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Summary
Every year millions of surgical procedures are executed that require the use of substitute
tissue. For this reason the need of substitute tissue to replace or repair diseased or otherwise
damaged body parts is growing. Several approaches to solve this problem have been tried,
but most of these have their limitations. The current approach on substituting tissue is grafting
existing tissue trom either the patients own body or trom another person. Tissue engineering
is an new approach which has high potential to reduce or even remave many of these
limitations. This approach allows the limitless use of tissue that can be integrated into the
existing tissue. In the tutu re .....
Bone tissue engineering is thought to be a future salution in solving problems with complex
bone fractures, limited availability of bone in presthesis revisions, or surgery of large bone
carcinoma. Bone tissue engineering research directs to obtaining osteogenic cells, scaffolds,
bioreactors, and methods tor stimulation of bone growth. When all the right ingredients come
tagether the following will be possible:
"The patient bone deficit is scanned, the missing bone is printed as a 30
scaffold. This 30 scaffold is designed in such a way that the right osteogenic cells can
attach and grow at the right places inside the scaffold in the bioreactor. The
metabolism of this engineered tissue is monitored by the right sensors in order to
react on changes. Within weeks the bone tissue engineered scaffold is ready to be
implanted into the patients body."
The first aim of this study is to designing a bioreactor tor bone tissue engineering. The
3
bioreactor is designed tor studying the tissue engineering process in 1 cm cubic scaffolds
and allows tor reai-time monitoring the process. Also, it has the intrinsic possibility to apply
compressive loading to the scaffold. The bioreactor was manufactured trom durable plastic to
enable multiple, sequentia! experiments. lt was shown that the bioreactor remains sterile tor
over 1 week and that it is biocompatible. Hence, it may be used tor bone tissue engineering
studies.
A particular problem tor tissue engineering of bone is that a solid, po rous scaffold needs to be
seeded with cells prior to culturing. Obtaining a homogeneaus distribution of cells throughout
a scaffold is difficult, yet important.
The second aim of the present study is to study the effects of scaffold geometry and cell
seeding sequence on distribution of cells within the scaffold. The hypothesis is that bath an
upper and a lower limit will be present tor the porosity of the scaffold, in order to get cells to
penetrate and attach to the center part of a scaffold. lt was further thought that a second time
seeding cells would enhance the penetratien of the cells in the scaffold.
The effect of scaffold structure on cell distribution was studied with genuine bone scaffolds
and hydroxyapatite scaffolds using fibroblasts (3T3 cells) and human osteoblasts (SaOS-2
cells). The bone scaffold is treated to get a scaffold, which has an open structure, without fat
or living cells, yet without darnaging the bone surface. A series of bath types of scaffolds are
X-rayed, examined microscopically and studied with an (environmental) scanning electron
microscope to delermine the accuracy of the cleaning process. MieraCT scans are obtained
trom each scaffold to obtain structural parameters like porosity and trabecular thickness.
Subsequently, cell distribution in the scaffold is determined on top, bottom, flanks and in the
middle of the scaffold, using viability staining with Cell Tracker Green, Cell Tracker Orange
and Propidium lodide and CLSM.
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The results show that more cells penetrate a scaffold when porosity is higher. Double seeding
of cells onto a scaffold is beneficia! in that more cells penetrated the scaffold. However, the
latter result may be biased by the tact that culture time in these experiments was twice the
period for the ether experiments.
In conclusion, a bioreactor has been developed, which enables bone tissue engineering
studies. An important boundary condition tor bone tissue engineering is to obtain a
homogenous cell density in the scaffold. The distribution of cells was shown appropriate with
the present methods, provided that the structural parameters of the scaffold are within
boundary conditions, like minimal and maximal porosity.
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Samenvatting
Elk jaar worden vele operaties uitgevoerd waar het gebruik van vervangend weefsel nodig is.
Om deze reden is de vraag groeiend naar substituut weefsel ter vervanging of ter reparatie
van zieke of anders beschadigde delen van het menselijk lichaam. Er zijn reeks verscheidene
methoden om deze problemen op te lossen geprobeerd, maar de meeste van deze methoden
hebben hun beperkingen. De momenteel gebruikte methode om weefsel te vervangen is om
hetzelfde weefsel ergens anders uit het lichaam van de patiënt of van iemand anders te
halen. Echter de hoeveelheid (ver)bruikbaar weefsel is gelimiteerd. Weefsel engineering is
een nieuwe methode waar men hoge verwachtingen van heeft. Weefsel engineering heeft de
beperkingen welke de huidige methode heeft minder tot misschien wel helemaal niet. Deze
nieuwe methode kan de bijna oneindige hoeveelheid aan geengineerd weefsel gebruiken om
deze te integreren in het bestaande weefsel. In de toekomst.. .....
Botweefsel engineering is een optie voor de toekomst om de bovengenoemde problemen met
complexe botfracturen op te lossen. Botweefsel engineering staat echter nog in de
kinderschoenen. Er zijn onderzoekers die werken aan het verkrijgen van botcellen, andere
onderzoekers werken aan scaffolds (de matrix waarin het weefsel groeit), anderen werken
aan de bioreactor. Wanneer al de juiste ingrediënten samen komen zal het volgende mogelijk
zijn:
"Het ontbrekende gedeelte van het stuk bot van de patiënt wordt gescanned
en geprint als een 3D scaffold. Deze 3D scaffold wordt zo ontworpen dat de juiste
botcellen zich vastzetten aan en groeien op de juiste plaats in de scaffold in de
bioreactor. Het metabolisme van het geengineerde botweefsel wordt gemonitored
met de juiste sensoren om zo te kunnen reageren op veranderingen. Binnen enkele
weken zal het geengineerde botweefsel klaar zijn om geïmplanteerd te worden in het
lichaam van de patiënt."
Het eerste doel van dit onderzoek is het ontwerpen van een bioreactor voor bot weefsel
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engineering. De bioreactor is ontworpen om het weefsel engineering te bestuderen in 1 cm
scaffolds en geeft de mogelijkheid tot het reai-time volgen van het proces. Ook is er de
mogelijkheid in opgenomen om druk(kracht) belastingen op de scaffold uit te oefenen. De
bioreactor is van duurzaam plastic gemaakt om meerdere achtereenvolgende experimenten
uit te voeren. Het is aangetoond, dat de bioreactor langer dan 1 week steriel blijft en dat het
biccompatibel is. Zodoende is het geschikt voor bot weefsel engineering onderzoek.
Voor bot weefsel engineering is een vaste, poreuze scaffold nodig, die bezaaid wordt met
cellen alvorens deze op cultuur te zetten. Het verkrijgen van een homogene verdeling van
cellen in de scaffold is belangrijk doch moeilijk.
Het tweede doel van dit onderzoek is het bestuderen van de gevolgen van de scaffold
geometrie en de volgorde van het enten met cellen op de verdeling van de cellen in de
scaffold. De hypothese is, dat er zowel een boven- als ondergrens zal zijn voor de poreusheid
van de scaffold om de cellen te laten binnendringen en vast te laten hechten aan het
binnenste gedeelte van de scaffold. Bovendien werd verondersteld, dat een tweede enting
het binnendringen van de cellen in het scaffold zou kunnen verbeteren.

4

De invloed van de scaffold structuur op de cel verdeling is onderzocht met echte bot scaffolds
en hydroxyapatite scaffolds gebruik makend van fibroblasten (3T3 cellen) en menselijke
osteoblasten (SaS0-2 cellen). Het echte bot scaffold is zodanig behandeld, dat een open
structuur, zonder vet of levende cellen, maar zonder beschadiging van het bot oppervlak
wordt verkregen. Een reeks van beide type scaffolds is gescand met een röntgen toestel,
bekeken onder de microscope en bekeken met behulp van de (environmental scanning
electron microscope) om de ontvet behandeling te controleren. MieroeT scans zijn gemaakt
van een reeks scaffolds om de structurele parameters zoals porositeit en trabecal diameter te
verkrijgen
Hierna is de cel distributie boven , aan de zijkant, onderkant en in het midden van de scaffold
bekeken aan de hand van viability kleuringen gebruik makend van Geil Tracker Green, Geil
Tracker Orange en Propidium lodide kleuringen en de contocal laser scanning microscope.
Resultaten laten zien dat wanneer de porositeit hoger is zullen meer cellen in de scaffold te
vinden zijn. Dubbele entingen van cellen op een scaffold zijn hoogstwaarschijnlijk beter in die
zin dat er meer cellen in het midden van de scaffold te vinden zijn. Of dat dit komt doordat er
2 keer cellen geënt zijn op de bot scaffold of omdat deze experimenten 2 keer zo lang duren
is nog niet duidelijk.
Geconcludeerd kan worden dat een bioreactor is ontwikkeld met de mogelijk om bot weefsel
engineering onderzoek mee uit te voeren. Een belangrijke randvoorwaarde voor bot weefsel
engineering is om een homogene cel verdeling in de scaffold te verkrijgen. The distributie van
de cellen was goed te zien met de gebruikte methode, ervan uitgaand dat de structurele
parameters van de scaffold binnen randvoorwaarden blijven, zoals een minimale en een
maximale porositeit.
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Introduetion
Background

Every year millions of people break bones. Most of these bone fractures heal properly (by
itself in casing). Some times help is needed to heal the complex bone fracture. One of the
options to use is bone grafting, this autogenous bone is considered the golden standard. The
limitations of getting autograft bone are obvious: the amount is limited and the harvesting of
autograft bone causes secondary morbidity at the harvesting site.
Bone tissue engineering is thought to be the option for future use in solving the problems with
complex bone fractures. Bone tissue engineering is still scarcely out of the egg. There are
researchers working on getting osteogenic cells, researchers are working on scaffolds,
researchers are working on making bioreactors and so on. The challenge for these bone
tissue engineering researchers is to come with the solution to solve problems with complex
bone fractures.

Aim

Successful bone tissue engineering may rely not only on the differentiation of cells in contact
with the implant materials but also on the proliferation capacity of the cells to obtain a proper
colonization of the three-dimensional matrix.
The aim of this study is to develop a bioreactor set up with the possibilities to monitor the
nourishment for bone tissue engineering and to show its applicability by examining cell
distribution of living cells on an existing porous scaffold fixed in this bioreactor set up.

Structure of the report

The first chapter of this study describes the bone as a skeletal system. The anatomy of bone
is explained by discussing the macroscopical and microscopical anatomy as well as the
physiology of the bone by discussing the growth and remodelling of bone. This chapter is a
necessary background understanding this study. For people acquainted with Bone Tissue
Engineering this chapter is not necessary to read.
The second chapter gives a general overview of the main items needed to execute bone
tissue engineering, like cells, scaffolds, cell culture medium and a bioreactor.
Chapter 3 states the main materia Is created and used for the experiments. lt is explained how
the bioreactor is designed, what cel Is are used, which scaffolds and so on. The materials and
methods are explained.
The experiments themselves are shown and explained in chapter 4. This chapter consists of
all the experiments conducted including the most interesting pictures. The results are
discussed by every experiment separately.
The results are discussed in chapter 5. This chapter gives also an overall condusion foliowed
by recommendations.
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There are 3 addenda added to this study. The first addendum consists of all the experimental
information including the tuil size design drawings of the bioreactor. Th is addendum consists
mainly out the pictures taken during the experiment with an explanation on the experiments
and its results. lt gives a tuil view on the experiments executed.
The second addendum is tilled with protocols. All the non-logical work is put into a protocol tor
further use.
The third protocol is background information. Anyone who wants to know more on the topics
around bone tissue engineering in depth is welcome to read this. lt is however not necessary
to read it as a contribution to this study.
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1 Bone
1.1 Skeleton

The human skeleton consists out of 206 bones and cartilage . The bones serve as a
framewerk to support the body. The framewerk does nat only support the body, but also
protects the vital organs and enables the persen to move by using the bones as levers. The
skeletal tissue is a starage for minerals like calcium and phosphorous, a starage for blood-cell
producing cells (hematopoietic red marrow) and a starage for energy (lipid tilled yellow
marrow). Cartilage will nat be discussed, as it is nat the subject of the present study.
The skeleton is organized in long bones, flat bones, short bones and bones with an irregular
shape (including sesamoid bone, see tigure 1).
The long bones, ossa longa, like the bones in the arms (e .g. humerus) have a corpus and two
ends which are called extremitates. In the shaft of these bones the marrow is located, cavum
medullare, which is either red or yellow caused by fat. Growth of long bones is primarily in the
length.
Flat bones, ossa plana, are compiled out two compact lamel sheets in which between
spongieus boneis positioned . Bone marrow is available in flat bones. Examples of flat bones
are the shoulders (scapulae) . Growth is mostly in two directions.
Ossa brevia or short bones, like the little bones in the hand (e.g . os capitatum), have an
outside layer of compact bone and have always spongieus bone inside. These bones will
grow in three directions.
lrregular bones have complex shapes. Examples are hipbones and the vertebrae .
Bones are surrounded with the periost where there is no joint tissue. This periost has a rich
blood vessel , lymphatic vessel and nerve system . When the blood vessels of the outer layer
are larger, the inner layer, which has a lot of cells, is rich in capillaries (see tigure 2). In this
layer osteoblasts, which make bone, will grow [2] .

