Figure 5.3. Mean size and sphericity of the microcarriers obtained by the different processing conditions
tested in the factorial design (a). Optical microscopy images of the samples prepared by emulsion in olive
ail: b) OC600, ¢) OC900, d) OF600 and €) OF900. Scale bar correspondsto 1 mm.

Figure 5.4a shows the MC size distribution, as measured by laser diffraction for the MC
obtained with olive oil a 900 rpm, with different CPC particle sizes. The OF900 MC
showed a monomodal and narrower distribution than the OC900 MC, which showed a
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multimodal distribution. Moreover, the median size was smaller for the OF900 (180.8
pum) than for the OC900 (204.1 pum).
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Figure 5.4. Sze distribution of the microcarriers measured by laser diffraction: a) OC900 and OF900
and b) OF900 and 5% GEL/OF900.

The X-Ray diffraction patterns of the OF900 MC just after the emulsion process, and
after soaking in Ringer's solution for 7 days are shown in Figure 5.5. After the
emulsion process, the MC contained o-TCP as the main phase and aso HA, with
relative amounts of 73.3 and 26.7 wt% respectively. As expected, the a-TCP was nearly
completely hydrolysed to HA after immersion in Ringer’s solution for 7 days, when
only aresidual amount of 4.8 wt% a-TCP was detected.
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Figure 5.5. X-ray diffraction patterns of the microcarriers right after the emulsion preparation and after
7 days soaking in aqueous sol ution.

The broad peaks of the HA formed were consistent with the small crystal size revealed
by SEM observations as shown in Figure 5.6 a) and c¢), which corresponds to the OF900
MC after hydrolysis. Moreover, comparison with the MC obtained with the coarse CPC
powder (Figures 5.6b and d) revealed that the microstructure of the MC strongly
depended on the particle size of the CPC powder used, the size of the HA crystals being
much smaller when the fine CPC was used. These differences were consistently
reflected in a higher specific surface area (27.85 m?g) for the OF900 MC than for the
OC900 MC (19.94 m?/g) as measured by N, adsorption.
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Figure 5.6. SEM images showing the different microstructures of the microcarriers prepared either with
fine CPC powder (OF900): a) and c); and coarse CPC powder (OC900): b) and d).

5.4.2. Gelatine-Hydr oxyapatite Microcarriers

As shown in Figure 5.7 @) and b), the hybrid MC presented higher sphericity and were
bigger in size than the inorganic ones, all of them prepared with fine powder. When the
amount of gelatin was increased, the mean size of the MC did not change, but the
dispersion of the size increased. Therefore, the 5% GEL/OF900 were selected as the
most promising hybrid GEL/OF900 MC and were compared with the OF900. The laser
diffraction results (Figure 5.4b) revealed that the particle size distribution of the 5%
GEL/OF900 MC was monomodal, as in the case of the OF900 MC, but it was broader
and shifted to higher MC diameters. The median particle size was 431.6 um for the 5%
GEL/OF900 MC, in front of 180.8 um for the OF900 MC. It is also worth highlighting
the absence of particles smaller than 50 um in the gelatin containing MC, whereas in the
case of the HA MC, a small peak was detected in the range of 1 to 12 um. SEM
observations allowed to correlate this result with the presence of some debris particles
that had been detached from the MC, that were observed in the case of the inorganic
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MC but not in the gelatin-containing MC. The microstructure of the gelatin-containing
MC isshown in Figure 5.7c, and consists of crystal agglomerates, embedded in agelatin
matrix, still present in the MC after 7 days of immersion in Ringers solution. The XRD
patterns confirmed that, as for the inorganic MC, in the gelatin containing MC the a-

TCP transformation to HA was also complete after soaking in Ringer’s solution for 7

days.
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Figure 5.7. a) Mean size and sphericity of the hybrid microcarriers obtained with different gelatin
concentrations with fine CPC at 900 rpm in olive oil, being 5% GEL/OF900, 10% GEL/OF900 and 15%
GEL/OF900; b) SEM image of 5% GEL/OF900; c¢) higher magnification of the surface, showing gelatin
covering the HA crystals.

The pore size distribution curves measured by MIP for the OF900 and 5% GEL/OF900
MC are plotted in Figure 5.8. The pore size distribution was similar in both cases,
presenting a maximum between 0.5 and 5 um, although also a certain population of
smaller pores, between 6 nm (the lower detection limit for the MIP used) and 0.5 um
was observed. The total open porosity was higher for the gelatin containing MC (67%)

than for the completely inorganic MC (47%).
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Figure 5.8. Pore size distribution of OF900 and 5% GEL/OF900 microcarriers measured by MIP.
5.4.3. Cédllular response

The adhering Saos-2 cells at the first 24 h of incubation visualised by fluorescent
microscopy after FDA staining are shown in Figure 5.9. Most pronounced initia
adhesion was found on GEL/HA-MC (the previously characterized 5% GEL/OF900)
(Figure 5.9b) in comparison to both pure HA-MC (the previously described OF900)
(Figure 5.99) and glass CTRL-MC (Figure 5.9c). Considering that under these
conditions, only the vital cells convert FDA in a fluorescent analogue, the MC are not
toxic for cells in this stage of culture. On CTRL-MC, adhering cells tended to interact
over the beads, inducing their aggregation, particularly the smaller ones (Figure 5.9¢).

B GEL/HA-MC

CTRL-MC

Figure 5.9. Overall cell morphology of SaOs-2 at 24 hours of incubation on different MC visualized by
fluorescence after FDA staining : a) HA-MC, b) GEL/HA-MC and ¢) CTRL-MC
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Due to the fact that the cell cultures were performed in a static environment, at low
culture times, the cells were non-homogenously distributed throughout the surface of
the MC. However, as cell proliferation advanced, they progressively tended to colonize

the MC, resulting eventually in a more homogeneous distribution.

The average cell numbers after 1, 7 and 14 days of culture estimated via LDH assay is
shown in Figure 5.10. After one day, the amount of cells was significantly higher in the
GEL/HA-MC (p<0.05), confirming the results observed fluorescence staining with
FDA, while for both the HA-MC and the CTRL-MC, the amount of non adhering cells
in the suspension was higher. At day 7, however, the number of proliferating cells
notably increased for both, the CTRL-MC and the GEL/HA-MC, while remained very
close to day 1 for the HA-MC. However at day 14, the cell numbers increased
significantly in all samples following the same ratio. The CTRL-MC showed again the
highest proliferation, followed by the GEL/HA-MC, which displayed a higher cell
number than the HA-MC, and these differences were statistically significant (p<0.05).
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Figure 5.10. Cell proliferation at 1, 7, and 14 days as measured by LDH in direct contact experiments of
Saos-2 cells on the HA-MC, GEL/HA-MC and the control CTRL-MC. All results are shown as the mean
+/-standard deviation (n=3). Asterisk (*) indicates significant differences ( p<0.05).

Figure 5.11 a and b, show that after 2 weeks, the Saos-2 grew better on GEL/HA-MC.
Although some MC were nearly completely covered by cells (Figure 5.11 ¢ and d),
others had few cells and, in general, it can be stated that they did not form confluent
layer on either HA-MC nor GEL/HA-MC, which is expectable under our static
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conditions, where only the upper part of MC are exposed to cells. Nevertheless, the
osteoblasts maintained their viability on both HA-MC and GEL/HA-MC, including
CTRL-MC. The SEM images revealed that Saso-2 cells are more and better spread on
GEL/HA-MC (Figure 5.11 d and f) versus pure HA-MC (Figure 5.11 c and €).

HA-MC GEL/HA-MC

) I~ e e ¥ ‘o ; n“
Figure 5.11. Morphology of Saos-2 cells on hydroxyapatite MC (HA-MC), a, ¢ and e) and
gelatin/hydroxyapatite MC (GEL/HA-MC), b, d and f) after 14 days of culture. a) and b) fluorescence
images after FDA staining; ¢) - d) SEM images.

The cells on CTRL-MC showed a different morphology. The visibly higher amount of
Saos-2 cells (Figure 5.12 a) resulted in almost confluent layer of viable cells formed on
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some of the beads, particularly on the smaller ones. The osteoblasts tended to grow in
aggregates (Figure 5.12 b), extending protrusions through which they contacted each
other from the same and even neighbouring beads.

Figure 5.12. Morphology of Saos-2 cells on control glass microcarriers after 14 days of culture. a)
Fluorescence images after FDA staining; b) SEM image.

Figure 5.13 reveals a common trend for increase in ALP activity of Saos-2 cells on
different MC. Initially, the ALP activity was higher on HA-MC, followed by GEL/HA-
MC and the CTRL-MC. After 7 days however, there was a strong increase on CTRL-
MC and a smaller for both the HA-MC and GEL/HA-MC. At 14 days of culture,
however, the ALP activity was similar for all three series, not showing statistically
significant differences among them. Thus, whereas on HA-MC and GEL/HA-MC there
was a continuous increase in the ALP activity, for the CTRL-MC, the maximum was
reached after 7 days, decreasing dlightly afterwards.
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Figure 5.13. Akaline Phosphatase activity measured in direct-contact experiments on CTRL-MC, HA-
MC and GEL/HA-MC. Results were normalized with respect to cell number. Asterisk (*) indicates
significant differences ( p<0.05).
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5.5. Discussion

The results obtained showed that, the oil emulsion of a CPC hydraulic paste is a good
method to fabricate HA or hybrid MC. Specifically, this strategy was assessed using an
o-TCP based CPC as the hydrophilic phase and different oils as the hydrophobic phase.

Interestingly, no emulsifying agent was needed to form the emulsion.