Figure 1: Schematic view of the skeleton
showing the different bone types .

Figure 2: Schematic view of a long
bone.
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1.2 Anatomy of bone

1.2.1 Macroscopical anatomy

Bone tissue is the structural material that gives the skeleton its properties. Morphologically
bone tissue is under the control of bone cells. lts surface is enveloped by active and resting
osteoblasts and osteoclasts. lt is permeated by an interconnected canalicular system in which
osteocytes are found. Osteocytes are always near a blood vessel. Th is morphology combined
with biochemica! and endocrine evidence of the importance of bone mineral metabolism
requires that bone tissue, along with its cells, be considered as an organ. These cells control
the composition of the extra cellular fluids of mineralized bone matrix within very narrow limits
and at the same time they can remave and replace the mineralized tissue to meet the
anatomical needs of a mature skeleton.

Bone structures

The first bone to appear in embryonic development or in the repair of fractures is referred to
as woven bone, coarse bundled bone, or fibre bone. lt is characterized by coarse fibre
bundles, approximately 30 1-1m in diameter, running in a random, interlacing fashion. This
woven bone, in absence of lamellae (layers) and osteons and Haversian systems, is gradually
replaced by lamellar bone. Thus, woven bone is a temporary structure and exists only in
special locations such as the dental alveolus and osseaus labyrinths. Lamellar bone, on the
other hand, is not a primary structure but rather a replacement tissue formed during the
remodelling of bone matrix. lt consists of fine fibre bundles, 2 1-Jm to 4 IJm in diameter, which
are arranged irregularly in parallel or concentric curving sheets.
Two types of bone are observed in the normal, mature human skeleton:
- Hard, compact, cortical bone
- Spongy, cancellous, trabecular bone
These two farms are identical in their chemica! composition, but macroscopically and
microscopically different. The turnover rate is approximately 20 to 30 percent per year for
cancelleus bone, depending on the site, and about 3 percent per year for cortical bone [1].

Cortical bone

Hard, compact, cortical bone is largely found along the shafts of the long bones (like femur,
tibia, radius and ulna) that surround the marrow cavities and is the principal component of the
flat bones (skull and ribs). lt has an extremely dense physical structure arranged around
Haversian systems and Volkmann's canals, which are responsible for providing cellular
nutrition. Because of its strength, cortical bone plays a significant role in the support of the
body weight and in the proteetion of internal organs. Approximately 80% of skeletal mass is
cortical bone.
The structural unit of the compact bone is the asteon (see tigure 3). The asteon is oriented
along long axis of bone and gives compact bone anisatrapie mechanica! characteristics so it
can withstand bending, torsion and compression. The asteon consists of a Haversian canal.
These canals contain nerve fibers and blood vessels, which provide in the asteon cell's
needs. Haversian canals are orientated along the osteon. Volkmann canals lie at right angels
to the orientation along the asteon connecting the nerve fibers and blood vessels from the
periost in to the bone.
The asteon is made up out of bone material lamellae with osteocytes, which are osteoblasts
trapped in the bone materiaL These osteocytes are interconnected via little canals between
each other called caniculae. Caniculae are filled with tissue fluid and the extensions of the
osteocytes.
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In compact bone there are lamellae around the osteons, but also interstitial lamellae and
circumferential lamellae. lnterstitial lamellae fill the gaps between forming osteons or are
remainders of former osteons . Circumferential lamellae extend around the entire
circumference of the bone shaft. Circumferential lamellae resist the twisting of the bone as a
whole (see tigure 3 and 5) .

Trabeoeulae

~ce tor re<l

• ---+-

bone maflew

O$t.obluts aLtgoed
I lOng trae«uta of

new<>one

Figure 3: Schematic view of
an osteon .

Figure 4: Schematic view of trabecular bone.

Trabecular bone

Spongy, cancellous or trabecular bone camprises a netwerk of fine, interlacing smal beams,
enclosed cavities that contain either hematopoietic or fatty marrow. lts physical arrangement
of broad plates connected by thin struts provides tor maximum support but with a minimum of
materiaL These trabecular struts have adopted a preferential alignment along the direction of
principal mechanica! forces . The passage of materials to and trom cells, which reside within
the bony system occurs mainly by ditfusion through the trabecular elements, which in the
normal situation are usually about 150 ~m thick (see tigure 4 and 5) .

Figure 5: Schematic view of bone
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1.2.2 Microscopie anatomy

The three major components of bone are osteogenic cells, organic matrix and mineraL The
osteogenic cells include osteoblasts, osteocytes and osteoclasts , while the organic part of the
matrix consists predominantly of Type I collagen (98%) and proteoglycans and constitutes
approximately one third of the bone mass. The mineral makes up approximately two third of
bone mass and is for 95% composed of calcium phosphate crystals mainly deposited as
hydroxyapatite. The remainder 5% is as impurities incorporated in the matrix. Bone contains
also 5-8% water.

Osteogenic cells

The cells associated with bone tissue derive from the lineage in the bone marrow cavity.
There are three recognizable farms of bone cells, osteoblasts, osteocytes and osteoclasts
(see figure 6). Each has a specific function in the highly ordered sequence of formation ,
maintenance and remaval of bone mineraL
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Figure 6: High magnification view of an area of calcified cartilage (CC) with some bone that
has been laid down on the surface (8) . Osteob/asts (OB) are seen on the bony
surfaces, and osteocytes (OC) are trapped within their lacunae. A large, pink, multinucleated cell, an osteoclast (OsCI) is seen occupying a small concavity [3] .

Osteoblasts

Osteoblasts form a one-cell thick layer over bone surfaces, on which matrix is being formed .
The new osteoid , referred to as an osteoid seam , is deposited along the surface adjacent to
bone. The deeper portion of the osteoid seam undergoes mineralization along the so-called
mineralization front.
Osteoblasts can be in an active state, forming bone matrix, or in a resting or in bone
maintaining state. The bone is essentially enveloped by the osteoblasts, since the cells are in
close contact with one another and tight junctions and gap junctions have been observed .
Thus, the osteoblastic layer controls the transport of materials from the extra cellular space to
the osteoid seam and mineralization front.
The principal role of osteoblasts is to secrete the matrix framewerk upon which bone is built
by actively synthesize many proteins during their developmental and maturation stages. In the
active state they appear in histological sections as plump, cubical cells lying closely apposed
to the bone surface. Active osteoblasts are seen most aften in histological sections adjacent
to a new osteoid seam . They are rarely seen next to a bare bone surface, since the time
interval between cell activatien and matrix formation is relatively short. Gap junctions conneet
the cells with each other and possibly with the more mature osteocytes, which lie within the
bone structure. When they are less active, osteoblasts take on a more fusiform appearance
and are morphologically similar to fibroblasts lining the bone surface. lt is believed that
smaller, apparently inactive osteoblasts may still be engaged in bone synthesis, but at a much
slower rate . The functional life span of an osteoblast can range between 3 and 18 months
with an average of 5,5 months. Osteoblasts are rich in alkaline phosphatase and osteocalcin,
bath of which have a role in the mineralization of the osteoid matrix.
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Figure 7: Lifespan of osteoblastic cells.

Osteocytes

Approximately 10% of the osteoblastic pop ulation becomes enclosed in the developing matrix
and are then referred to as osteocytes (see tigure 8). They have structural features very
sim ilar to the time that they were on the surface of the matrix. Osteocytes have cytoplasmic
processes that extend into the surrounding matrix for some distance and fill most of the
canalicul i in which they are contained.
Osteocytes are abundant and easily recognizable arranged in a relatively ordered fashion, in
both cortical and lamellar bone. They provide the bone tissue around them (often deep
beneath the surface) with a supply of nutrients trom the marrow cavity, by way of cytoplasmic
communicating channels known as canaliculi. These channels are never more than a tew
micrometers apart and represent an effective signaling system. Osteocytes are found in peri
cellular lacunae, small independent regions surrounding each cell.

Figure 8: Ostecyte enclosed in bone.

Exact role of the osteocytes is still not completely certain , but most likely the role is cell
communication . The processes of osteocytes contact tentacles trom other osteocytes and
osteoblasts on the surface , forming tight junctions. This interconnection of osteoblastic lining
cells with the osteocytes deep within bone regulates the flow of mineral ions trom the
extracellular fluid through the osteoblast to the osteocytes, trom the osteocytes to the
extracellular flu id surrounding them and finally trom this fluid to the mineral ized bone matrix.
Thus, the large surface area provided by the osteocytic population results in a regulatory
mechanism for the exchange of mineral ions between the extracellular flu id and bone by
means of the canalicular system. Osteocytes appear to be essential to the maintenance of
bone, since when the cell dies, the matrix around it eventually is removed . The cells are not
capable of dividing in the bone. The lifespan of an osteocyte is therefore dictated by the
lifespan of the bone (see tigure 7). The arrangement of these cells with their cytoplasmic

14

communications suggests that they may well be responsible for detecting mechanica! strain
and erganizing bone cell tunetion as necessary.
Osteocytes are extremely sensitive to mechanica! stress, a quality that is probably linked to
the process of mechanica! adaptation (Wolffs law [4,5]). The in-vivo oparating cell stress
derived from bone loading is likely a flow of an interstitial fluid along the surface of the
osteocytes and lining cells.

Osteoclasts

Osteoclasts are found in sites in which bone is being remodelled. They are large,
multinucleated cells typically found on or near bone surfaces within concavities reprasenting
Howship's lacunae. Osteoclasts are derived trom hematopoietic stem cells. Osteoclasts are
formed from a population of the circulating mononuclear cells that are recruited from the blood
to the bone surface where they undergo differentiation and fusion to form multinucleated cells
(see tigure 9). The size and number of nuclei in osteoclasts vary.
The zone of contact of the plasma membrane with the bone surface consists of two areas.
The ruftled border camprises finger like membraneus folds that extend varying distances into
the cytoplasm, while the sealing area is characterized by a very dense homogeneaus
cytoplasm that surrounds the site of active bone resorption, namely, the ruftled border. The
cytoplasmic membrane in the sealing area is closely applied to the underlying surface of
mineralized bone, functioning to isolate the region beneath the ruftled border and permitting
lysosomal enzymes and hydragen ions produced by the osteoclasts to be concentrated in this
area. Acid phosphatase is produced by osteoclasts and the cells probably produce
collagenase as well. Mineral is first dissolved, foliowed by remaval of the organic matrix and
disruption of mineralized matrix to a depth of 1 IJm to 2 1Jm.
Apatite crystals and collagen fibers can be observed in the extracellular space between the
cytoplasmic folds. The degradation products of the matrix are thought to enter the cytoplasm
of the osteoclasts through a process of endocytosis and are then transported across the cell
and extruded into the extra cellular space.
Osteoclasts are activated in response to low levels of plasma calcium and their reactions to
chemica! signals such as parathyroid hormone, dihydroxy vitamin D and calcitonin are well
characterized (see for information on vitamins addendum 3 information 7). Osteoblasts may
also be involved in the activatien process as well. The hallmark of the osteoclasts is the high
level of lysosomal tartrate-resistant acid phosphatase which, when released, dissolves the
mineralized bone matrix and releases calcium (and other) ions into the circulation (osteoclasts
are not active along a non-mineralized bone surface). The lifespan of an osteoclast is thought
to be in the range of 4 to 6 weeks.
Artachment of osteoclast to bone - mediated by receptars on the osteoclast called integrins.
The clear zone is the area of the osteoclast that attaches to bone- once attached the clear
zone seals of the area of resorption- the sub osteoclastic space.
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Figure 9: Creation of osteoclastic cells

Organic matrix

The organic matrix or extra cellular matrix (ECM) determines structural , mechanica!,
biochemica! properties of bone, influenced by growth factors (i .e., cytokines, bone proteins),
osteocalcin , osteonectin, etc., see addendum 3 information 10). The ECM is composed of 3
major classes of bio-molecules:
1. Structural proteins : collagen and elastin .
2. Specialized proteins: like fibrillin, fibronectin and laminin.
3. Proteoglycans : these are composed of a protein core to which are attached long
chains of repeating disaccharide unitsnamedof glycosaminoglycans (GAG 's) forming
extremely complex high molecular weight componentsof the ECM .
To obtain great strength and rigidity with some elasticity, the matrix is composed of dense
packed collagen fibrils infiltrated with bone mineral as fine crystals of calcium salts resembling
hydroxyapatite crystals . There are small amounts of distinctive non-collagenous proteins, e.g.,
calcium-binding osteocalcin and bone sialoproteins .

Mineral

Bone is continuously in action due to osteoblastic formation and osteoclastic resorption, which
is linked to that of calcium exchange and most of the body's calcium and phosphate is in bone
in the form of hydroxyapatite. Crystalline calcium hydroxyapatite (Ca 10 (P04) 60H 2 ) is a platelike crystal of approximately 20-80nm long and 2-Snm thick. lmpurities, like carbonate,
flouride or bisphosphonates, may alter physical properties of crystal plates . 99% of the
calcium in the bones is contained as hydroxyapatite, 1 % is freely available in the body as
CaHP04.
Both calcium and phosphate concentration depend largely on interstitial absorption and renal
excretion. Transient alterations in serum levels can be accommodated rapidly by changes in
renal tubular re-absorption. Serum calcium is maintained even at the expense of bone
whereas phosphate deficiency simply leads to lowered serum phosphate concentration . For
more information see addendum 3 information 6)

16

2

Approximately 20% of the dietary Ca + is absorbed. The rest excreted in the stool. Normally
excretion is equivalent to the absorption and is approximately 150-200 mg per day, therefore
about 1-1.5 g is required per day. Absorption is via active transport in duodenum and passive
uptake in jejunum. Normal blood level is 9-10 mg/dl.
Absorption occurs in jejunum, almest all ingested phosphate is absorbed. Principle control
mechanism is renal. There are tubular secretory and resorptive mechanisms.
For more detailed intermation on minerals and or trace elements see addendum 3
background intermation 6 Minerals.

1.3 Bone Physiology
The dynamics of bone involve three different processes:
•
Growth
•
Modelling
RemodeHing
•
During childhood and the early years of adulthood, while the epiphyses are still open, the
skeleton grows in length (growth), and the bones expand in diameter and achieve their
external shape (modelling). During bone modelling, osteoblasts and osteoclasts work
independently of each ether and on different bone surfaces often over large surface areas.
The net balance is positive (i.e. there is increased bone mass) and bones reach their final
external form and high bone density during this period. Both the growth and the modelling
processes are controlled by hormones and by mechanica! forces.
Around the age 20-25 years, peak bone mass is achieved as a result of these processes.
lndividual peak bone mass is dependent on genetic, racial and hormonal factors and also on
external factors: physical activity and nutrition. Establishing a high peak bone mass gives the
optimum "bone bank" trom which to draw during aging. Peak bone mass is normally 20-25%
higher in men than in women.
From the age of 20-25 years, bone mass begins to decline. This early age-related loss is
especially detectable at places where trabecular bone dominates. Loss of bone mass with
age is unavoidable and is caused by the third process: bone remodelling.
During the remodeHing process, osteoclasts and osteoblasts work closely together in time and
space (coupling), and they work in units called bone multicellular units (BMU [5]). When a
remodelling process has just been completed, a small amount of bone (trabecular or cortical)
has been removed and has been replaced by new bone. The process seems designed to
renew old bone possibly having micro fractures or with dead osteocytes and to reorganize
trabecular structures and adapt to current need and kind of mechanica! loading to achieve the
maximum strength obtainable with the bone mass remaining available. The remodeHing
process has another role: it ensures the maintenance of calcium homeostasis. Trabecular
bone is remodelied much more rapidly than cortical bone (5-10 times more rapidly). The
remodeHing process itself is governed by hormonal and mechanica! stimuli, as is also seen in
the growth and modelling processes. The primary hormones involved include parathyroid
hormone, calcitonin, estrogen, progesterone testosterone.
For more detailed intermation on hormones see addendum 3 background intermation 2
hormones.
The effect of mechanica! loads on the architecture of the human skeleton has been
recognized tor some time and was scientifically described at the end of the 19th century by
Roux and Wolft.
Wolfte's Law:
"Bone will adapt its structure to meet the functional demands placed upon it, and will therefore
alter its mass and morphology so that it can withstand the extremes of functional loading"
The 2 main processes, growth and remodelling, will be discussed in more detail.
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1.3.1 Growth

Bone is formed via two processes called endochondral ossitication and intramembranous
ossitication . Endochondral ossitication occurs mainly during the formation of long bones. The
cartilage mineralizes outwards trom the growth plate . lntramembranous ossification occurs
mainly by the formation of flat bones, osteoblastic formation of collagenous matrix, which
becomes mineralized .
Endochondral ossification

Most bones are formed by the transformation of cartilage "bone models", a process called
endochondral ossification (see tigure 10). A periosteal bud invades the cartilage model and
allows osteoprogenitor cells to enter the cartilage . At these sites, the cartilage is in a state of
hypertrophy (very large lacunae and chondrocytes) and partial calcitication , which eventually
leads to the death of the chondrocytes . lnvading osteoprogenitor cells mature into
osteoblasts , which use the framework of calcitied cartilage to deposit new bone. The bone
deposited onto the cartilage scaffold is lamellar bone. The initial site of bone deposition is
called a primary ossitication centre (see tigure 11 ). Secondary ossitication eentres occur in
the future epiphyses of the bone. A thin sheet of bone, the periosteal collar, is deposited
around the shaft of the cartilage model. The periosteal collar consists of woven bone. Close to
the zone of ossitication, the cartilage can usually be divided into a number of distinct zones
(see tigure 10, 11 and 12):
1.

Reserve cartilage, furthest away from the zone of ossitication , looks like immature
hyaline cartilage .
2. A zone of chondrocyte proliferation contains longitudinal columns of mitotically active
chondrocytes , which grow in size in.
3. The zone of cartilage maturation and hypertrophy.
4. A zone of cartilage calcitication forms the border between cartilage and the zone of
bone deposition.
Primary and secondary ossitication eentres do not merge before adulthood. Between the
diaphysis and the epiphyses a thin sheet of cartilage, the epiphyseal plate , is maintained until
adulthood. By continuing cartilage production, the epiphyseal plate provides the basis for
rapid growth in the length of the bone. Cartilage production gradually ceases in the
epiphyseal plate as maturity is approached. The epiphyseal plate is tinally removed by the
continued production of bone trom the diaphyseal side .
Bone formation and bone resorption go hand in hand during the growth of bone. This first
deposited trabecular bone is removed as the zone of ossitication moves in the direction of the
future epiphyses . This process creates the marrow cavity of the bones. Simultaneously, bone
is removed from the endosteal surface and deposited on the periosteal surface of the
compact bone which forms the diaphysis. Th is results in a growth of the diameter of the bone.
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Figure 10: Overview of endochondral ossification
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Figure 11 : Stained view of the initia I
site of bone deposition in
endochondral ossification
(primary ossification centre)

Figure 12: Stained view of the different
zone in endochondral ossification

lntramembranous Ossification

lntramembranous ossification occurs within a membranous, condensed plate of mesenchymal
cells . At the initial site of ossification (ossification centre) mesenchymal cells (osteoprogenitor
cells) differentiate into osteoblasts . The osteoblasts begin to deposit the organic bone matrix,
the osteoid . The matrix separates osteoblasts, which , from now on, are located in lacunae
within the matrix. The collagen fibres of the osteoid form a woven netwerk without a preterred
orientation, and lamellae are not present at this stage. Because of the lack of a preterred
orientation of the collagen fibres in the matrix, this type of bone is also called woven bone.
The osteoid calcifies leading to the formation of primitive trabecular bone (see tigure 13 and
tigure 14).
Further deposition and calcification of osteoid at sites where compact bone is needed leads to
the formation of primitive compact bone. lntramembranous ossification does not require the
existence of a cartilage bone model.

•

Figure 13: Stained overview of
intramembranous ossification

a

Figure 14: Stained view at celllevel of
intramembranous ossification
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1.3.2 Remodelling
Remodelling of bone occurs from growth through death . The bone is both resorbed and
formed at the same site. At best remodelling maintains the bone ; however as it ages it leads
to net loss of bone
Bone adapts to mechanica! and physiological demands, maintains biomechanica!
competence by preventing fatigue damage. Remodelling is determined by the rate of activity
osteoblasts vs . osteoclasts. Bone metabolism is thus subject to a large number of systemic
and local factors, many of which are part of other physiological processes that could be
affected by micro gravity, mechanics (stress, strain), nutrition, fluid, and electrolyte balance.
Each remodelling process is initiated by activation of osteoblastic lineage cells due to micro
damage to the bone, mechanica! stress, exposure to some factors or at random . A BMU will
originate, which start to secrete collagenase and removes the thin layer of unmineralized
bone typical of a resting bone surface. The osteoclasts develop a ruftled border and resorb
bone.
The mature osteoclasts resorb bone. As the BMU wanders, new osteoclasts are continuously
activated to start resorption. At any one spot on the surface the resorption lasts about two
weeks. The osteoclasts then undergo programmed cell death or apoptosis, which is delayed
by estragen deficiency. During osteoclastic bone resorption, Howship's lacunae are
excavated toa maximumdepthof 50-60 1-Jm .
A short reversal phase, where the cement line is formed , follows , and then bone formation
normally begins. Osteoblasts are attracted by bone-derived growth factors and perhaps the
remains of the self-destructed osteoclasts. lf coupling has taken place , osteoblasts produce
osteoid (collagen and ground substance) at a rate of 0.5-1.0 IJm per day. The active,
secreting osteoblasts make layers of osteoid and slowly refill the cavity. They also secrete
growth factors , osteopontin , osteocalcin and other proteins. When the osteoid thickness has
reached approximately 6-15 IJm, mineralization begins from the bottorn (mineralization front) .
Th is process, also, is regulated by the osteoblasts. Some of the osteoblasts also turn into
osteocytes which remain in the bone, connected by long cell processes which can sense
mechanica! stresses to the bones. For months after when the cavity is tilled with bone, the
crystals of mineral wil I be packed more closely including other ions and the density of the new
bone wil I increase. At the termination of each remodelling process, the bone surface is again
covered by an extremely thin layer of unmineralized bone and a layer of flat lining cells . The
bone is again converted into a resting surface (see tigure 15).
Restlng surfoce

Bone resorption

RoveJSal phase
(cement line lorrned)

Bone fonn•tion
(osteoid)

Boue formation
(oste-okl-miner.aizetion
front)

Rostlng surface
(new packet)

Figure 15: Drawing showing the different phases in the bone remodelling process/cycle.
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2 Bone Tissue Engineering
Besides the in vivo bone growth methods explained before, it is also possible to grow bone ex
vivo. Th is so called "Bone Tissue Engineering " ulitmately leads to generation of new bone that
can clinically be used as implant material (see addendum 3 intermation 9) . Also it gives
researchers the opportunity to study bone development and cell behaviour under controlled
experimental conditions . Basically, cells are seeded onto a scaffold. The cells wil grow onto
this surrogate ECM in cell culture media, which provides the nutrition for cells. The tissue
engineering is done in a bioreactor, which is the set up that is used to apply the desired
conditions to the cells and the scaffold. The medium in the bioreactor can be monitored by
sensors. The experiments executed for this thesis are set up according to tigure 16.
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Figure 16: Schematic view of the bioreactor system set up