A first requirement to form the emulsion is to have a calcium phosphate hydraulic paste
with the adequate rheological properties, i.e. it must be able to flow in the oil matrix.
This means that, high liquid to powder ratios are needed. However, high L/P ratios
result in longer setting times, increased porosity and lower mechanical properties of the
microcarriers. Setting times are especially relevant since they will determine the time
required to stabilize the microcarriers. Longer setting times imply longer emulsion
times, until the microcarriers are stabilized. Therefore, a compromise must be reached
which ensures, on one hand, the adequate fluidity of the dlurry, and on the other,

adequate setting times and mechanical properties of the microcarriers.

The stabilization of the MC was achieved through the hydrolysis of the a-TCP particles
into a calcium deficient HA, as shown by XRD (Figure 5.5), which is a self-setting
reaction in the sense that leads to the consolidation of the paste. It was shown that,
according to the XRD results, after the emulsion process, which took 1 hour and 3
additional hours for complete sedimentation of the MC at the bottom of the flask, the
MC contained already a 26.7 wt% of HA, confirming that the hydrolysis of the a-TCP
was aready on course, acting as the stabilizing mechanism of the MC. In the case of the
gelatin-containing MC, an additional mechanism contributed to the stabilisation of the
MC: the gelatin gel transition that takes place around 38-40°C%’. During the processing
of the gelatin-HA MC, the occurrence of this transition contributed to the MC
stabilization, making it unnecessary to wait for the CPC setting reaction to take place.
Moreover, the addition of gelatin contributed to an increase of the MC sphericity
(Figure 5.6). This can be attributed to the emulsifying ability of gelatin and its colloid
protective features that prevented MC aggregation®. In fact, it is well known that, due
to its amphiphilic character gelatin is a surface active molecule that can adsorb on O/W
interfaces®.
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The analysis of the factorial design performed with the HA-MC alowed extracting
some conclusions on the influence of different processing parameters on MC properties.
The oil viscosity had a high influence on the formation of the emulsion. Thus, when
vaseline oil was used, the CPC dlurry was not able to flow inside the il due to the high
oil viscosity, the ceramic particles sedimenting at the bottom of the beaker. On the other
hand, when the oil viscosity was too low, which was the case of the sunflower ail, very
big and non-spherical structures were formed. This can be related to the flow regime, as
determined by the Reynolds number, a dimensionless parameter that gives a measure of
the ratio of inertial forcesto viscous forcesin afluid. In acylindrical vessel stirred by a

central rotating paddle, the Reynolds number (Re) is:

__ pND*
u

Re

where p is the density of the oil in Kg/m® N is the rotational speed (revolutions per
second), D is the diameter of the vessel in meters and p is the viscosity of the oil in
N*s/m?. The values of the Reynolds numbers for the different experimental conditions
are summarized in Table 5.1. The transition Reynolds number is in the range of 2300%.
Below this value, there is a laminar flow and above it, it becomes turbulent. In our
experimental conditions, the Reynolds number for the oil with the highest viscosity
(vaseline ail) was low, corresponding to alaminar flow. For the sunflower oil, the flow
was partly turbulent, leading to the coalescence of the MC in a random way. In this
case, there was a significant interaction between the oil viscosity and the consistency of
the hydraulic phase, determined by the particle size of the powder, and it was difficult to
control the final MC sizes and shapes, having in genera lower sphericity, bigger sizes
and bigger dispersion (Figure 5.3). The best results were obtained when the viscosity
had an intermediate value (olive oil), with higher Reynolds numbers but within the
laminar regime. For the beads obtained by emulsion in olive ail, as the speed increased
the size was reduced (Figure 5.3), which is in agreement with the results found by other
authors for gelatin-apatite MC*.
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Viscosity (cP) | Stirring speed (rpm) | Reynolds number
i | 600 2292.5
nrower o ~40 900 34388
L 600 1095.2
Oliveail ~80 900 16429
. . 600 436.5
Vaseline ol ~200 900 65475

Table 5.1. Reynolds number in the different experimental conditions studied.

On the other hand, as a general trend, it was observed that when decreasing the particle
size in the CPC durry, the size of the MC decreased and the sphericity increased
(Figure 5.3). This can be related to the effect of the particle size of the CPC powder on
its reaction kinetics, and specifically its setting time®***, The shorter setting time of
the fine CPC led to a faster MC consolidation, avoiding MC fusion or aggregation
during the period of mechanical agitation, which resulted in more spherical MC as
compared to the coarse CPC. The particle size of the CPC also affected the final MC
microstructure as observed in Figure 5.5, this being explained by the different degree of

supersaturation attained from the dissolution of the fine or coarse a-TCP particles™.

A key feature of the MC structure is the pore size distribution, which is especially
relevant for drug delivery applications. Taking into account that the MC are obtained by
alow temperature process, the drug or bioactive molecules could be either incorporated
in the CPC paste prior to the emulsion, or after MC fabrication, by impregnation. In
both cases, not only is the total interconnected porosity relevant, but so are the pore
dimensions and pore size distribution relevant®***. The pore size distribution function
was similar for the MC obtained with fine CPC either in the presence or in absence of
gelatin, in both cases presenting a maximum porosity centered around 1.4 um.
However, the total porosity was higher for the gelatin containing MC. This was
attributed to the higher liquid to powder ratio used, namely 1.2 ml/g for the 5%
GEL/OF900 MC in front to 0.8 ml/g for the OF900 MC, which has been previously
shown to result in an increased porosity in the micrometric range®. In fact, the pore
size obtained in the MC, could allow not only the incorporation of small molecular
weight drugs, but also larger molecules such as proteins. Indeed, it has been shown that

CPC with pore sizes in the same range of those in the MC, allowed albumin penetration,
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whereas smaller pore sizes prevented the absorption of the protein, therefore limiting

loading capacity of the substrate®.

The gelatin containing microcarriers showed a higher sphericity (Figure 5.7). This can
be attributed to the emulsifying ability of gelatine, due to its amphiphilic character,
having polar and non-polar groups in its structure. This makes gelatine a
surfacefinterfacial active molecule that can adsorb on O/W interfaces with various
hydrophobic segments penetrating into the oil phase, and decreasing the surface tension.
In fact, surface tension plays an important role in the formation of the microcarriers. As
gelatine concentration is increased, surface energy is decreased®, approaching the
surface energy of olive oil. An additional advantage of gelatin is that, it can prevent
particle aggregation because of the colloid protective feature gelatine has®. In our case,
the fact that gelatin was dissolved in PBS increased the polarity of the dissolution,
enhancing its effect as surface active agent.

Besides the previously mentioned processing advantages, the addition of gelatin in the
MC significantly improved their biological performance, enhancing cell adhesion dueto
the better exposure of RGD sequences in gelatin®, which together with other collagen
specific adhesive sequences, e.g. GFOGER motif in the ol domain®, are directly
involved in cell adhesion recognized by both o181 and 021 integrins®™,

The number of cells after 1 day was significantly higher on the gelatin containing MC
when compared to both the control and the inorganic MC, and cell proliferation was
also significantly higher in the gelatin containing MC than in the inorganic ones. This
behaviour is in good agreement with previous results reported for CPC/gelatin

composites’”*®

and gelatin/nanoHA composites®, and can be attributed to the exposed
RGD sequence contained in gelatin, which is involved in the integrin-dependent cell
adhesion®. Another aspect that can contribute to the improved cell response is that,
gelatin increased the cohesion of the MC, avoiding the release of small particles, as
revealed by laser diffraction (Figure 5.4). Conversely, when cell were cultured on the
inorganic HA-MC, some particles were found in the wells. Negative effects of CPC
debris particles on osteoblast activity have already been reported for particle sizes below

10 um™.
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It is important to note that the two types of MC analysed in the in vitro study were
obtained with fine powder CPC, which after setting form nanometric HA crystals, with
avery high surface area. It has been previously reported that this kind of microstructure
elicits low proliferation rates compared to TCPS or even to HA with bigger crystal
sizes™. This could explain the lower proliferation rates of osteoblasts on the HA
containing MC compared to the CTRL-MC. Interestingly, other studies reported also
decreased cell attachment and proliferation when the specific surface of OCP
microscaffolds was increased™. Despite the lower proliferation rate compared to that of
the CTRL, both the CPC MC were able to sustain cell attachment and proliferation.
This, together with the fact that HA is an osteconductive material, able to guide bone
ingrowth in vivo, make these MC, good candidates for bone regeneration applications.
Moreover, an enhanced biodegradability is expected in the case of the gelatin containing

MC, as aresult of both the higher porosity and the degradability of gelatin itself*,

The results shown in figure 5.12, suggest that cell differentiation was accelerated in the
HA containing microcarriers, especially on the pure HA-MC. The cells growing on
these MCs showed higher ALP activity even at the early stages of culturing compared
to the control MC. At 14 days, however the ALP activity was similar for all series.
These results correlate well with our previous data, showing enhanced cell
differentiation of osteoblast-like MG63 cells when cultured on low temperature
hydroxyapatite substrates that have a very similar composition and topography to those
of the HA-MC™. In that study, the enhancement of cell differentiation was attributed to
the specific substrate topography. Focusing on the effect of gelatine, previous works
report a slight increase of differentiation due to gelatine incorporation in the HA®,
However, it has to be considered that the ALP activity is provided as absolute values (of
p-nitrophenol)®, whereas in the present work the values were normalised by the number

of cellsand if the total amount of p-nitrophenol are compared, the trend is the same.

Collectively, our results suggest an enhanced functiona activity of osteoblast when
cultured on GEL/HA-MC. The differences in the morphology are remarkable even at 1
day of culture in which cells appear to attach (Figure 5.8) and spread better on GEL/HA
MC than on CTRL-MC and HA-MC. Similar results were found with cells on gelatine
cement composite material when compared to a normal cement®’. The differences in
cell morphology are still maintained at 14 days of culture, where osteoblasts are better
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spread on GEL/HA-MC in comparison to pure HA-MC (Figure 5.11 f vs €). Moreover,
cells present distinct dorsal activity manifested by development of fibril-like features,
presumably reflecting the formation of new ECM. It is in accordance with other studies
showing that different types of cells when cultured on cement develop a rounded shape
with few phyllopodia, but when gelatine is present, cells become more flattened and
spread®. However, it does not correlate well with the observed tendency for
equalisation of ALP activity for all samples at the 14 days of culture — a fact that may
be attributed to the insufficient culture conditions. It seems that higher amount of cells
on MCs need facilitated diffusion of nutrients and gases, therefore using spinner flasks
might be required in afuture work.