2.1 Cells
Environment

In vivo a constant import of new, fresh, nutrition for the osteogenic cells is available via the
bloodstream . In the cortical bone the canals of Havers and Volkman are used to get the
nutrition to the cells. The bloodvessels are entangled in the trabecaular bone. The outer
ostegenic cells , the osteoblasts or lineage cells can nourish the osteocytes by cell-to-cell
relays (so called gap junctions). The nutrition consists out of multiple items like glucoses and
oxygen . The nutrition acts as a energy souree (survival) and a carbon souree for proliferation
and ECM synthese.
Supplying just nutrient is not a garantuee for appropriate cel I proliferation. Due to the nutrients
cells will become active. Cells can make intigrins to collate to the ECM, make growth factor to
influence the growth, etc. Nutrient areused for these activities by the cells and the cells
produces waste substances. In the human bone the lymphotic system is set up, adjacent to
the blood system, to remave the waste substances (for more intermation on blood see
addendum 3 intermation 1). Th is remaval is necessary as the waste substances can induce a
threat for the cells by changing the invironment into e.g. a acid environment. Cells wil
eventually die in this environment. The pH of the environment must be between 7.35 and
7.45.
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Though it is to be seen if a scaffold seeded with solely osteoblasts will manifest growth. Van
der Meulen and Huiskes [5] stated that osteoblasts need a stimuli (see tigure 17). Science is
not entirely unified wether these stimulus are mechanica!, e.g. strain and or shear, or
environmental , e.g. the environment (extreme pH) created by osteoclasts and or hormones .
For more detailed information on bone morphogenetic proteins see addendum 3 background
information 4 bone morphogenetic proteins and on growth factors see addendum 3
information 3 growth factors
However if the osteoblasts has to grow on the scaffold it has to be stimulated . Th is is primairy
done by stressing the cells by cell culture medium flow. When the cells get active these cells
make bone morphogenetic protoins and growth factors. These hormones help the osteoblasts
working properly. This balance has to be maintaining, meaning that the cell culture medium
volume has to besmal I and is best to stay as long as possible . Actding the nutrients used and
discarding the waste substances produced (see addendum 3 information 8) .
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Figure 17: Mechano regulation where cells are formed due tostrain and fluid
velocity or stress .
Cell type

Osteogenic cel Is are either osteoblasts or osteoblasts , alone or together. Osteoblast have the
ability to form bone .
Osteoblasts originate from mesencymal stem cells in the human . The cells used in
experiments are either harvested osteogenic cells from the bone (primary cells), sarcoma or
genetic modified osteogenic cells (immortalized cells), osteogenic-like cells (either primary or
immortalized). Primary cells resembie the most to (are) normal cells but stay alive only fora
limited number of divisions. lmmortalized cells are commonly used in experimental bone
tissue engineering as these cells divide almost indefinitly. These cells are unwanted tor
clinical use.
Fibroblasts , as mentioned before, resembie to resting osteoblasts . They are sametimes even
refered to as osteoblast-like cells [1). As these cells are very easy to culture, experiments in
this study are performed using them, in those experiments where osteoblasts and fibroblasts
the boundery conditions are equal.
Some osteoblasts become osteocytes, some become bone-lining cells [6] and some probably
die [4). Osteocyts are in essence in bone envelopped osteoblasts. Lineage cells are known to
be flat cells that align on bone surface, they are inactive osteoprogenitor cell [3) resembling
largely to fibroblasts.
Osteoclasts are known to start consuming bone without any stimulus ; when osteoclasts are
seeded onto a scaffold containing hydroxyapatite the osteoclast will reabsorb the minerals out
trom the hydroxyapatite.
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2.2 Scaffolds
In general , cells need to attach to synthetise new ECM. A surrogate ECM is called a scaffold.
Generation of ECM is the general aim of bone tissue engineering. The osteogenic cells can
perfectly grow in the human body: the right environment is available containing enough
nutrition and the right ECM.
In short, to grow bone the human body can be copied on a smaller scale using a scaffold.
This means that the scaffolds used must. at least, be biocompatible . Lately the apinion on
using biccompatible scaffolds go further: scaffolds should be bicmimetic [1 ,2,9,10] .
Porous scaffolds for cancelleus bone can be made in numerous ways . The ideal properties of
a scaffold , endeaveuring biomimetic, should be the following [7] :
- Three-dimensional and highly porous with an interconnected pare network for cel!
growth and flow transport of nutrients and metabolic waste.
- Biocompatible, non-immunegenie and non-taxie, convenient properties are
biodegradable, bioerodable, bioabsorbable, or bioresorbable with a controllable
degradation and resorption rate to match celi/tissue growth in vitro and/or in vivo and
easy to manufacture.
- Suitable surface chemistry for cell attachment, proliferation and differentiation .
- Mechanica! properties camparabie to cancellous bone.
To this moment a large number of different scaffolds are made. Most of these attempts to
copy the actual situation in the human body as much as possible by copying the structure and
material.
The structure of the bone has different parameters like porosity, trabecular thickness.
roughness of ECM. Different materials used as scattolding material are genuine bone [4,12].
hydroxyapatite scaffold [5,16]. natura! polymers like chitin [16] and collagen , plastic scaffold
[17]. hydragel scaffolds [6,8]. starch based scaffolds (see figure 18b) [3]. etc ..

Figure 18a. Images of an alginate scaffold: (a)
side view of the porous scaffold , (b) top view of
the same sample.

Figure 18b: 1-1CT images of two different starch
based scaffold
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Scaffolds based on naturally or synthetic polymers are made out of:
- Collagen (generally type I collagen) can be prepared in solution or shaped into
membrane films, threads, sponges and lately, into acidic hydragels [13).
- Fibrin , also used in the clinic as fibrin glue, is a natural polymer originating during
blood coagulation and playing an important role in hemostasis and wound healing.
- Alginates are negatively charged co-polymers of L-glucuronic and D-mannuronic acids
extracted from brown algae (see tigure 18a). They cross-link in the presence of
multivalent cations (mostly Ca ) to form an open hydrogel. The gel is characterized by
a large average mesh size allowing easy ditfusion of macromolecules [14, 18).
- Hyaluronic acid has unique physico-chemical properties and distinctive biologica!
functions . lt binds specifically to proteins in the extra cellular matrix and on the cell
surface. Partial esterification of hyaluronic acid increases its stability and makes the
molecule particularly suitable for controlled peptide release or protein delivery [15].
Scaffold based on ceramics, like hydroxyapatite (HA), tri-calcium phosphate (TCP) or a
mixture of the two, are the most widely studied and used for bone repair. A significant
impravement in this field has been obtained by the production of porous scaffolds. The
internal architecture in these bioceramics resembles highly to the architecture of natural
cancelleus bone. The presence of an at least partial mineralized matrix in the scaffold
composites has been acknowledged as a micro environmental factor that favours the onset of
osteogenesis by committed human cells. Scaffolds derived from cadaver or animal bones
have an intrinsic highly compatible structure regarding tissue growth [11) .

2.3 Culture media
Fibrolastic mouse cell, 3T3 cells, are cultivated in DMEM (Dulbecco's modified Eagle's
medium) /HAM's F12 medium . Depending on the test, additives like an amount of serum or
glutamine can be used. When necessary antibictic as amphotericin b, pinicilium, gentamycin
and streptomycin is added. For more detailed information see addendum 3 background
information 5 antibiotics.
Osteoblastic cells are normally cultivated in a-MEM (Minimum Essential Medium) or in
DMEM . The SaOS-2 cells obtained via IRAS grow also well on the DMEM/HAM's F12.

2.4 Bioreactor

There are several culture systems to maintain or set up
cell cultures . Depending on the experiments there is the
need for more or less control or more or less sample
throughput (see tigure 19). Concerning bone tissue
engineering the throughput is not that large caused by
the length in time of the experiment. There is however
the demand to control items like flow of medium through
the scaffold, measuring pH, glucose and oxygen
concentratien in time .
Figure 19: Schematic view on different types of culture systems [2) .

The static culture system, like T-flasks, is generally the most used . However, these systems
have several limitations, including: lack of mixing, resulting in critica! concentratien gradients
for pH, dissolved oxygen, cytokines and metabolites; difficult or even impossible online
monitoring and control; low process reproducibility; repeated handling required to feed
cultures or obtain data on culture performance and productivity limited by the number of cells
that can be supported by a given surface area.
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Bioreactor systems are an alternative to standard flask cultures of cells in vitro. Actvaneed
bioreactors are required when a relative large number of cells is needed. Studies have been
performed with different types of bioreactors tor the ex vivo expansion of cells , invalving
perfusion chambers, stirred reactors , hollow fibre, rotating and packed bed reactors (see
tigure 20).
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Figure 20: Different types of bioreactors: (a) perfusion chamber (b) grooved surface of
perfused chamber (c) stirred tank (d) airlift fixed-bed and (e) fixed or fluidized bed bioreactor.

Perfusion chambers

The design of this bioreactor was driven by the observation that increase of medium
exchange rates and the provision of soluble additives like growth factors leads to an extended
ex vivo proliferation . The geometry of the perfusion chambers affected cell growth and
differentiation. Radial flow-type chambers provided the most uniform environment because of
the absence of walls parallel to the flow path that creates slow-flowing regions . Later, the
flatbed perfusion chamber was modified to retain cells through the actdition of grooves
perpendicular to the flow direction, at the chamber bottom.
Stirred reactors

Stirred bioreactors provide a homogeneaus environment and are easy to operate, allowing
sampling , monitoring and control of culture conditions . Typical eperating modes include batch ,
fed-batch and perfusion mode (medium exchange with retentien of cells by means of an
external tiltration module ar of internal devices such as spin filters). Stirred suspension culture
systems are relatively simple and readily scalable. In addition, their relatively homogeneaus
nature makesthem suited tor the investigation of different culture parameters .
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Packed and fluidized bed reactors
Packed bed reactors were designed to provide 30 scattolding for cell artachment and culture .
In these systems, an initial attachment-dependent cell culture is started on the bed particles
without any bone scaffold. Oespite the relatively small scale of these bioreactors (up to 500 mi
working volume), screening and optimization of culture conditions is advantageously
performed in a miniaturized loop reactor. A fluidized bed bioreactor system can also be used.
Rotating bioreactor
The rotating bioreactor [3] was the first
bioreactor that has travelled in space. The
tests with the rotating bioreactor took place
with mammalian cells in 1991 . The bioreactor
in space is used for experiments with a very
low shear force environment.
This bioreactor is based on the principle of
the rotating wal I vessel (RWV, see tigure 21 ).
The bioreactor is developed by National
Aeronautics
and
Space
Administration
(NASA) at the Johnson Space Centre .
The oxygenation is achieved by ditfusion
through a silicone membrane.
Figure 21: Rotating wall vessel developed by NASA
Other reactor types
Hollow fibre and air-lift reactors were used as well , but poor expansion was obtained .
Recently, a new low-shear, suspension culture method in a rotating bioreactor was developed
that enabled the culture of mixed cell populations coalescing into 30 structures (spheroids)
that reproducesome of the in vivo characteristics of the organs trom which they were derived .
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3 Materials and methods
In this chapter the complete experimental set up is explained . Also the used methods to view
the samples are explained.

3.1 Bioreactor systems

As set up in chapter 2.4 there are many types of culture systems, bioreactors . During this
thesis two systems are used . A static system , talcon tube, is used to execute quick and easy
experiments on cell viability in regard to scaffolds used. The talcon tube is commercially
available and a widely used tooi in tissue engineering . A dynamic system , a bioreactor, is
developed from scratch to a fully tested and operabie system .

3.1.1 Static system : Falcon tube

The fa Icon tube is used to get a quick view to see if the cells attach to the
scaffold within the medium used (see tigure 22). lt is merely a first guess
on what to expect in the bioreactor. As, due to lack of space , only a small
scaffold can be used a small amount of cells can be cultured. The major
disadvantage of using a talcon tube is the small static amount of medium
that can be put into the tube . This implies that the nutrition in the medium is
depleted quite quickly and the waste substances are not get rid of.
However if the cells succeed to attach and stay alive on the used scaffold
in the used medium, this will happen also in the bioreactor. Then extensive
experiments in the bioreactors can start.
Figure 22: Falcon tube with culture medium
and hydroxyapatite scaffold .
3.1.2 Dynamic system: Bioreactor
Design

The objective of this study is to get a working bioreactor for bone tissue engineering . The
boundary conditions to build the bioreactor are explained in this paragraph . The cells to be
incubated need a constant temperature of 37 degrees Celsius in an environment of air of 5 %
C0 2 and a high relative humidity. This environment is available inside an incubator, but in the
incubator is limited space . The culture medium must maintain sterility, otherwise the
contam ination will have its effects on the cultured cells . The material of the bioreactor itself
must be biocompatible to ensure it doesn't kill cells and sterilisable to remove any living being
from the bioreactor before beginning any experiment. lf remainder cells or other contaminant
are not removed from the bioreactors parts this will cross contaminate the experiments. Only
a small amount of medium is needed inside the bioreactor. The newly seeded cells onto the
scaffold in the medium have to set up a complete new balance in their environment, meaning
that certain growth factors will be excreted into the system to trigger proliferation or matrix
synthesis. lf the amount of medium is too large, newly excreted growth factors and cytokines
will be diluted to much : the concentration remains too low. However there must be enough
cell culture media to be able to monitor the medium with several sensors and to oxygenate
the fluid in order to maintain enough oxygen solved in the culture med ium.
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In short the specifications tor the bioreactor were the following:
1.
A small apparatus
The space available in the incubator is limited. The approximate space is 400X400X400 mm.
In this space multiple bioreactors have to be places.
2.
37 degree Celsius & 5 % COz
The cells used growth the best at body temperature of 37 dagrees Celsius. The complete
bioreactor has to maintain this temperature as good as possible. The air is enriched up to 5%
C0 2 . This to maintain the cell culture medium as long as possible at the required pH.
3.
Maintain sterility during experiments
During the experiments with the bioreactor sterility has to be maintained. Contaminations
could interfere with the experiments. For this reasen a (semi-) closed system is required.
Sterilisable
4.
Preparing the bioreactor consists of sterilizing the set up in order to begin with a sterile
system. All part must be able to be sterilize, either by alcohol or steam.
Allow small amount of cell culture medium
5.
To get a balance created by the cells seeded as quick as possible the amount of cell culture
medium has to remain as small as possible.
6.
Oxygenation of the cell culture medium
The cell culture medium has to be oxygenated. This to reassure that the amount of oxygen in
the medium is enough tor the cells metabolism. By passiva oxygenating the cell culture
medium the oxygen level as well as (at first) the pH level maintains constant
Biccompatible parts
7.
The parts used tor the bioreactor need to be biocompatible. This is needed so the cells used
wil I not be killed by the substances of the bioreactor itself. The best materials to use are inert.
8.
Possibility to monitor the cell culture medium with saveral sensors
When the cell culture medium is monitored with sensors there can be acted upon changes.
When a parameter measured ,like pH, is changed buffer can be added to maintain the
parameter within limits.
9.
Conducting numerous experiments over longer periods (t>4 days)
The bioreactor must be designed in such a way that it is possible to use it many times over
and over. lt must be possible to use it over long periods as well. This all together is an
important item in choosing the right materials.
10.
Ability to add nutriantstbuffers
When the need is there to conduct experiments over longer periods it is necessary to ad
nutriant and or buffers to maintain a cell culture medium with all the needed ingredients in it.
11.
Adjustable flow through sample
As fluid flow is a stress parameter tor the osteogenic cells to grow, this parameter has to be
adjustable. By the use of a roller pump, which sucks the cell culture medium out of the
bioreactor through the scaffold.
12.
Adjustable force on sample
Load is the ether parameter tor the osteogenic cells to grow, this parameter has to be
adjustable. A hole is drilled in the bioreactor to actuate the scaffold at the flank.
13.
Transparency of the bioreactor material
For visual inspeetion of the cell culture medium and the bone scaffold a transparent PE front
and a transparent PE top is needed. There is the opportunity to use a light microscope
positioned in front of the bioreactor to monitor the cells at the flank of the scaffold.
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14.
Easy replacement of the cell culture medium
As the bioreactor is made to conduct experiments over a long period , it is convenient to easily
replace the cell culture medium . This is done by unbolting the PE top .
15.
Easy seeding of additional cells.
The bioreactor is designed to executed experiments with scaffolds and cells. lt is convenient
to seed additional cells if required . This to test tor example the cell distribution in relation with
multiple seedings. This is done by unbolting the PE top .
Keeping these specifications in mind technica! drawings are of the bioreactor (see figures 23,
24, 25 and 26).
Fortuil design info see addendum 1 experiments design bioreactor.

Use
The usage of the design bioreactor proved to be easy, but lightly workable caused by the
amount of bolds to be screwed in. More then 25 times are the bioreactors used tor
experiments. There are a tew parts that need replacement once so many times, like the
tubing system and the silicon stings toenclose the bioreactor trom the outside world .

Figure 23: Photo of the bioreactor

29

Figure 24: Design drawing bioreactor front view

Figure 25: Design drawing bioreactor top view
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Figure 26: Design drawing bioreactor side view and details
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3.2 Scaffold

Scaffold is the platform where the cel I have to attach on and live. The tirst objective
concerning scaffolds was to use any scaffold available from internshops/stages. However the
output from these internships was nat practically usable. For this reason any usabie selfmade scaffold could be used.
3.2.1 Bone scaffold

Genuine bone scaffold was a very good option . As the
structure of the bone scaffold in re lation to the cell
distribution in the scaffold is tested , the bone scaffold
mimics the body very well as the genuine structure of
bone is used. Bone scaffolds are even easy to get.
Preparing the bone is though a time consuming job. The
bone has to be cleaned , sawn, precision circle sawn,
treated with THF and sterilized befare using . The bone
scaffold is made conform addendum 2 protocol 1. The
main issue with using bone scaffolds is that all the
scaffolds made differ from each other. There is no
standard .

Figure 27 lmpression of the location where the
bone scaffold are removed out of the bone

Bovine hipbene was bought at the local meat market This hipbene is cut into planes (see
tigure 27 red lines) and then into beams with a plane saw (see tigure 27 red dotted lines).
These beams of hipbene were than cut into cubes of 10 mm by 10 mm by 10 mm using an
accuterne (struers-5). The accuterne circle saws parallel plane .
The sawing process results in a cubic piece of bone including fat and bone marrow. This
means that nutrition via medium and cells can only enter the centre of the bone via difussion,
wh ich takes a very long time. For this reason and tor the reason that the scaffold only has to
mimic the hydroxyapatite characteristics, all substances other then the mineral of the bone
have to be removed by treating the bone with a fat dissolvent
When the bone cube is cleaned and disinfected, it is ready to be used as a scaffold for bone
tissue engineering.

3.2.2 Hydroxyapatite scaffold

The hydroxyapatite scaffold is made by the TNO. To get this standard kind of scaffold a
collaboration with the Dutch organization tor applicable physic research , TNO, is set up. TNO
is able and willing to make hydroxyapatite scaffolds in a standard way.
The hydroxyapatite slurry is printed by use of high air pressure (see tigure 28) . lt is either air
dried or freeze dried and then sintered. One of the difficulties in making hydroxyapatite
scaffold is the high creep (> 10 %). The amount of creep is diminished by tixating the fresh
printed scaffold using liquid nitrogen . This freeze drying has been successful as the scaffold
shows less creep .
The hydroxyapatite scaffolds are transferred from TNO to the TU/e in its dried hardened farm .
From this point on the scaffold has to be cut with a needie to its shape. This is quite dificult as
the hydroxyapatite scaffold is very brittle .
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3.3 Cells

2 celllines were used in this study. 3T3 fibroblasts are easy to culture and resembie like
osteoblasts . The bulk of the experiments has been executed with these cells . The fibroblasts
are maintained and harvested conform addendum 2 protocol 4.
In addition , effort was putto obtain primary bone cells trom the slaughter. These primary bone
cells best resembie to the cel Is in vivo. However obtaining and culturing these cells is time
consuming . Experiments 1 to 4 in chapter 4 will deal with the methods used tor isolating these
cells . Eventually, the isolation protocol was not successful enough to perform experiments
with primary cells . Method of primary bone cells harvested is put in addendum 2 protocol 3
In the end SaOS-2 osteoblasts are obtained trom the lnstitute tor Risk Assessment Sciences
(I RAS) in Utrecht. These cells are used tor the validation of the critica! experiments the
findings executed with fibroblasts . The SaOS-2 cells are grown conform addendum 2 protocol

5
3.4. Cell culture medium
Fibroblasts are cultured in DMEM/HAM's F12 (1 :1) with 1% Penstrep, 1% Gentamycine, 1%
Amphotericine b , 1% L-Giutamine and 10% fetal bovine serum . The cells were fed and
recultured every 3-4 days.
Human osteoblast-like cells (Saos-2), a cell line originally derived trom an osteosarcoma are
normally cultured in alpha-Minimal Essential Medium (aMEM) with antibiotics and fetal bovine
serum (FBS). However the sameculture medium is used as with the 3T3 cells. The cells were
fed every 3-4 days and re cultured every 6-8 days. The medium is prepared conform
addendum 2 protocol 6.

3.5 Staining
Wh en the scaffolds seeded with cells are unloaded out trom the bioreactor the cells are tested
on their viability by coloring, staining, the cells with laser induced fluorescent staining agent.
The colored cell represents either living or dead cells and can be localized with the contocal
laser scanning microscope. The staining agents used are Cell Tracker Green, Cell Tracker
Orange and Propidium Jodide.
3.5.1 Cell Tracker Green
Cell Tracker Green [CTG] stains living cells. Most likely the CTG 5-chloromethylfluorescein
diacetate enters the cell via the cell membrane and undergoes inside the cel I a so called
glutathione S-transferase -mediated reaction producing a cell impermeant reaction product.
This staining can be used for long term studies of cells in cell culture medium .
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The CTG absorbs wavelength of 492nm and emits light with a wave length of 516nm This can
be seen on the contocal laser scanning microscope [2].

3.5.2 Cell Tracker Orange
Cell Tracker Orange [CTO] also stains living cells. The CTO 5-(and-6)-(((4chloromethyl)benzoyl)amino)tetramethylrhodamine enters the cell via the cell membrane and
undergoes the same. Th is staining can be used for long term studies of cells in cell culture
medium. Using CTO and CTG give the research er the opportunity to check were double
seeding localize.
The CTO absorbs wavelength of 540nm and emits light with a wave length of 566nm This can
be seen on the confocallaser scanning microscope [2].

3.5.3 Propidium lodide
Propidium lodide [PI] stains dead cells. The PI is membrane impermeant and does therefore
normally not enter the membrane of viabie cells. PI binds to the DNA and has tje possibility to
bind to RNA. The difference between CTG, CTO and PI is that CTO and CTG will color a
complete cell, while PI only colores the nucleus part were DNA and RNA is available.
The PI absorbs wavelengthof 535nm and emits light with a wavelengthof 617nm This can
be seen on the confocallaser scanning microscope [2].

3.6 lnstrumentation
Although the intention was to monitor the growth of the cells using sensors, it was not
possible to do so. The sensors needed were not available and as the thesis is not
incorporated in a main research project like lmbiotor is was not possible to purchase these for
this study.
The option incorporated in the design of the bioreactor is the use of instrumentation: sensors
sensing changes in the cell culture medium, thus activity of the cell used. Unfortunately this
option has not been used during this study. Nevertheless is here a concentrated overview of
the parameters to be measured keeping accuracy, precision, reproducibility, statistica! control,
static sensitivity, zero drifts, sensitivity drift, linearity, input ranges in mind [3]

p02
Normal value in the human blood is 95-98 % saturation. The oxygenation should provide
enough oxygen however the con centration of oxygen that goes to the cells is much lower due
to the lack of red blood cell which take the major amount of oxygen to the cells. Measured in
the bioreactor can be what the consuming of the oxygen is by the cel Is. Th is gives an
indication of the cells activity.

pC02
Wh en the cells are active one of the remainder products is carbon dioxide. Sensing pC02 is
a lso an indicator of the cells activity.