5.6. Conclusions

An optimized protocol for the preparation of HA and hybrid gelatine/HA MC from the
emulsion of CPC dlurries in oil has been presented. The formation of the MC is based
on the setting reaction of the CPC, which hardens inside the hydrophobic phase. Our
results show that these MC are suitable for culturing osteoblast-like cells, thus
representing a promising scaffold for bone tissue engineering application. Gelatine
incorporation in the aqueous phase, in addition to improving MC formation and
stability, enhances the biological performance of the MC to support initial osteoblast
interaction and subsequent growth.
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Chapter 6. Hydroxyapatite/collagen
Microcarriers for Bone Tissue

Engineering Applications

6.1. Introduction

Microcarriers (MC) were originally developed for culturing anchorage dependent cells
in suspension’ as was described in the previous chapter. Apart from their
biotechnological applications, however, recent studies have shown their potential for
tissue engineering purposes, as vectors for the delivery of cells or drug release vehicles”
®, Suspensions of MC can be easily injected or implanted in the diseased tissue, such as
bone, and if they are colonized with cells, MC can function as scaffolds for bone tissue

repair®. For this specific application, it is important to fabricate MC of a material that
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has the ability to enhance bone ingrowth in vivo. In this context, the development of MC
of osteoconductive and osteoinductive materials, such as calcium phosphates, can be

especially useful "°.

Hydroxyapatite (HA)/collagen based materials have been extensively used as substrates
for bone tissue engineering as they mimic the extracellular bone matrix. Interesting
results have been reported for this kind of materials, combining the osteoconductivity of
HA with an enhanced recognition from the cells, provided by collagen incorporation™®
18 Microspheres made of collagen and HA have been previously obtained by emulsion
of a collagen solution in oil**°. In these works however, the collagen was the
continuous phase, its content ranging between 35 and 70 wt%, and the stabilization of
the MC was achieved through chemica crosslinking. In the present work a novel
approach is proposed, based on the emulsion of a collagen-containing calcium
phosphate cement (CPC) paste in oil. The stabilization of the MC is achieved through
the setting reaction of the CPC.

The setting reaction produces an entangled network of calcium deficient HA crystals®.
Since the native type | collagen is soluble in acidic water solutions, it can be introduced
in the system by dissolving it in the liquid phase of the CPC - a strategy that should
allow the preparation of porous, protein-containing MC with high mineral content.
Moreover, as the consolidation arises from the setting reaction of the inorganic phase,
the cross-linking of the collagen should not be necessary. The high HA content is

expected to enhance the osteogenic properties of the MC.

This chapter describes the synthesis of the above hybrid HA/collagen MC and their
interaction with osteoblast-like Saos-2 cells. An additional point that is tackled in this
work is the effect of the MC microstructure on the cell response, as it is well
documented that microporosity and surface texture of bioactive ceramics can affect their
biological performance, and even their osteoinductive properties’. It has been previously
shown that micro and nanostructured HA can be obtained from an alpha tricalcium
phosphate (o-TCP) cement, by modifying the particle size of the starting cement
powder?.
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6.2. Objectives

The objective of the present work was to develop micro and nanosized HA/collagen
MC. The fabrication of microcarriers constituted of CPC and collagen has not been
previousy reported. The effect of both, the presence of collagen, and the HA
microstructure, on the cellular response, was evaluated culturing osteoblast like cells
Sa0s-2 for 14 days.

6.3. Materials and methods

6.3.1. Microcarrier preparation

The powder phase of the CPC was composed of a-tricalcium phosphate (a-TCP). The
fabrication process applied was the same as the one described in section 2.3.1. Coarse
and fine CPC were obtained according to the protocols described in section 2.3.1.

The liquid phase was prepared by dissolving bovine type | collagen in a 50 mM acetic
acid aqueous solution at a concentration of 10 mg/ml. Collagen was obtained from
bovine pericardium as described in section 2.3.2.1.

A ceramic durry was prepared by mixing the CPC powder with the corresponding
liquid phase at a L/P ratio of 0.8 ml/g. This means a collagen:a-TCP weight ratio of
0.8:100 for the collagen containing MC. The setting time of the CPC paste was
measured by the Gilmore needle method according to the standard ASTM C266-99
(ASTM International C266-99, 2007).

An emulsion was formed by mixing both components with a mechanica stirrer
(Heidolph BDC 2002), at 900 rpm, for a period of time equal to the setting time of the
CPC paste. The setting times of the different CPC compositions are reported in Table
6.1.

No collagen Collagen
Coar se powder 100 108
Fine powder 48 90

Table 6.1. Initial setting times (min) of the different CPC slurries prepared with coarse or fine powder
and with or without collagen (10 mg/ml) in the liquid phase.
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The addition of collagen increased the viscosity and aso the initial setting times,
requiring longer emulsion times. In contrast, the use of fine powder allowed reducing
the emulsion times. After thelr consolidation, the microcarriers were extracted by
adding a 0.9 wt% sodium chloride and 0.01% surfactant (Triton X-100) agueous
solution. Afterwards, they were immersed in a 0.9 wt% sodium chloride solution for 7
days. Four series of MC were studied: two hydroxyapatite MC, produced with either the
fine or the coarse powder (HAc and HAf respectively) and the corresponding collagen-
containing HA MC (COL/HAc and COL/HAT).

6.3.2. Microcarriers characterization

X-ray diffraction (XRD) was used to analyze the phases present in the MC and to assess
if collagen modified the end product of the CPC. The MC were crushed and a powder
diffraction pattern was obtained (Philips MRD, Cu K, 40 pA, 45 kV, scan step size
0.017°, step time 50 s). The peaks were indexed using cards JCPDS-29-359 for o-TCP
and JCPDS-9-432 for apatite (Joint Committee on Powder Diffraction Standards, 1988).
The specific surface area (SSA) of the MC was measured by N, adsorption according to
the BET method (ASP 2020 Micromeritics).

An image analysis software (Ominimet and Image J) coupled to an optical microscope
(Leica QWin) was used to determine MC size and sphericity. Moreover, this technique
allowed estimating the envelope surface area of the MC, an important parameter to be
taken into account when performing the cell culture studies. The size distribution of the
MS was characterized by Laser diffraction (LS 13 320 Beckman Coulter), dispersing
the MC in ethanol for the analysis. The morphology and microstructure of the MC was
characterized by Scanning el ectron microscopy (SEM, JEOL JSM-840).

The presence of collagen and its distribution in the MC was studied using 3-
(4carboxybenzoyl)quinoline- 2-carboxaldehyde (CBQCA, Invitrogen) as fluorescent
marker. After rinsing the samples with abundant water in order to remove possible salts
that could interfere in the fluorescence, they were then left reacting in a1 mM CBQCA
and 2 mM KCN aqueous solution for 90 minutes. Afterwards, samples were rinsed to
remove the excess and the non-reacted dye, and observed in a confocal microscope
(Leica TCS-SPE) with an emission of 490 nm.
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6.3.3. In vitro culturetest

The culture assay was performed in order to determine the viability of the MCs as
potential cell carriers. Human osteoblast-like Saos-2 cells were used as cell model. The
medium used and the protocols followed are the same as the ones described in section
3.3.2

Prior to the cell culture studies, the MC were sieved between 100 and 297 pum in order
to have the same size distribution for the different series studied. Three types of MC
were analyzed, namely HAf, COL/HAf and COL/HAc. It was not possible to test the
HAc MC due to their bigger size and lower sphericity. Glass microspheres (Glass MC
Beads, Sigma G2892) were used as control MC (CTRL), having a size range between
90 and 150 um. Materials were sterilized with ethylene oxide.

The MC were introduced in a twenty-four ultra-low attachment well plates. In order to
favor wettability of the samples, MC were previously soaked in ethanol, rinsed with
PBS three times and afterwards pre-soaked in medium for 24 hours prior to cell seeding.
Taking into account that the size distribution of the MC obtained and the control MC
was hot the same, it was necessary to adjust the mass of MC introduced in each well, in
order to make sure that the surface available for cell attachment was the same in each
series. This was done by using the values obtained for the envelope surface area
measured for the different MS, as reported in the previous section. Thus, the amount of
MC introduced was 39 mg/well for the three series of MC and 24 mg/well for the CTRL
MC. Saos-2 cells (200,000 cells/well) were seeded on the MC. Afterwards, 1.5 ml of
complete medium was added, changed after 24 hours and then changed every 48 hours.

6.3.3.1. Morphology

To follow the overall morphology of adhering living cells, fluorescence images were
obtained after fluorescein diacetate staining (FDA, Invitrogen F1303) to monitor cell
viability at different times after 1, 7 and 14 days. SEM images were also taken in order
to characterize cell morphology. The protocols followed in each of the cases are
described in section 3.3.4.3. and 3.3.4.4.
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6.3.3.2. Céll proliferation

Relative cell numbers were evaluated at 1, 7, and 14 days by the lactate dehydrogenase
(LDH) assay. The protocol used is described in section 3.3.4.1.

6.3.3.3. Cdll differentiation

The retention of osteoblastic phenotype was evaluated by measuring akaline
phosphatase activity. The protocol used is described in section 3.3.4.2.

6.3.4. Statistical analysis

The cell experiments were performed twice using three replicates for each MC
composition. Statistical analysis was carried out with significance of 5%. One way
analysis of variance (ANOVA) with Fisher post-hoc test was conducted. The data are

expressed as mean + standard deviation.