Glucose
Besides the need of oxygen, cel Is do need a carbon souree to execute all their processes. In
lack of oxygen it is temporarily possible that cells live on glucose alone. Sensing glucose is
a lso an indicator of the cells activity.
Lactate
When the cells are active due to glucoses one of the remainder products is lactate. Sensing
lactate is a lso an indicator of the cells activity.
pH
Living tissue is very sensitive to even a minor change in pH of the environment. lf the change
in pH is to large living tissue will be damaged.
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In order to be able to execute any experiments preparations must be arranged. The correct
cells and scaffold must be available. As must the bioreactor be prepared with enough cell
culture medium. When or befare the experiments with the either the cell, scaffold or the
bioreactor is done, the outcome is photographed with the micro computed tomograph,
confocallaser scanning microscope and or (environmental) scanning electron microscope.

3.7 Micro Computed Tomography
Same of the bone and hydroxyapatite scaffolds are X-rayed by the JJCT80 from Scan co. Th is
piece of equipment can scan a 3D image of the scaffold with a maximum resolution of 23 J.lm.
Wh en the scaffold is scanned the software package calculates the major parameters of the
bone scaffold, like bone volume divided by the total volume (1- porosity) and the trabecular
thickness.

3.8 Contocal Laser Scanning Microscope
The cells used were colared using either Cell Tracker Green [CTG], Cell Tracker Orange
[CTO] and or Propidium Jodide [PI]. These colared cells, fluorescent stained, can be
visualized using the Confocal Laser Scanning Microscope CLSM. The werking procedure for
the CLSM is put in addendum 2 protocol?. The proper way to color the living cells with CTO
or CTG and the dead cells with PI is explained in addendum 2 protoeals 8 and 9.

3.9 (Environmental) Scanning Electron Microscope
A number of bone scaffolds and hydroxyapatite scaffolds are examined using the
(environmental) Scanning Electron Microscope [(E)SEM] ,Philips XL 30 Scanning Electron
Microscopes. Using this (E)SEM it was possible to get a view on the scaffolds up close.
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4 Experiments & results
In this chapter the experiments executed tor the thesis are explained. First the preparations
tor the experiments are stated. All main necessary items are mentioned. The experiments
themselves are chronologically numbered from 1 to 18 regardless of the paragraph order.
Each experiment is briefly explained and the hypothesis is stated. The important parameters
and figures are discussed tagether with the results. The tuil experimental info is in put
tagether in addendum 1.

4.1 Experiment preparations

Explained is how and why which cells and scaffolds are used. Several experiments and tests
are executed to come to the point of using the bioreactor system.

4.1.1 Primary osteogenic cell harvesting

For the harvesting of primary osteogenic cells the femur head of pigs is used. The fresh
processed pig bones are donated by a local slaughter. The femur bone is isolated trom the
complete leg of the pig in the biolaboratorium of the University of Technology in Eindhoven.
The remainder of the meat around the femur head is removed as much as possible to ensure
that only bone is processed.
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Accutome feed speed vs . turn speed

Introduetion
For primary osteogenic cell harvesting the femur head has to be reduced in volume to get the
cells out of the bone. The bone has to be sawn into small slices in order to be processed into
small pieces. When these showed little to no (recovery in) bone growth, the usefulness of the
Accutome for making small pieces of bone for harvesting living bone cells was tested by
varying the feed speed and the turning speed .
Methad
To obtain harvested cells, the first jig sawed slices of bone were cirde sawed into small
pieces with the Struers Accutome-5. To create small pieces of bone the bone in put in the
bone holder. The feed speed is the velocity of bone holder, which pushes the sample onto the
fixed circle saw. The turning speed is the speed in turns per minute of the circle saw. The
feed speed is set at 250 ~m per second, 750 ~m per second and 1250 ~m per second . The
turning speed is set at 300 turns per minute, 1200 turns per minute, 2100 turns per minute
and 3000 turns per minute.
Viability measurement on samples of bone is executed by staining the samples with CTG/PI.
Aim
Test at what feed speed of the sample holder versus the turn speed of the cirde saw the most
osteogenic cells survive this process step in harvesting osteogenic cells .
Results
Most samples turned out to contain mainly dead osteogenic cells: the long er the saw remains
on one place the more dead osteogenic cells (see tigure 29 and 30). At a feed speed of 250
~m per second and a turn speed of 2100 and 3000 turns a minute barely any living cell can
be spotted . The best sample is made at the lowest turn speed (300 turns per minute) and the
highest feed speed (1250 ~m per second). Extrapolating this condusion to zero turn speed
and high feed speed proposed that cutting or cleaving the sample would be a good option.

Figure 29: Best sample out of the range
[1250 ~m per second , 300 turnsper minute]

Figure 30: Other sample out of the range
[1250 ~m per second , 3000 turnsper minute]

Condusion
Bone processing with the Accutome appeared not to be a good option of preparing bone for
bone cell harvesting as too many cells do not survive . Suggestion is to cutordeave the bone.
For the full experimental info see Addendum 1 Experiment 1.
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2

Sawing vs. cutting

Introduetion
The femur head has to be reduced in volume to get the cells out of the bone, as stated
before. Sawing the bone means machining a way through the bone removing relatively large
bits and pieces of the bone. Cutting , cleaving or chipping the bone with a surgical knife is
could be a good option as only a tew cells on the cleavage plane is cut, whereas sawing
damages the bone much more.
Method
To obtain harvested cells, the first sawed large slices of bone with the jigsaw. To create small
pieces of bone the bone is cut and cleaved using a surgical knife . The surgical knife cuts a
triangular slot out of the large slice. This triangular beam is cut into small pieces. The sawed
bone pieces are prepared with only the jigsaw.
Viability measurement on samples of bone is executed by staining the samples with CTG/PI.
Aim
Test if more osteogenic cells survive cutting the bone then sawing the bone as this process
step in harvesting osteogenic cells .
Results
Most osteogenic cells stayed alive when the bone was cut (see tigure 31 and 32). However in
this test where the sawed bone was only sawed with the jigsaw there were some living
osteogenic cells to be spotted, but most of the osteogenic cells is dead (see tigure 31 ).

Figure 31 : Sawing primary bone

Figure 32: Cutting primary bone

Condusion
Cutting the bone appeared a better option than sawing the bone in preparing bone tor bone
cell harvesting.
For the full experimental info see Addendum 1 Experiment 2.
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3

Concentration of Collagenase 11 vs . incubation time

Introduetion
When the bone is cut or chipped into small pieces the osteogenic cells have to be isolated
trom the pieces of bone to get an osteogenic cell culture . For this process Collagenase 11 ,
which dissolves the bone, is used. As it is not known what the concentration of collagenase 11
and the incubation time needed was, this was tested .
Method
To obtain harvested cells, the first sawed large slices of bone with the jigsaw. To create small
pieces of bone, bone chips , the bone is cut and cleaved using a surgical knife . Several,
typical a dozen, bone chips were incubated in talcon tubes for 3, 24 or 48 hours with a
concentration of collagenase 11 of either 0.25 mg per mi, 0.50 mg per mi, 1.0 mg per mi or 2.0
mg per mi. This complete range is tested in duple.
Viability measurement on samples of the bone mineral and bone cells is executed by staining
the samples with CTG/PI .
Aim
Test what the best concentration of collagenase 11 versus the incubation time of the bone
chips in the collagenase medium is.
Results
The more collagenase 11 used and the longer incubated, the more living cells dissolved out of
the bone. However if the cells are incubated to long (more than 24 hours) in a higher
concentration of collagenase 11 (higher than 1 mg/ml) not only the number of living cells
increase but also the number of dead cells (see tigure 33, 34 and 35).

Figure 33: A few living cells
are visible , red is bone

Figure 34: More living cells
are visible, a few dead cells

(3 hours incubalion, 0.25 mg/ml collageoase 11)

{48 hours incubation, 0.50 mglml collagenase

liJ

Figure 35: More living cells
and dead cells are visible
(48 hours incubation, 2.0 mg/ml collagenase 11]

Conclusion
The most (living and dead) cells are obtained from incubating the bone chips over a 48 hour
period using collagenase 11 with concentration of 1 mg per mi. Relatively the most living cells
are obtained from incubating the bone chips over a 24 hour period using collagenase 11 with
concentration of 1 mg per mi.
For the full experimental info see Addendum 1 Experiment 3.
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4

lncubation for multiple days of primary osteogenic cells

Introduetion
As the bone chipping foliowed by the isolation of osteogenic cel Is by the use of col Iagenase 11
seemed successful, the next step in harvesting osteogenic cells is to see how long the
harvested cell will stay viable .
Methad
The complete process of harvesting osteogenic cells, as described before, was fixed by using
collagenase 11 with a concentratien of 1.0 mg per mi for an incubation period of approximately
24 hours. The harvested cells were put in flasks with culture medium and incubated for
several days to see if the cells remain viabie over the days tested . The harvested cells are
incubated for 1, 2, 4, 5 and 6 days in duple.
Viability measurement on samples of bone is executed by staining the bone cells and the
culture medium separately with CTG/PI.
Aim
Test how long the harvested osteogenic cells remain viable .
Results
This test appeared to be very unsuccessful. Only few viabie cells were found in all tests (see
fig 36 and 37). Because of the low success and the time consuming procedure the attempts
to harvest primary cells from pig bone were terminated and further experiments were carried
out with celllines .

Figure 36: Sample after 1 day of incubation

Figure 37: Sample after 5 days of incubation

Conclusion
The test showed no evidence of how long the harvested osteogenic cells remain viable,
because from day one to day 6 only few viabie cells are found .
For the full experimental info see Addendum 1 Experiment 4.
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4.1.2 Bone scaffold

Besides harvesting osteogenic cells out of pig bone or using other cells there is a scaffold
needed to culture these cells on. One of the options to make a scaffold is to isolate a piece of
trabecular bone out of a femur head bone. lt is most easy to piek a large bone like a femur
head of a cow. The femur head of the cow is cut into slices using the jigsaw. Then the slices
are cut using the accuterne circle saw into cubes of 10 mm by 10 mm by 10 mm as this is the
space reserved for the scaffold in the bioreactor. From this point on the tests on getting the
best bone scaffold start.

5

Bone scaffold preparatien tests

Introduetion
When the cubes of bones are cut out of the femur head all the fatty tissue around the
trabecular bone is still in the cube. The cells to be seeded have to attach on the
hydroxyapatite mineral of the bone. This mineral is embedded in fat, bone marrow etc .. This
fatty tissue has to be removed for the cells to penetrate the scaffold.
Methad
There are several methods to remave fatty tissue; three different treatment methods are
executed and related to bone scaffold without treatment. One set of bone scaffolds is cooked
for several hours. The secend set of bone scaffolds is treated with alcohol. For approximately
24 hours the scaffold is submersed in the alcohol. Tetrahydrofuran (THF) is used as third
methad to remave fatty tissue. This substance dissolves macromolecular substances: fat. For
approximately 24 hours the scaffold is submersed in the THF. These three methods are
compared with untreated bone.
Aim
Test what the best methad is to remave all fatty substances out of the trabecular bone without
darnaging the bone itself.
Results
The first set of bone scaffolds was cooked for several hours. Nat all fat appeared to be
removed and due to lack of water, crystal forming is seen. The secend set of bone scaffolds
was treated with alcohol for approximately 24 hours. lt is seen that the alcohol is nat only
loosening the fat out of the matrix but also loosening the bone itself. THF is the best methad
used. The fat is completely removed trom the bone scaffold by submersing the bone scaffolds
for approximately 24 hours in the THF. The bone is nat affected by the THF. The pictures
taken with a Scanning Electron Microscope show the ditterenee of untreated bone, with fatty
substances still present, and the bone treated with THF (see tigure 38 and 39) [1].1n tigure 39
the up per part of the trabecal is most likely been roughed by osteoclastic activity.
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Figure 38: Bone scaffold without treatment

Figure 39: Bone scaffold treated with THF

(30 kVolt, magnitude of 500 times)

(1 kVolt, magnitude of 500 times)

Condusion
Bone scaffolds are best treated with THF, submersed over a period of 24 hours, to remove
fatty tissue.
For the full experimental info see Addendum 1 Experiment 5.
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6

Bone scaffold perfusion tests

Introduetion
When the cells are seeded onto the bone scaffold the main purpose is to keep these cells
alive . Th is means that nutrition must be available for the cells. For this reason it was checked
if the bone scaffolds to be used in the bioreactor could 'guide' the nutrition, culture medium,
through the scaffold to the cells .
Method
To execute this test, ink was used for the reason that it simulates the nutrition in a 'worst case
scenario': ink is a colloid solution. The colloids are the very small particulates that contain the
colouring substances. lf the colloids can colour the interior of the bone scaffold, the culture
medium can get there as well so the cells can extract the nutrition needed . The ink used is
regular Parker ink. An untreated bone scaffold with 1 mi ink in 100 mi water is incubated for 4
days. A bone scaffold treated with alcohol with 1 mi ink in 100 mi water is incubated for 4
days. A bone scaffold treated with THF with 1 or 2 mi ink in 100 mi water is incubated for 2, 4,
6 days.
Aim
Test the perfusion characteristics of bone scaffolds.
Results
The untreated bone scaffold and the bone scaffold with alcohol were not perfused enough;
there was no ink in the middle of the bone scaffold, only on the exterior. The bone scaffold
treated with THF showed a good perfusion . The middle of the bone scaffold treated with THF
with 1 mi ink showed no ink colour. The ink was completely out of the system colouring the
bone, but 1 mi ink appeared not to contain enough ink dye to colour the whole bone scaffold .
The bone scaffolds used were not treated (see figure 40), treated with alcohol or treated with
THF (see tigure 41 ).

Figure 40: Untreated bone scaffold incubated
for 4 days in 100 mi water and 1 mi ink.
Top bone: 1mm of boneis topped away from
the bone : no ink colour
Left bone : top of the bone: exterior is
collored
Right bone: inside of the bone is not collored .

Figure 41 : Bone scaffold treated with THF
incubated for 4 days in 100 mi water and 2 mi
ink. The bone scaffold is cleaved and the
inside is shown.

Condusion
The bone scaffolds treated with THF show good perfusion characteristics . The ink collored all
trabeculae meaning that nutrients will come there as well.
For the full experimental info see Addendum 1 Experiment 6.

42

7

Fibroblastic cell integrity tests on bone scaffold in talcon tube

Introduetion
In a pilotstudy the bone scaffold is tested in a static bioreactor system , a talcon tube, with the
cell cu lture medium and the fibroblasts as eventually will be used in the dynamic bioreactor.
This test is executed to get a quick impression whether the fibroblasts stay alive in the
medium with the bone scaffold present, attach to the bone scaffold and enter in the bone
scaffold.
Method
The bone scaffold , treated with THF, is sterilized with alcohol and put into a talcon tube with
20 mi of cell culture medium. Fibroblasts are added to this cell culture medium. After 5 days a
viability study is performed to see if the fibroblasts stay alive in the cell culture medium with
the bone scaffold present, attach to the bone scaffold and enter in the bone scaffold .
Viabil ity measurement on samples is executed by staining the fibroblasts on the bone scaffold
and in the medium separately with CTG/PI.
Aim
Test if the fibroblasts stay alive the fibroblast in the cel I culture medium with the bone scaffold
present, attach to the bone scaffold and enter in the bone scaffold.
Results
As this is the first test using fibroblast the cell culture medium was collored as well (see
experimental info experiment 7). After 5 days of incubation the fibroblasts used were in
general alive. The cells attached very well on the bone scaffold . They are even found in the
centre of the bone scaffold (see tigure 42 and 43).

Figure 42 : Exterior of the bone scaffold
which is incubated tor 5 days

Figure 43: lnterior of the bone scaffold which
is incubated tor 5 days

Condusion
Fibroblasts stay alive in the cell culture medium with the bone scaffold present, attach to the
bone scaffold well and enter in the bone scaffold.
Forthetuil experimental info see Addendum 1 Experiment 7.
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4.1.3 Hydroxyapatite scaffold

Hydroxyapatite scaffolds can be used as an alternative on the bone scaffold. As the bone
scaffold mimics the body very close, the bone scaffold has the disadvantage of being irregular
in (gradient of) porosity and trabecular thickness. The hydroxyapatite scaffold is a scaffold,
which can be made with a more consistent porosity and trabecular thickness. This is
convenient if relations to these two parameters are tested.

8

Fibroblastic cell integrity tests on hydroxyapatite scaffold in talcon tube

Introd uction
The same is questioned on hydroxyapatite scaffolds as on bone scaffolds. Do the fibroblasts
stay alive in the medium with the hydroxyapatite scaffold present, attach to the hydroxyapatite
scaffold and enter in the hydroxyapatite scaffold. In this pilot study the hydroxyapatite scaffold
is again tested in a talcon tube, with the cell culture medium and the fibroblasts as eventually
will be used in the dynamic bioreactor.
Method
The hydroxyapatite scaffold is sterilized with alcohol and put into a talcon tube with 20 mi of
cell culture medium. Fibroblasts are added to this cell culture medium. After 4 days a viability
study is performed to see if the fibroblasts stay alive in the cell culture medium with the
hydroxyapatite scaffold present, attach to the hydroxyapatite scaffold and enter in the
hydroxyapatite scaffold. The hydroxyapatite scaffold is X-rayed by the mieroeT to calculate
the thickness of the hydroxyapatite beams and the porosity. Then the scaffold is broken into
two pieces to execute the test in duple.
Viability measurement on samples is executed by staining the fibroblasts on the
hydroxyapatite scaffold and in the medium separately with CTG/PI.
Aim
Test if the fibroblasts stay alive the fibroblast in the cell culture medium with the
hydroxyapatite scaffold present, attach to the hydroxyapatite scaffold and enter in the
hydroxyapatite scaffold.
Results
After 4 days of incubation the fibroblasts used were on general alive. The cells attached very
well on the hydroxyapatite scaffold as well as in the hydroxyapatite scaffold. lt is seen that
cells attach quite well at the intersectien between the perpendicular printed hydroxyapatite
beams. The roughened edges of the hydroxyapatite scaffold are also a good spot to attach
(see figure 44).
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Figure 44: View through hydroxyapatite scaffold with fibroblasts (green dots and spots) in
talcon tube after 4 days at intersectien of 1 print layer and 2 layer
Condusion
Fibroblasts stay alive in the cell culture medium with the hydroxyapatite scaffold present,
attach to the hydroxyapatite scaffold well and enter in the hydroxyapatite scaffold .
For the tuil experimental info see Addendum 1 Experiment 8.
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9

(E)SEM

Introduetion
The hydroxyapatite scaffolds were recently developed by TNO and nat yet well characterized
therefore the hydroxyapatite scaffolds were structurally examined by light microscopy and
using Scanning Electron Microscopy ((E)SEM). Besides this informative survey, the (E)SEM
is used to take pictures trom 2 different prepared hydroxyapatite scaffolds. The first batch of
hydroxyapatite scaffolds was made using air to dry the scaffolds. Th is resulted in large creep .
The latter batches of hydroxyapatite scaffolds are freezed rapidly and following the process of
freeze drying. This fixates the scaffold and gets rid of excess water in the scaffold at the same
time.
Methad
Hydroxyapatite scaffolds are examined using light microscopy and or the E(SEM).Top view,
flanks, bottorn and if available the inner part of the hydroxyapatite scaffold , is examined.
Aim
Get visual data on the structure of the hydroxyapatite scaffolds
Results
A range of photos is taken with the microscopes. The visual data confirms that the freeze
dried scaffolds remain much better in their farm. The printed beams did nat collapse onto
each other (see tigure 45) as was the case with air dried samples.

[2 kVolt, magnified by 114 times)

Conclusion
A range of data is available on the hydroxyapatite scaffold .
This study showed that the freeze dried beams remain much better in farm as air dried beams
of the hydroxyapatite scaffold.
For the tuil set of info see Addendum 1 Experiment 9.
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4.1.4 Bioreactor

10

Leak tightness tests and sterility tests

Introduetion
Before executing experiments with cells and scaffolds the bioreactor is functionally tested.
Once the bioreactor was build a leak tightness test and a sterility test were performed to
confirm that the bioreactor was and a closed sterile system over a large period of time.
Method
Each bioreactor was filled with water for a week and each bioreactor was also filled with
alcohol for a week. The first test was to check is all the water remained in the bioreactor. At
filling a mark was put on the bioreactor to indicate the level of water in the bioreactor.
The second check is a leak tightness test with alcohol.
To functionally test the bioreactor on sterility all preparations were carried out as in a normal
procedure to get a scaffold with cells inside the bioreactor. Normal aseptie procedures
applied. The only difference with respect to the normal loading of the bioreactor was that no
cells were seeded, no scaffold was used and a special culture media was used.
Aim
Functionally test the bioreactor on leak tightness and sterility.
Results
Each bioreactor was filled with water for a week. Both bioreactors remained completely filled.
The second check was the leak tightness test with alcohol. After a week a small amount of
alcohol appeared to be missing. This was subscripted to the fact that the passive oxygenation
of the system does get rid of alcohol. However the amount of water and thus culture medium
remained the same caused by the saturated humid air inside the incubator.
After 1 week of incubation Bioreactor B was still sterile, only Bioreactor A was not. This was
caused by rupture of tubing. The tubing used for pumping the culture medium around the
system was too rigid and ruptured. For this reason from this point on flexible tubing was used.
The negative controls on the culture medium were negative.
Condusion
The bioreactor remains leak tight for culture media for at least one week.
The bioreactor remains sterile for 1 week.
For the full experimental info see Addendum 1 Experiment 10.
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4.2 Experiments

The bioreactor is fully functionally tested with bone scaffolds as well as hydroxyapatite
scaffolds as described in the previous chapter. In this chapter the experiments are executed
with the bioreactor were the bioreactor is design for.

4.2.1 Bone scaffold in bioreactor

The bone scaffold is tested on cell growth duration and cell positioning in relation to structural
parameters, trabecular thickness and porosity. First tests are executed with fibroblast. The
tests with fibroblasts are validated with a test using osteoblasts to confirm that the results
obtain by the tests wit the fibroblasts resembie to the tests with osteoblasts.

11

Fibroblastic cell growth duration and position tests

Introduetion
The bioreactor with the bone scaffold is tested with cell culture medium and the fibroblasts.
This test is to study cell viability in the bioreactor during different incubation periods and to
test if the fibroblasts attach to the bone scaffold and enter in the bone scaffold.
Methad
The bone scaffold is sterilized with alcohol, left to dry and put into 75 mi of cell culture
medium in the bioreactor. Fibroblasts are added to this cell culture medium. After day 1, 2, 3,
4, 5, 7 a viability study is performed to see if the fibroblasts stay alive in the cell culture
medium in the bioreactor. Examines is where the fibroblasts attach to the bone scaffold and
enter in the bone scaffold.
Viability measurement on the samples is executed by staining the fibroblasts on the bone
scaffold with CTG/PI.
Aim
Test what the best incubation period is to incubate a bone scaffold with 3T3 fibroblasts in cell
culture medium in the bioreactor.
Test when the 3T3 cells best enter the bone scaffold.
Results
The bone scaffold incubated for one day showed a few living and dead cells. A remark must
be made as the scaffold has been shortly vortexed. This could be a (extra) reason why there
are less cells attached compared with langer incubation periods.
The bone scaffold incubated for two days showed mainly living cells (see figure 46). The cel Is
attached well to the trabeculae. Even a few living cells enter the middle of the bone scaffold.
After three days besides living cells a lot of dead cells can beseen on the bone scaffold. Also
in the middle a lot of cells are to bee seen, though most afthem are notviabie (see figure 47).
lt is not clear what the reason is for the large amount of nonviabie cells. A possibility is a (too)
large amount of cel Is incubated or the PI colouring took to long colouring nat only the cells but
also part of the bone.
The bone scaffold incubated for four days showed the same scenario as the bone scaffold
incubated for 3 days though more viabie cells are se en on the top of the scaffold.
After 5 days of incubation the bone scaffold had mainly viabie cells onto the exterior of the
bone scaffold (see figure 48). In the middle of the bone scaffold a few viabie cells and few non
viabie cells are to bee seen.
After day 7 the bone scaffold was full with non viabie cells (see tigure 49). A few were still
viable.
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Figure 46: Top view (culture medium flow
entering side) of the bone scaffold in
bioreactor seeded with fibroblasts after 2