6.4. Resaults

6.4.1. Microcarrier characterization

Figure 6.1 shows the size distribution of the different MC. The collagen containing MC

showed a broader particle size distribution, compared to their inorganic counterparts.
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Figure 6.1. Particle size distribution of the different inorganic or collagen-containing MC
measured by laser diffraction.
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The median size and the sphericity measured by image analysis are summarized in

Table 6.2. The median size of the two collagen-containing MC was similar and close to

350 um, being the effect of the size of the starting powder negligible. In contrast, the

starting particle size of the ceramic powder had a strong effect on the size of the

inorganic MC, resulting in a median size of around 650 um for the coarse powder

(HAc) and 180 pum for the fine powder (HAf). The sphericity was higher in the

collagen-containing MC than in the inorganic MC.

Sample Median Size (um) | Sphericity | SSA (m?g)
HAC 652.3+263.4 | 0.70+0.05 | 22.25+ 0.01
HAf 180.8 £149.2 0.76+0.03 | 29.28 + 0.08

COL/HAC 333.5+344.3 0.87+0.03 | 8.39+0.07
COL/HAf 376.4+240.7 | 0.88+0.01 | 11.67 £ 0.06

Table 6.2. Median size, sphericity and specific surface area (SSA) of the different inorganic and collagen-
containing microcarriers as a function of the particle size of the cement powder used.

Figure 6.2. Optical and SEM images for the different MC: a), b) and ¢) HAc; d), e) and f) HAf; g), h) and i)

COL/HAc; and j), k) and I) COL/HAY.
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The microstructure of the inorganic MC consisted of entangled crystals, micrometric in
size in the case of the HAc, and in the nanometric range in the HAf. When collagen was
introduced in the MC, the HA crystals on the surface were still visible, retaining the
same micro- or nanostructural features, although overall a flattened and less porous
surface was observed. XRD results confirmed that the end product of the setting
reaction of the CPC was HA in all cases (Figure 6.3). The presence of collagen did not
hinder the complete hydrolysis of a-TCP. However, when the coarse powder was used,
the transformation was slower, as proved by a small amount of unreacted a-TCP still

present in the MC after 7 days (5.7% and 7.4% for the HAc and COL/HAcC
respectively).

. & a-TCP
140 4 Y HA

120/ 9HYE® YO vYYomoevry wo

100 -
COL/HAf

Les]
=
| 1

COL/HAc

Intensity (a.u.)

I
=
|

[
=
| 1

0 . I: . I:; : | :. IE ;. :|::E.§ | . |- : : :
20 22 24 26 28 30 32 a4 36 38

2°0

Figure 6.3. XRD patterns of the different microcarriers after 7 days immersion in a 0.9 wt% NaCl
aqueous solution. In all cases hydroxyapatite was formed as a result of the setting reaction. Small
amounts of unreacted o-TCP were detected in the MC obtained with coarse powder (HAc and COL/HAC).
The larger peak width in the HAf and COL/HAf MC isindicative of smaller crystallite size.

The fact that the XRD patterns of the MC obtained with the fine powder (HAf and
COL/HAT) showed wider peaks was indicative of their lower crystallinity, in the sense
of having smaller crystalline domains. These results were corroborated by the higher

SSA values of the MC obtained with fine powders compared to those obtained with the
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coarse ones, as reported in Table 6.2, indicating a smaller crystal size. The addition of
collagen in the MC considerably reduced their SSA, suggesting that inside the MC the
HA crystal network was partially wrapped in the polymer.

The distribution of collagen in the microcarriers after 7 days immersion in 0.9% NaCl
aqueous solution, as assessed by fluorescence imaging, is shown in Figure 6.4. The
homogenous green signal indicated that the collagen was retained and evenly distributed
inthe MC.

Figure 6.4. Fluorescence images of coarse COL/HAc microcarriers showing the presence and
homogenous distribution of collagen after 7 days immersion in 0.9 wt% NaCl aqueous solution. A
fluorescent marker (CBQCA, Invitrogen) was used for collagen (green signal).

6.4.2. In vitro culturetest

6.4.2.1. Overall cell morphology and proliferation

The overal morphology of the viable Saos-2 cells after 1 day culturing on the different
MC visualized by fluorescence after FDA staining is shown in Figure 6.5. Cells were
able to attach on al types of MC. A lower number of cells were observed on the
inorganic MC.
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Figure 6.5. Overall morphology of Saos-2 cells after 1 day of culture on different MC visualized by FDA
staining: a) CTRL-MC; b) HAf; ¢) COL/HAc; and d) COL/HAf.

Figure 6.6 represents the proliferation rate of Saos-2 cells grown on the different MC.
After 24 hours of culture, the LDH assay did not reveal significant differences in cell
number between the different MC. After seven days however, the cell number increased
significantly except for the HAf MC, where no significant differences in cell number
were observed compared to day 1. The CTRL and the collagen containing MC did
present significantly higher values, being the highest for the CTRL MC, followed by

COL/HAc, with no significant differences among them.
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Figure 6.6. Cell proliferation on the microcarriers for different periods of time up to 14 days, measured by
the LDH assay. Glass microspheres were used as a control.. Data are presented as the average + standard
deviation.* denotes significant differences for the different materials at a given time point (p< 0.05).
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A high number of adhered cells on collagen containing MC were also reveaed by FDA
staining, especially on the COL/HAc (Figure 6.7). SEM images showed a more
flattened cell morphology in COL/HAf, as compared to COL/HAC.

Figure 6.7. Saos-2 cells cultured on collagen-containing MC for 7 days. Fluorescent images of FDA
stained cells (top) and SEM images (bottom): a) and c¢) COL/HAc; b) and d) COL/HAf.

Finally, after 14 days, the number of cells increased about twice for al samples
compared to the 7 day value (Figure 6.6), including HAf MC. Most of the surface of the
MC was covered with cells, athough presenting slightly different morphologies on the
different materials as reveled by SEM (Figure 6.8). On HAf, the cells were rounder,
presenting low phyllopodial activity. Cells on CTRL MC showed long protrusions
expanding throughout the surface of glass beads, athough some cells tended to shrink.
COL/HAC presented a more homogenous cell layer with elongated shaped cells tending
to interact with each other, while on COL/HAf, cells showed a rather flattened
morphology. Nevertheless, the rough aspect of their surface suggested a higher dorsal
cell activity.
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Figure 6.8. SEM images of Saos-2 cells on the different MC after 14 days of culture. @) CTRL-MC; b)
HAf; ¢) COL/HAc; and d) COL/HAf.

6.4.2.2. Cdll differentiation

The ALP expressed by the cells at different time pointsis shown in Figure 6.9. Initialy,
after 1 day of culture, the three HA materials studied presented a similar ALP activity,
whereas for the cells growing on the CTRL MC, the akaline phosphatase activity was 4
to 5 times lower. After 7 days, COL/HAf showed a significantly higher ALP activity
compared to HAf and COL/HAc MC. After 14 days, the differences were more
pronounced and statistically significant with respect to al MC.
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Figure 6.9. Alkaline phosphatase (ALP) expression level on the microcarriers after different periods of
culturing. Data are normalized to the number of cells. * denotes significant differences for the different
materials at a given time point (p< 0.05).

6.5. Discussion

In the present work, the setting reaction of a CPC was used as the stabilizing
mechanism to produce microcarriers with high content of inorganic phase, through a
water-in-oil emulsion. The method allowed the fabrication of collagen containing MC,

by using a collagen solution as the liquid phase of the CPC.

A key issue was to determine the adequate emulsion times that ensured the
consolidation of the MC. The setting time of the CPC dlurry proved to be an appropriate
parameter, since it gives an idea on when the water starts hydrolyzing the a-TCP,
obtaining a harder and stiffer structure®®. The addition of collagen modified the CPC
setting kinetics, as reflected by the increase of the setting times, and the emulsion time
was accordingly modified (Table 6.1). In all cases, a high L/P was used, in order for the
CPC dlurry to flow inside the oil. However, since it is known that an increase in the L/P

ratio results in longer setting times, higher porosity and impaired mechanica properties
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of the CPC?, the lowest L/P value that ensured the formation of an emulsion was
selected.

The presence of collagen resulted in a higher sphericity of the MC, with values close to
0.9 and median sizes near 300 microns (Figure 6.2, Table 6.2). This can be explained by
the amphiphilic character of collagen and its subsequent surface active properties™.
Moreover, in the presence of collagen, the sphericity and the size of the MC was not
affected by the particle size of the powder, in contrast to what happened in the collagen-
free slurries. In addition, the o-TCP transformation into calcium deficient HA was not
altered by the presence of collagen, as assessed by XRD (Figure 6.3).

From a biological point of view, two variables were shown to have a significant effect
on the MC-cédll interactions:. the presence of collagen in the MC, even in a small amount
(0.8 wt%) ; and the microstructure of the MC.

When comparing the morphology of the cells growing on the COL/HAf MC with those
on the HAf MC, significant differences were observed. As expected, cell spreading was
favored on the collagen-containing MC (Figure 6.8d) with respect to the collagen-free
MC (Figure 6.8b). This behavior, which was also previously observed in Saos-2 cells
cultured on nanoHA and collagen/nanoHA surfaces®™, can be attributed to the cell-
adhesion domain sequences contained in the collagen molecule (e.g.,, GFOGER) that
play a key role in cell attachment through binding of the integrin «281%. It is aso in
agreement with other studies showing that the presence of collagen type | induced
osteoblastic differentiation that might be associated with the improved adhesion,
mediated by collagen interaction with a2B1 integrin® 2.
dorsal activity that was observed when Saos-2 cells were cultured on the COL/HAf MC

might be attributed to the higher levels of ALP activity (Figure 6.9).

Conversdly, the enhanced

The microstructure of the MC, which was modified by changing the particle size of the
a-TCP powder in the ceramic dlurry, aso had a significant effect on cell behavior. As
shown in Figure 6.2, the coarse a-TCP resulted in micrometric calcium deficient HA,
whereas in the fine a-TCP, nanometric HA was obtained. When collagen was added,
the presence of either nanometric or micrometric HA crystals was still evident in the
COL/HAT and COL/HAC respectively (Figure 6.2 h,i,l), resulting in a significant effect
on cell proliferation and differentiation (Figures 6.6 and 6.9). This cell behavior isin
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agreement with our previous results obtained with calcium deficient HA, analogous to
the mineral component of the MC presented here, where a slower cell proliferation and
enhanced ALP activity was observed in fine nanometric HA substrates compared to the
micrometric ones™. Accordingly, Shelton et al®, in a study on the interactions of bone
marrow cells with an octacalcium phosphate scaffold found a direct correlation between
cell proliferation and crystal size. It has also been shown that very sharp and small
crystal sizesinhibit cell growth dueto the lowered initial cell attachment™.

6.6. Conclusions

A new approach for preparing collagen-containing HA MC was described based on the
emulsion of a CPC in oil. MC with high mineral content and tailored microstructures
were obtained. The addition of collagen resulted in an increased cell proliferation. A
synergistic effect was found between the presence of collagen and the nanosized HA
crystals, which resulted in an enhanced ALP activity for the collagen-containing
nanoHA MC.
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Chapter 7: Dynamic In Vitro
Characterization of Injectable CPC

Microcarriers

7.1. Introduction

In the previous chapters the fabrication of HA, GEL/HA and COL/HA MC has been
presented and their cell response in static conditions has been assessed. However,
culturing the MC in static conditions has the main drawback of having a low seeding
efficiency as well as the impossibility of having high number of cells in culture due to
the limited culture medium. Therefore, the way to increase the seeding efficiency of the
cells on the MC was explored. The dynamic culture allows for homogenous cell culture
conditions and an improved gas liquid oxygen transfer'. The dynamic culture consists

on placing the MC on a spinner flask, into which the MC and the cells are introduced
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under gentle stirring. The gentle agitation allows MC and cells to be resuspended. In
order to do so, dynamic MC culture in spinner flasks was developed with the am of
enhancing cell adhesion and proliferation on the whole MC surface. One of the
drawbacks that had to be faced was the high density of ceramics that makes difficult this
type of spinner flask culture system?. Indeed, most MC used in this type of dynamic
culture are polymeric, avoiding therefore problems of sedimentation®°. Hollow ceramic
MC have also been devel oped as a method to overcome the problem”®. Sincein our MC
the density is high compared to conventional polymeric MC, one of the objectives was

to assessif the dynamic in vitro culture could be done with the CPC MC.

In this chapter, the GEL/HA-MC were selected and compared with the HA-MC in the
dynamic conditions. The reason for selecting the GEL/HA-MC was that, as seen on the
static condition tests in the previous chapters, the number of cellsinitially adhered was
higher than in the rest of the materials. The explanation can be found in the fact that in
gelatin, the anchorage of the cells was through and RGD dependent mechanism in
which the integrin a5B1 interacts with the RGD sequence. In the case of collagen, the
binding domains were different and the mechanism was completely RGD independent.
Since the goal was to have a high number of cells initially adhered, gelatin was chosen
as the additive in the composites MC.

Furthermore, a system was explored that could allow the injection of the cell-seeded
MC. Injectable hydrogels have been used to deliver cells into the site of defect due to
their similarity with the ECM. These gels can be mixed with the cells in vitro and can
then be injected, being able to gelify in situ, forming a three dimensional structure with

4-16

cells. The most common gels used are collagen’®™, chitosan™**, aginate*** and

hyaluronan’2

among others. Their main drawback is that they present low mechanical
properties and high degradation rate, as well as high flowability if the gels are not

properly crosslinked.

On the other hand, microcarriers can also be combined with an appropriate gel to form
an injectable 3D macroporous structure. The approach in this case would be to seed the
cells on the MC and afterwards combine them with a gel to be able to inject the MC™.
A possible drawback may be the uncontrolled movement of the MC in vivo®. For this
reason, a combination of a gelling gel with the MC was thought as an optimum cell-
loaded MC delivery system.
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In this approach, the vehicle that is intended for delivering the MC into the defects
should not damage the cells. In the present study, sodium alginate was selected since it
has been previously studied as a vehicle inside of which cells are able to survive**®.
Moreover, an interesting feature of the alginate gels is that they are able to
spontaneously crosslink in the presence of calcium ions™?. Therefore, the rationale
would be that, once the gel is injected in the defect, in the presence of calcium from the
plasma, the sodium alginate would instantaneously gelify, avoiding microcarrier
migration®. Therefore, the use of the sodium aginate gels was considered as an

interesting approach for further clinical applications.
7.2. Objective

The main objective of this chapter was to establish a protocol to culture cells on HA-
MC and GEL/HA-MC in a dynamic culture. The dynamic culture was compared with
that obtained in static culture conditions. A second objective was to assess the

feasibility of using sodium alginate as avehicle for MC delivery.

7.3. Materials and methods

7.3.1. Materials

The materials used in this chapter were those previously synthesized in Chapter 5 using
CPC made of fine powder using either x10 PBS (HA-MC) or a 5% gelatin solution
(GEL/HA-MC), both described in Chapter 5, section 5.3.1. As a control, Cytodex 3
microcarriers (CY TODEX, Percely Biolytica AB) were used, which are DEAE-dextran
microspheres covered with collagen. The MC were sized by sieving in a range between
80 and 297 pm.

7.3.2. Culturing cellson the M C in dynamic cultures

Human osteobl ast-like Saos-2 cells were used as caell model. The medium used and the

protocols followed were the same as the ones described in section 3.3.2.
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The MC containing HA were sterilized with ethanol, whereas the CY TODEX MC were
initially hydrated in PBS for 3 hours and then sterilized with autoclave, according to the
manufacturer’s description (GE Healthcare, Instructions 18-1119-79AD).

The spinner flasks used had a capacity of 125 ml and had a magnetic stirrer attached
inside to be able to rotate the MC and the cells (Wheaton). The spinner flaks and the
agitation system (Wheaton Micro-system) are shown in Figure 7.1. The spinner flaks
were coated with a special silicon solution in heptane (Sigmacote, SL2, Sigma) that
prevented the adhesion of cells and MC to the surface of the spinner flask. The amount
of MC introduced in each spinner flask was 300 mg, as recommended by the
CYTODEX manufacturer (GE Healthcare, Instructions 18-1119-79AD). In the HA
containing MC, 300 mg were also introduced and, in order to favour wettability, MC
were previously soaked in ethanol and rinsed with PBS three times. All MC were then
left in contact with 50 ml of medium for 24 hours prior to cell culture. This volume of
medium was the one used in the initial 24 hours of cell seeding as described below.

Figure 7.1. Spinner flask and rotating system used for the dynamic culture. The whole system was placed
inside the incubator for the period of time the culture lasted.

Saos-2 cells were harvested from nearly confluent flasks as described in Chapter 3,
section 3.3.2 and seeded on the MC at afinal number of 10 cells, as recommended by
the CYTODEX manufacturer (GE Healthcare, Instructions 18-1119-79AD) and
previous studies>*?*?* The protocol for the cell seeding and the different agitation
cycles are illustrated in Figure 7.2. Initially, the MC (represented as the black spheres)
in the spinner flask were agitated at 40 rpm to have the MC in suspension, time in
which the cells (represented by the red dots) were seeded through one of the lateral arms
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of the spinner flask. After introducing the cells, repeating cycles of rotation and idle
positions were carried out. For period times lower than 24 hours, the repeating cycles
consisted of 2 minutes of agitation at 40 rpm, followed by 30 minutes of no agitation.
During these repeating cycles the cells were allowed to attach to the MC. After 24
hours, the medium volume was adjusted from the initial 50 ml to 100 ml. From that
point, the protocol consisted of combining periods of 2 minutes of agitation at 40 rpm
with 120 minutes of no agitation, obtaining MC covered with cells. The process was
repeated for 3 or 14 days depending on the type of experiment performed, as described
below. The medium was changed every second day, replacing 50 ml of each flask with
fresh medium. As an internal control, the same materials were used in static culture in

the same way as described in Chapter 5.

Cell Agitation
seeding (40 rpm) No agitation
Agitation o' | 2 minutes 30 minutes
(40rpm)
t<24 h| |t>24 h
Agitation (40 rpm) 2 minutes
Agitation
(40 rpm) No agitation Agitation (40 rpm)
2 minutes 120 minutes | . 2 minutes

No agitation 120 minutesT

Repeat for 3 or 14 days

Figure 7.2. Scheme of the seeding mechanism onto MC in a dynamic culture system. Initially cell seeding
was performed in suspension. For thefirst 24 hours of culture, repeating periods for 2 minute agitation at
40 rpm and 30 minutes of no agitation were performed. After 24 hours, the repeating periods combined
agitation for 2 minutes at 40 rpm and no agitation periods of 120 minutes. The MC are represented by the
black circles and the cellswith the red dots.

In order to determine which was the rotation speed that would be most favourable for
cell adhesion and would not disintegrate the different MC, the speed of 40 rpm was
compared to 80 rpm for 24 hours. Cell viability was observed by means of fluorescent

microscopy after FDA staining.
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Once the rotation speed was chosen, two main types of experiments were done:

- A short-term study in which cel proliferation, SEM and fluorescence
microscopy observations were performed at 6, 24 and 72 hours of culture. The
experiment was done twice.

- A long-term study, in which cell proliferation, fluorescence microscopy and
SEM observations were performed at 1, 7 and 14 days of culture. The

experiment was done once.
7.3.2.1. Céll proliferation

Cdl proliferation was measured by means of the LDH assay. At each time point (6, 24
and 72 hours), a volume of 1 ml containing MC in suspension was extracted in
triplicates from the spinner flask and introduced in a 24 well plate. The MC were then
washed twice with PBS and left with 1 ml of PBS, freezing the plate afterwards. The
values where then adjusted with the appropriate dilutions. The protocol followed was
the same as that explained in section 3.3.4.1. The results of cell number were then

normalized by the amount of MC in each ml in terms of MC weight.
7.3.2.2. Cell morphology

The cell morphology was observed by fluorescence microscopy after FDA staining and
SEM and was carried out with the same protocol described in sections 3.3.4.3 and
3.3.4.4. One milliliter aliquots were extracted with a pipette to determine cell
morphology.

7.3.2.3. Satistical analysis

Statistical analysis was carried out with significance of 5%. One way anaysis of
variance (ANOVA) with Fisher post-hoc test was conducted. The data were expressed

as mean * standard deviation.
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7.3.3. MC-containing alginate gels

A 2% sodium alginate solution was used as a vehicle for delivering the MC. Sodium
alginate is an anionic polysaccharide that has a high viscosity, which is directly
proportional to the concentration of the solution. When put in contact with water, it
dissolves. Nevertheless, if the solution is put in contact with a calcium solution, it is
able to create a gel with a gum texture being able to absorb high amounts of water. The
MC-containing gel was characterized in terms of injectability, microstructure and
porosity. Three different MC were used and their particle size distribution is shown in

Figure 7.3:

- HA-MC with asize range between 100 and 300 pm.
- Smal GEL/HA-MC with a size range between 100 and 300 pm, coded as

GEL/HA-MCs.
- Big GEL/HA-MC with a size range between 300 and 590 pm, coded as
GEL/HA-MChb.
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Figure 7.3. Microcarriers size distribution for the different types of MC and the different sieving.

The different MC were mixed with a 2% sodium alginate solution at aratio alginate/MC
of 2 ml/g. The mixture was then introduced in a syringe and injected into Teflon
moulds, having a diameter of 6 mm and a height of 12 mm. The moulds containing the

mixture were frozen overnight at -4°C and lyophilized overnight.
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The lyophilized constructs were analyzed by MIP in order to determine the total
porosity and to observe the pore size distribution, following the protocol described in
section 2.3.4.7.

7.4. Results

7.4.1. Dynamic culture

It was observed that the HA-containing MC had higher tendency to sediment at the
bottom of the flask at 40 rpm than the CY TODEX due to their higher skeletal density
(~2.85 g/ml for HA containing MC and 1.02 g/ml for CYTODEX). Therefore, it was
explored if higher rotating speeds would resuspend more the MC, and therefore increase
cell viability, or if on the other hand, cell viability would be reduced at higher speeds.
Agitation speeds of 40 rpm and 80 rpm were compared.

As shown in Figure 7.4, the fluorescence images indicated that cell adhesion after 24
hours in the GEL/HA-MC was high at 40 rpm (Figure 7.4a and b), whereas at 80 rpm
(Figure 7.4c and d) was very low. Moreover, some MC were broken at 80 rpm.

Therefore, in spite of the sedimentation problem, 40 rpm was the selected speed.

Figure 7.4. FDA staining for the GEL/HA-MC in dynamic culture for 24 hours at two different speeds:
a) and b) 40 rpm, ¢) and d) 80 rpm. Bar = 200 gm.
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7.4.1.2. Short-term dynamic and static cultures

The genera cell morphology was observed by fluorescence microscopy after FDA
staining and SEM. Cell proliferation was afterwards quantified and compared with the

static cultures.

The images obtained with FDA staining after 6, 24 and 72 hours of culture, both in
static and dynamic cultures are shown in Figure 7.5. In the dynamic culture, the amount
of cells was higher than in the static culture, for both the HA-MC and GEL/HA-MC.

Static Culture Dynamic Culture

Figure 7.5. Comparison of FDA staining images for HA-MC after 6, 24 and 72 hours in dynamic and static
culture. Bar = 200 gm.
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A similar trend was observed for the GEL/HA-MCh the differences did not seem as

clear (Figure 7.6.).

Static Culture Dynamic Culture

24 h

72 h

Figure 7.6. Comparison of FDA staining images for GEL/HA-MC after 6, 24 and 72 hours in dynamic
and static culture. Bar = 200 um.
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Figure 7.7 shows the fluorescent images obtained in dynamic and static culture for the
CYTODEX. In this case a much more marked difference was observed between them,
due to the ability of the MC to spin and move at the same pace as the cells.

Static Culture  Dynamic Culture

24 h

Figure 7.7. Comparison of FDA staining images for CYTODEX after 6, 24 and 72 hours in dynamic and
static culture. Bar = 200 um.
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Figure 7.8 shows the cell morphology observed by SEM. The images shown correspond
to the HA-MC. At low magnifications it can be seen that, as time advances, the
structure of the MC seemed to disintegrate (Figure 7.8 a, b and c). The longer time the
MCs were in culture, the structure became more damaged, with fragment detachment.
On the other hand, at higher magnifications, the cell morphology was observed. At 6
hours, some cells were seen (Figure 7.8d) and after 24 hours cell number considerably
increased (Figure 7.8e). At 72 hours, cells were able to contact different MC through

their protrusions, and established some connections among them (Figure 7.8f).

Figure 7.8. SEM images for HA-MC for the different times: a) and d) 6 hours, b) and €) 24 hours, c) and
f) 72 hours. Bar @), b) and c) 100 zm. Bar d), €) and f) 10 gm.

Cdl proliferation at 6, 24 and 72 hours measured by LDH is shown in Figure 7.9a. In
the static culture, the trend was similar for the HA-MC and GEL/HA-MC, in which no
proliferation was observed. For CYTODEX, cells grew exponentially. There were no
statistically significant differences between HA-MC and GEL/HA-MC a any time
point, whereas these two materials were significantly different with CYTODEX at 24

and 72 hours.

The proliferation of the dynamic culture is shown in Figure 7.9b. After 6 hours there
were no significant differences between HA-MC and GEL/HA-MC. But after 24 hours
and 72 hours, the differences between both of them became significant (p<0.05). It is
also worth highlighting that the differences between the HA-MC and the CY TODEX
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were significant in al cases, whereas there were only significant differences between
CYTODEX and GEL/HA-MC at the 6 hour period.
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Figure 7.9. Proliferation for 6, 24 and 72 hours measured with LDH for HA-MC, GEL/HA-MC and
CYTODEX in a) static culture and b) dynamic culture. * denotes significant differences (p<0.05).

7.4.1.1. Long-term dynamic culture

The fluorescence images after FDA staining images of the different MC after 1, 7 and
14 days of culture are shown in Figure 7.10. At low culture times, the MC were able to
move easily around the spinner flask and were resuspend when the spinner flask was
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stirred. However, at 7 days, as evidenced by the FDA images, the MC tended to
agglomerate (Figure 7.10). This was visually observed by sedimentation of big clusters
of MC at the bottom of the flask. Since the MC were at the bottom of the flask, cells
tended to start proliferating in the interface between the different MC and tended to

aggregate them, therefore the resuspension upon stirring was hindered.

HA-MC GEL/HA-MC

1 day

7 day

Figure 7.10. Fluorescence images after FDA staining images obtained at 1, 7 and 14 days for the HA-MC
and GEL/HA-MC. Bar = 200 um.
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After 14 days of culture, the distribution of cells on the MC was rather heterogeneous.

Whereas some MC had plenty of cells on top of them, other had few or no cells (Figure
7.11).

Figure 7.11. SEM image after 14 days of dynamic culture for the HA-MC. a) Low magnification of the
different MC presenting some MC with cells and some MC with no cells. b) Higher magnifications of MC
covered with several layers of cells on top of the MC.

The results of cell proliferation measured by LDH in static culture are shown in Figure
7.12a. Low number of cells were found for the HA-MC at 1 and 7 days of culture. The
number of cellsin the HA-MC considerably increased after 14 days compared to 1 and
7 days. A higher cell number at 1 and 7 days in the GEL/HA-MC compared to HA-MC
was observed. There were no significant differencesin the number of cells between HA-
MC and GEL/HA-MC after 14 days.

In the dynamic culture, the trend was different to the static as shown in Figure 7.12b. At
1 day, there were statistically significant differences between HA-MC and GEL/HA-
MC. After 7 days, the amount of cells was higher in the case of HA-MC than on the
gelatin containing MC, whereas after 14 days, the trend was the opposite and the
amount of cells was higher for the gelatin containing MC, being the differences

significant in both cases.
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Figure 7.12. Proliferation for 1, 7 and 14 days measured with LDH for HA-MC and GEL/HA-MC in a)
static culture and b) dynamic culture. * denotes significant differences (p<0.05).

7.4.2. MC-containing alginate gels

The MC were then combined with sodium alginate gel to assess their ability to be
injected. All the MC were injectable when mixed with a 2% sodium alginate solution.
The sodium alginate gel was also able to adapt to the mould in which it was injected.
Once the gel was extracted and lyophilized, the MC were shown to form well defined
cylinders, demonstrating that the gel had been able to adapt to the walls of the moulds.

The samples were lyophilized and observed by stereoscope as shown in Figure 7.13.
The cross-section of the samples presented a structure composed of MC aggregation.
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The outside of the lyophilized MC containing gel showed that the different MC were
placed together and linked through the alginate gels. At higher magnifications, it was
observed that the different MC were not in contact with surrounding MC, but were
separated by the alginate gel.

Figure 7.13. Optical images of the constructs obtained with the alginate and GEL/HA-MCs showing a)
the top surfaces, b) the lateral surface and c) top surface at higher magnifications.

SEM images of the lyophilized gels are shown in Figure 7.14. The morphology was
similar for the HA-MC and the GEL/HA-MCs, but different to the GEL/HA-MCb
(Figure 7.14). The gaps between MC in the | atter case were bigger.
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MA-MC

GEL/HA-MCs

GEL/HA-MCb

Figure 7.14. SEM images for the different constructs obtained from the mixing with alginate. a) and b)
HA-MC construct, ¢) and d) GEL/HA-MCs construct, €) and f) GEL/HA-MCb construct.

The total porosity of the samples and the pore size distribution were measured by MIP.
The results are shown in Figure 7.15. It can be seen that, as expected, the bigger the MC
Size, the bigger the gaps between them, and therefore, the bigger the pore size observed
(Figure 7.154). In the case of the HA-MC and the GEL/HA-MCs, the pore size was in
the range between 6 and 100 pm, having its peak in the range of 30 to 40 um. However,
in the GEL/HA-MCDb, the pore size distribution ranged between 10 um and 160 um,
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having its peak at a value of 65 um. Furthermore, the same graphic is shown in
logarithmic scale (Figure 7.15b), showing at low pore size the pores corresponding to

theintrinsic porosities of the MC, as was aready shown in Chapter 5.
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Figure 7.15. Pore size distribution for the HA-MC, GEL/HA-MCs and GEL/HA-MCb construct. a) Lineal
scale and b) logarithmic scale.

Although presenting considerably different pore size distributions, the total porosity of

the sampleswas similar in al cases (Table 7.1).

Sample % Porosity

HA-MC 73.9
GEL/HA-MCs 74.2
GEL/HA-MCb 74.1

Table 7.1 Porosity of the different constructs obtained with the microcarriers.
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7.5. Discussion

The dynamic cultures are of importance in several fields and have been widely used to
expand cells on MC instead of the typical culture flasks®?. There are two main
applications for the use of MC as shown in Figure 7.16. MC can be designed so that
cells are able to attach on them in order to obtain high number of viable cells for further
experiments, or they can be designed so that cells attach on them for further
implantation of the MC loaded with the cells into the defect site. This is the approach
proposed in this Thesis.

Trypsinize cells
adhered on MC for
its subsequent use

“0
g %€
C
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v 0

v
>

»
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- \ » Implant MC with
70, | adhered cellsinthe

2D cell culture MC Dynamic culture WL | defect

Figure 7.16. Representation of the use of MC. Cells are cultured on 2D cell culture on T-flasks. These
anchorage dependent cells may attach to microcarriers in a dynamic culture. The microcarriers can be
used, depending on the material and the purpose, as a way to obtain a high amount of viable cells due to
the high surface available for cells to attach, or can be directly implanted into a defect to deliver a
biomaterial with and elevated amount of cells.

An important issue is that depending on the MC nature, the gentle agitation can be
insufficient to resuspend the MC. Polymeric MC, present low densities and are
resuspended easily>®. However, ceramics present higher densities, which may provoke
sedimentation of the MC at the bottom of the flask. Actually, this is considered as one
of the main drawbacks when using calcium phosphate MC in dynamic cultures, since
their density is higher compared to the culture medium. In order to decrease the density

of the MC, attempts have been made to fabricate hollow HA MC?*.

In order to enhance M C resuspension, the effect of using a high rotation speed (80 rpm)
was analyzed. As shown in Figure 7.3, the results showed a higher number of cellsin
the different MC seeded at 40 rpm compared to the cells seeded on the MC at 80 rpm.
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Furthermore, the number of MC with cells on top was higher in the 40 rpm seeded MC.
Moreover, MC were shown to fracture after the 24 hour initial experiment for the 80
rpm speed. It was concluded that, although the higher speeds gave rise to a higher
resuspension of the MC in the medium, the higher speed was detrimental for cell
viability and MC integrity. Therefore, the 40 rpm speed was selected for the dynamic

cultures.

It has been documented that speed influences adhesion and proliferation on MC>*. It
was observed that speeds around 40 and 60 rpm gave the highest values of proliferation
for Vero cells on Cytodex MC, whereas lower or higher speeds decreased the number of
proliferating cells®*. This can be related to the fact that cells can be damaged by strong
collisions during agitation at high rotating speeds®. Therefore, equilibrium has to be
found between rotating speed, cell viability and MC integrity.

The 40 rpm speed did not resuspend the HA MC as much as in the case of the polymer.
That is, in the case of CY TODEX, the MC were dispersed in all the volume, or in other
words, they were resuspended to the highest height of the flask as seen in Figure 7.17.
For the HA-containing MC, the MC only reached a small height as observed in Figure
7.17. The black arrows represent the height the MC were able to reach in each case,
whereas the red arrows represent the height cells reached. In both cases, the red arrows

are the same length, indicating that the height reached for the cells is the same in both

cases.
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Figure 7.17. Representation of the suspension ability of the different MC (Cytodex and CPC-MC) upon
stirring. The black arrows represent the total height the MC are resuspended, whereas the red arrows
represent the height into which the cells are resuspended.
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Nevertheless, the conclusion that was extracted from the results was that it was more
favorable for cell viability to have a lower rotation speed that would not damage the
cells, instead of having higher rotating speeds that would not alow for cells to adhere
and survive on the MC.

One of the goals of this chapter was to apply the spinner flask dynamic culture system
to the HA containing MC and compare it with the static culture system. However, the
two systems are very different, and therefore, direct comparison is difficult. Table 7.2
summarizes the main values for the parameters in each of the two culturing conditions.
The values for the dynamic culture were selected according to the CYTODEX
manufacturer and to previous studies®>**. The fact of having a big volume of medium in
the spinner flask allowed for a higher number of cells to be introduced. However, the
number of cells that can be seeded in the well plate in static was limited because of the
medium volume and of the available space.

Static Dynamic
MC Weight (mg) 39 300
MC Surface (cn) 11.8 82.5
Cells seeded 2x10° 10’
Medium (ml) 1 100
Cellg/surface of MC (cells/cn) 16,949 121,212
Cells'weight of MC (cells/mg) 5,128 33,333

Table 7.2. Comparison between the different parameters of cell culture in static and dynamic culture.

Moreover, it was interesting to carry out two different types of experiments: short-term
and long-term. For the short-term culture, the differences between the dynamic and the
static cultures were quite significant. In order to compare the dynamic and static culture
easier, the values for the different MC were combined in Figure 7.18. In the HA-MC
and GEL/HA-MC in static cultures, the proliferation was very low. In the 3 day period,
no increase in cell number was observed. This is related with the intrinsic properties of
the material and with the low seeding efficiency of the MC. Cells seeded on HA and
similar materials have in general low attachment ratios due in some cases to the surface
roughness®**3, Therefore, proliferation is usualy delayed and the amount of cells on the
material is low at short times. Regarding the seeding efficiency, in static it is usually

low? since cells may fall in the gaps between the MC. This is because once the cells are
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seeded, the cells that are able to attach on the MC survive, whereas the ones that
sediment on the bottom of the non-adhesive well, die. Furthermore, if the cells that
sediment on top of the MC are moved by any reason (e.g. well plate movement into
incubator), cells that had sedimented on top of the MC may also fall to the bottom of the

well, therefore reducing even more its seeding efficiency.
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Figure 7.18. Comparison between the dynamic and static culture for HA-MC and GEL/HA-MC after 3
days of culture.

On the other hand, the dynamic culture system at short times clearly showed an increase
in the number of cells from 6 hours to 24 and 72 hours for both HA-MC and GEL/HA-
MC (Figure 7.18). The materias were the same as the materials prepared for the static
culture. Therefore, the differencesin cell number are not due to the materials, but to the
seeding mechanism. There were also clear differences when comparing the HA-MC and
the GEL/HA-MC in dynamic culture. Although under dynamic conditions the cell
adhesion was promoted, the presence of gelatin promoted even more the adhesion of
cells on these MC due to the RGD segquence on the gelatin as has already been
discussed.

The results for the GEL/HA-MC were also compared to the CYTODEX (Figure 7.19).

There were differences, especidly in the static culture. In the static culture, as was



244

DYNAMIC IN VITRO CHARACTERIZATION OF INJECTABLE
CompPOSITE CPC MICROCARRIERS

previously seen, GEL/HA-MC barely had an increase in cell number from 6 hoursto 72
hours. For CYTODEX the cell number considerably increased after 72 hour compared
to GEL/HA-MC, athough it can be seen that the cell number after 6 hoursis similar in
both cases. Therefore, the number of cells initially adhered was similar, but due to the
morphology of the material, cells were able to proliferate faster in the CYTODEX.
CYTODEX presents surface properties that make these materids optimum for
anchorage dependent cells to attach. CY TODEX are composed of DEAE-dextran and
covered with collagen, presenting a relatively smooth surface. Therefore, the spiky
morphology of the GEL/HA-MC was shown to be detrimental compared to the
CYTODEX dready in static culture.
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Figure 7.19. Comparison between the dynamic and static culture for CYTODEX and GEL/HA-MC after 3
days of culture.

On the other hand, when comparing the two materials in dynamic cultures, the
differences were not as pronounced (Figure 7.19). There were a higher number of cells
after 6 hours for CYTODEX compared to GEL/HA-MC, meaning that the seeding
efficiency was higher for CY TODEX. Nevertheless, these differences disappeared after
24 and 72 hours. Actually, a very important observation that is worth highlighting is
that the trend for the cells cultured on CYTODEX in dynamic and static was very
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similar. It can be observed in Figure 7.19 that the curves in static and dynamic for
CYTODEX have similar slopes. The only difference was the amount of cells loaded.
However, in the GEL/HA-MC, the trend was very different between the dynamic and
the static conditions. Therefore, the conclusion was that for GEL/HA-MC, the dynamic
culture clearly increased the ability cells had to attach and proliferate, whereas for the
CYTODEX, the MC had similar ability to attach and proliferate on the MC in static and

dynamic culture.

In order to observe the effect at longer culture times, the 14 day culture was performed
(Figure 7.20). Regarding cell proliferation, the results showed that the amount of cells
was higher for the dynamic conditions as was aready shown for the short term cultures.
The main differences compared to the short term cultures, was that even though the
system was also under gentle agitation, the MC aggregated among them. As can be seen
in Figure 7.10, clusters of MC were formed after 7 and 14 days, with high amounts of
cells. This aggregation took place once the cells achieved confluence on the surface of
the MC.
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Figure 7.20. Comparison between the dynamic and static culture for HA-MC and GEL/HA-MC after 14
days of culture.
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It was also observed by SEM in Figure 7.11, that cells were forming confluent cell
layers on top of the MC. The fact of having some MC with several monolayers of
confluent cells on top of the MC could also affect the phenotypic expression of these
cells, since it is known that when cells are submitted to different types of stress, these

are ableto differentiate into different types of cell lineage®.

Nevertheless, in some cases, the aggregation of the MC can be exploited to obtain
hybrid cell/material constructs. The degree of aggregation can be controlled by

2135 oxygen tension® or

regulating different culture conditions such as mixing intensity
duration of culture® among others. The aggregation is actually demonstrating that cells
are being able to proliferate and create ECM in order to make the different MC
aggregate. An example of aggregation has been previously described, in which it was
shown that chondrocyte seeded MC cultured for less than two weeks in a spinner
culture, provided constructs suitable for injection; these condrocyte-MC aggregates
could be delivered, arthroscopicaly, into the cartilage defect or could be used for
meni scus reconstruction®

Regarding the injecatiblity of the gels containing the MC, it was important to select a
gel that, in addition to enhance injectability, would not jeopardize cell viability. It was
shown that the sodium aginate gel was a good system to allow for the injection of the
MC. The total porosities were similar when using the different size MC. Nevertheless,
GEL/HA-MCb had a higher pore size distribution which would allow for cells to
migrate from the inside the MC to the surrounding tissue (Figure 7.15). Similar results
were previously reported, where it was seen that as the microsphere size was increased,
the pore size was increased for PLLA and PLAGA microspheres®®. Actually, the
remaining porosity in the gels is of great importance since it is necessary for nutrient
diffusion aswell as for cell migration. The amount of MC incorporated in the gels was 2
ml/g, which represent 31% of MC weight in the composite. In a previous study, a 6%
alginate gel incorporated 40% wt of HA MC™®, presenting reasonable injectability,
presenting a similar behavior to that found in the present Chapter. When the amount of
MC was increased to 60 % of HA microspheres®, problems of injectability appeared.
The conclusion is that equilibrium must be found between the amount of the

microspheres incorporated, the porosity and the ability to inject the microspheres.
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Similar material to the present injectable alginate-MC composed of B-TCP
microspheres and alginate gel was shown to sustain cell growth and differentiation and
that once implanted in vivo it was able to adapt to the boneirregularities™. Nevertheless,
in this previous study, the approach was dlightly different, since the microspheres were
used as a system to increase the mechanical properties of the gel and to increase the
osteoconductivity of the composite. The cells were then combined with the alginate gel
and then mixed with the microspheres, whereas our approach would be to load the
microcarriers with cells and then combine them with the gel to inject them.

Regarding the cell viability, aginate gels have been previously used to encapsulate
directly cells and implant them®, the cells maintaining their viability within the
crosslinked gel***. Some problems of low cell adhesion were assessed for these types

of gels, when the gels were crosslinked with calcium?-#

. If the crosslinking was done
with other ions, such as iron, enhancement of the cell adhesion was observed®™. In any
case, alginate has been proved as a biocompatible and biodegradable materia for its use
in tissue engineering and regenerative medicine®*’. Alginate may degrade as fast as

desired controlling different parameters, especially its crosslinking ability*®.

7.6. Conclusions

The results have shown an increase in dynamic cultures compared to the static ones. It
was seen that it is of high importance to select an adequate speed for the culture in
dynamic system, since the speed plays a key role in the survival of the cells as well as
on the microcarriers integrity. The dynamic culture was shown to be a valid system to
increase the ability of cells to attach to the HA containing MC. Short culture times were
a good system to obtain HA containing MC with cell cultured on top of them.
Nevertheless, if an aggregation of MC is desired through cell contacting, longer time
periods may be used. These MC were injectable when mixed with sodium aginate

solutions and can be used as injectable microscaffolds.
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Conclusions and Futur e Per spectives

Conclusions

Injectable Cal cium phosphate cements with collagen

1. The injectable calcium phosphate with collagen in its liquid phase was
successfully fabricated and characterized.

2. The presence of collagen in the CPC dlightly delayed the initial hydrolysis of the
o-TCP. The two main factors that determined this behavior were directly related
with the acetic acid and to the higher viscosity of the collagen solution compared
to water.

3. The analysis by XRD revealed the complete hydrolysis of a-TCP to CDHA in
the presence of collagen, meaning that the reaction was not affected in terms of
the final product.

4. During the setting reaction of the collagen-CPC in water, collagen was not
released after 7 days, even if it was not crosslinked.

5. The initial conformation of collagen was controlled obtaining fibrillised and
solubilized collagen. The distribution of this collagen in the CPC after the
setting reaction was different depending on this initial collagen conformation,
obtaining homogenous distribution for the solubilized collagen and
heterogeneous distribution for the fibrillised collagen.

6. The presence of solubilized collagen increased the injectability of the paste.

7. Collagen did not affect the compressive strength of the CPC at low collagen
concentrations (10 mg/ml), but as the collagen concentration was increased (50
mg/ml), the compressive strength was decreased.

8. Caéll proliferation was enhanced in the presence of solubilized. ALP activity was
high in the presence of the CPC. Collagen did not have a significant effect on
ALP activity, athough the ALP pattern changed, obtaining the maximum ALP
value after 1 day, whereas in the absence of collagen, the maximum was
obtained at 7 days.
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Collagen-Cal cium phosphate cement scaffolds

1.

4.

Macroporous collagen scaffolds with increasing amounts of CPC were
fabricated. The collagen scaffold served as a template for the CPC to deposit on
top of it.

The transformation of a-TCP into CDHA took place inside the collagen matrix.
The scaffolds were able to sustain adhesion, proliferation and differentiation of
mesenchymal stem cells. As the amount of CPC was increased, the proliferation
initially decreased, whereas the ALP activity increased.

A plasmid encoding BMP7 was incorporated into the scaffolds and it resulted in
an increase in cell number. The amount of BMP7 expressed was significant, but
did not differ when changing the amount of plasmid incorporated.

Calcium phosphate cement Microcarriers

Viable MC made of CPC mixed with collagen and gelatin were prepared. The
size, shape and porosity were tailored by changing the composition of the CPC
and the emulsion parameters, such as oil viscosity or agitation speed.

The presence of the biopolymers (collagen or gelatin) increased the sphericity of
the MC.

The MC had a high porosity (~60% depending on the MC composition), in a
range of pore size between 0.5 and 5 pum, which would be useful for drug
delivery applications.

Cells cultured on the MC showed a higher cell adhesion in the presence of
gelatin compared to the rest of the materials, whereas after 14 days, collagen had
the highest values of cell proliferation.

The dynamic culture of MC in spinner flasks allowed cell adhesion and
proliferation of cells on the MC, having higher rates of proliferation compared to
the static cultures.

Future Per spectives

The results obtained in the present thesis are promising in the field of tissue engineering

and regenerative medicine. To be able to increase their potentialy in thisfield, it would

be of great interest to be able to incorporate some type of signaling to these CPC, such
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as antibiotics or drugs. This could enhance bone regeneration in the site of defect or
prevent infections once implanted. Furthermore, in order to enhance the angiogenesis,
the dense calcium phosphate cements could be prepared as macroporous in order to
allow for blood vessels to penetrate the whole material. This could be done by foaming
the liquid phase of the CPC, being collagen the liquid phase. Since collagen is a protein
and presents amphiphilic properties, it has similar properties to surfactants and can
therefore form stable foams that can then be mixed with the powder to form

macroporous CPC foams.

Regarding the work on macroporous scaffolds made of collagen and calcium phosphate
cement and its use as gene delivery vehicle, they also showed promising results. In
order to verify if these scaffolds would allow bone to grow ectopically, the scaffolds
loaded with the BMP7 gene could be implanted in vivo in an anima model in order to
observe if bone growth would take place outside of a bone region. Nevertheless, the
efficiency of the plasmid incorporated as well as the amount of protein expressed need
to be optimized. One of the approaches would be to further protect the gene inside the
scaffold so that cells do not degrade the gene once it penetrates the cell membrane. For
this purpose, the scaffold preparation can be modified, such as combining the gene with
the CPC powder in order to obtain a paste slurry with gene and CPC, which would then
be mixed with the collagen slurry to obtain a CPC/gene-collagen slurry, which upon the
freeze-drying would give as a result the CPC-collagen scaffolds incorporating a gene in
the matrix of the scaffold.

Microcarriers would be the ideal candidate to be used as drug delivery system. These
have demonstrated to have microporosity suitable for releasing antibiotics, drugs or
growth factors. The advantage of using these CPC MC is that the drug could be
delivered though two main systems, such as the incorporation in the CPC paste for a
supposed long deliver, or can aso be incorporated by adsorption on the MC. The
release would depend on the microporosity of the MC, which can aso be tailored
according to the CPC formulation. Furthermore, cells could also be seeded on top of the
MC as was observed, and the combination of the cells with osteogenic potential, with
the osteoconductive calcium phosphate and a drug/growth factor with osteinductive
potential, would lead to an ideal tissue engineering scaffold. An osteoinductive growth
factor that could be used are those described in Chapter 4, being BMP-7 or BMP-2.



256 | CONCLUSIONS AND FUTURE PERSPECTIVES

Furthermore, even though these MC have already been implanted in vivo, it would also
be interesting to implant these MC combined with cells, incorporating an osteoinductive
signa such as the mentioned BMP-7 and inject them through minimally invasive
surgery with the studied alginate gel. This would confirm the viability of this composite

as apromising biomaterial for tissue regeneration.
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