Figure 47: Middle of the bone scaffold in
bioreactor seeded with fibroblasts after 3
days

Figure 48 : Top view (culture medium flow
entering side) of the bone scaffold in
bioreactor seeded with fibroblasts after 5
days

Figure 49: Top view (culture medium flow
entering side) of the bone scaffold in
bioreactor seeded with fibroblasts after 7
days

A leakage occurred during testing due to the use of rigid tubing . This was noticed after 5
days. The fibroblasts on the bone scaffold are stained as usual. Still viabie cells are to be
found, more than non viable. Probably the leakage was recent.
Condusion
Using the bioreactor without changing the 75 mi cell culture medium causes nutrient depletion
after 7 days with the fibroblasts used. lt takes at least 2 days befare most of the fibroblasts
are well attached to the bone scaffold. For these two reasans the best incubation period
without changing the medium is best between 3 and 5 days. This in despite of the results on
day 3 and 4.
Fibroblasts attach to the bone scaffold well after at least 2 days of incubation and enter in the
bone scaffold afterat least 3 days of incubation.
For the full experimental info see Addendum 1 Experiment 11.
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12

Fibroblastic cel I position tests with different trabecular thickness and porosity

Introduetion
The bioreactor system with the bone scaffold is tested with culture medium and fibroblasts.
This test is to study cell distribution in the bone scaffold in the bioreactor. Bone scaffolds with
different porosity and trabecular thickness are prepared trom the bovine femur head. Bone
scaffolds are examined with the Micro Computed Tomograph. The position of the fibroblasts
is examined as tunetion trom trabecular thickness and porosity. Most likely a critica! maximum
in porosity exists; the cells can no longer enter in the bone scaffold. Also a critica! minimum
porosity exists: when the cells will float out the bone scaffold.
Method
Each bone scaffold is measured by the Micro Computed Tomograph to obtain calculated
values on its porosity and trabecular thickness. The bone scaffold is sterilized with alcohol,
left to dry and put into 75 mi of cel I culture medium in the bioreactor. Fibroblasts are added to
this cell culture medium. After 3-5 days a viability study is performed to position the fibroblasts
on and in the bone scaffold. 8 samples of bone scaffolds are examined alphabetically
numbered (A, B, C, E, G, H, I, J).
Viability measurement on the samples is executed by staining the fibroblasts on the bone
scaffold with CTG/PI.
Aim
Test the position of the fibroblastsas tunetion trom trabecular thickness and porosity.
Results
The fibroblasts stayed well alive on bone scaffold A, C, E, G, H, I, J. The fibroblasts on bone
scaffold 8 mostly non viabie except on the flank. The fibroblasts were good attached to the
exterior of the bone scaffold. Slightly fewer cells we re found on the bottorn of the scaffold. But
the cells were relatively poor entered into the scaffold. All the pictures taken with the CLSM
are viewed and qualitative rated on how much cells were to be found on the specific plane of
the bone scaffold, total, living and dead. The rating ranges trom 0, meaning no cells found, to
5, meaning plenty cells are found. Number 3 means a normal amount is found relating to all
experiments executed. These number ratings are put into the table 1.
A relative number of living cel Is independent of concentratien of cells inoculated, independent
of days of incubation and independent of total relative number of cells in the middle of the
bone scaffold are defined. This definition is set up to remove the difference in cell seeding
concentratien and the difference due to the different length of incubation as much as possible.
The qualitative number of living cells in the middle of the scaffold is divided by the total of
cells in the middle of the scaffold divided by the number of days of incubation divided by the
qualitative number of total cells on the total scaffold times 8, to get a number around 1, times
qualitative number of living cells in the middle of the scaffold.
In tigure 50 the relative number of living cel Is independent of concentratien of cells inoculated,
independent of days of incubation and independent of total relative number of cells in the
middle of the bone scaffold is set out against the porosity and the trabecular thickness. In this
graph it is seen that there is a relation between the number of cells and porosity. The lower
the porosity, the fewer the cells in the middle of the bone scaffold, the higher the porosity, the
more cells. lt must be stated that the amount of different bone scaffolds was small. To get a
complete view on the range cell position versus porosity of bone scaffolds many more bone
scaffolds have to be scanned and incubated. Nevertheless these results give a good
impression of the re lation to expect.
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Table 1· Relative number of cells on the scaffold

.

i

'

i:

~

"'c:
·c:

c:

·c:

8

..
.g
..

:;:
:E.

Relative
numberof
cetls on top
of scatrold

iii

ö

Relative
numberof
cells on
flank of
scaffold

Relativa
numberof
cells on
botlom of
scaffold

Relative
numberof
cells in
middle of
scaffold

.,

'lS

!!'j

Ei

3

"'c: ".. ~
:~
~ -

:r~

~:i

~u~ 'i
!o; ·;
§U'B

j j

c:

"' "'ilc:
!l-

!!!
iii

0

Relativa
total
numberof
cells

r

j j
j j
j 8"' !! ~ !."2
8"' j
~ · ,!
"':~c: ". ~ :~"'c: ". ~ :2:"'c: ". ~ :~"'c: i ,lil". H
0:-:.
8
~
~
~-

:!

"'c:

~
€

I

.2:'

-~

I!!

~

1-

BONE
SCAFFOLDA

CTG/
PI

3T3

13

4

4

4

1

4

4

1

4

4

2

3

3

1

2

2

2

1.000

0.876

0.1760

BONE
SCAFFOLDB

CTG/
PI

3T3

13

4

4

2

4

4

2

4

3

4

2

4

1

4

1

1

1

0.500

0.862

0.1790

BONE
SCAFFOLDC

CTG/
PI

3T3

13

3

2

2

0

2

2

0

1

1

0

3

3

2

1

1

1

1.333

0.804

0.1900

BONE
SCAFFOLDE

CTG/
PI

3T3

13

5

4

4

1

4

4

1

3

3

2

2

3

3

2

2

1

0.800

0.901

0.1730

BONE
SCAFFOLDG

CTG/
PI

3T3

13

5

4

3

3

4

3

2

3

2

4

3

2

4

3

2

3

0.533

0.836

0.1700

BONE
SCAPFOLDH

CTG/
PI

3T3

13

5

5

4

4

5

4

4

3

3

4

4

3

4

2

1

2

0.160

0.874

0.1580

BONE
SCAFFOLD I

CTG/
PI

3T3

13

3

4

3

3

4

3

3

3

1

4

3

1

4

2

1

2

0.333

0.733

0.2230

BONE
SCAFFOLDJ

CTG/
PI

3T3

13

3

3

3

3

3

3

3

3

1

4

3

1

3

2

2

2

1.778

0.938

0. 1620

Relelive number of cells in lhe middle of lhe scaffold
vs . porosity and trabecallhickness
Experiment 13
1.000

•

0 .900

'E 0 .800

..

.É. 0 .700

:r: lil
-~
~
o ·g_ ~
1l"

~

•

•

•

0 .600
I

0.500

0 .300

••

I!!

1- 0.200

0.100
0.000

~ ~ Porosity
• Trabecular lhickness

0 .400

..

• •

-

•

+------,,-------.- - - - , -- ---i

0.000

0 .500

1.000

1.500

2.000

Relatvie number of cells in lhe middle

Figure 50: Relative number of total cells in the middle of the scaffold versus porosity and
trabecular thickness

Conclusion
The lower the porosity, the fewer the cells in the middle of the bone scaffold , the higher the
porosity, the more cells . Keeping the range of porosity used forthese experiments in mind.
The trabecular thickness does not differ enough to conclude any relation between trabecular
thickness and cel! distribution in the middle of the bone scaffold .
For the full experimental info see Addendum 1 Experiment 12.
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13

Validatien with osteoblastic cells, position tests with different trabecular thickness and
porosity

Introduetion
The bioreactor system with the bone scaffold is previously tested with culture medium and
fibroblasts . This test is to validate the study with fibroblast cell (3T3 cells) distribution in the
bone scaffold in the bioreactor with osteoblasts (SaOS-2 cells). Bone scaffolds are similarly
prepared and examined as in the previous test.
Method
Each bone scaffold is measured by the Micro Computed Tomograph to obtain calculated
values on its porosity and trabecular thickness . The bone scaffold is sterilized with alcohol ,
left to dry and put into 75 mi of cell culture medium in the bioreactor. Osteoblasts are added to
this cel i culture medium. After 4-5 days a viability study is pertormed to position the fibroblasts
on and in the bone scaffold. 4 samples of bone scaffolds are examined alphabetically
numbered (0, P, S, T).
Viability measurement on the samples is executed by staining the osteoblasts on the bone
scaffold with CTG/PI.
Aim
Validate the test of the position of the fibroblasts as tunetion trom trabecular thickness and
porosity with osteoblasts.
Results
The osteoblasts were seeded out of two different flasks . The first part of the experiment is
executed with bone scaffolds 0 and P. The amount of osteoblasts was very low. After tour
days not much cells were found on the bone scaffold. The second part of this experiment is
conducted with a larger amount of cells . On these two bone scaffolds, S and T, more cells
were found . Overall the second part of this test showed that the SaOS-2 cells attaches to the
bone scaffold in the bioreactor under the same conditions as the 3T3 cells (see figures 51 and
52) . The amount of cells to be seen is less in relation to the amount normally seen with 3T3
cells . Th is might occur due to the Jonger period to proliferate tor osteoblastic cells in contrast
to the 3T3 cells, which proliferate relatively quickly. All the pictures taken with the CLSM are
viewed and qualitative rated on how much cells were to be found on the specific plane of the
bone scaffold , total , living and dead. These number ratings are put into the table 2.
Table 2· Relative number of cells on the scaffold
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Bone scaffold P and S could not be cleaved with a surgical knife because of the low porosity.
Therefore there is no relative number of living cells independent of concentratien of cells
inoculated , independent of days of incubation and independent of total relative number of
cel is in the middle of the bone scaffold available.

52

Figure 51 : Top view (culture medium flow
entering side) of bone scaffold 0

Figure 52: Top view (culture medium flow
entering side) of bone scaffold S

Condusion
This test showed that the SaOS-2 cells attaches to the bone scaffold in the bioreactor under
the same conditions as the 3T3 cells . The amount of cells to be seen is less in relation to the
amount of cells normally seen with 3T3 cells. This could be due to the lower proliferation rate
of SaOS-2 cells.
For the tuil experimental info see Addendum 1 Experiment 13.
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Fibroblastic cell position tests with two seedings

Introduetion
Besides porosity as a parameter of cell distribution, also the cells themselves can be a
parameter. For example where a cell is attached to the bone surface of the bone scattold
another one cannot be attached , assuming that the cell cannot attach onto each other. This
would mean that if enough cells are seeded, eventually cell have to migrate into the scattold
because of the lack of space on the top of the scattold . For this reason the bone scattold are
tested with nat one but two seeding to examine if this hypothesis is correct.
Methad
Each bone scattold is measured by the Micro Computed Tomograph to obtain calculated
values on its porosity and trabecular thickness. The bone scattold is sterilized with alcohol,
left to dry and put into 75 mi of cell culture medium in the bioreactor. Fibroblasts are added to
this cell culture medium. After 8 days a viability study is performed to position the fibroblasts
on and in the bone scattold. 2 samples of bone scattolds are examined alphabetically
numbered (M , N).
Viability measurement on the samples is executed by staining the fibroblasts on the bone
scattold with CTG/CTO. The first seeded cells are pre stained with CTO befare seeded onto
the bone scattold. The second seeding is pre stained with CTG befare seeded onto the bone
scattold 4 days after the first seeding.
Aim
Test if the cell distribution increases into the middle of the bone scattold due to double
seeding of 3T3 cells .
Results
The fibroblasts used stayed well alive . The cells out bath seedings were good attached to the
exterior of the bone scattold . lt is seen that the first and the second seeded cells have
attached among each other. There is no distinct ditterenee in the place on the exterior of the
scattold were the first or the second seeded cells are positioned (see tigure 53). There is
however a ditterenee with regard to the inner part of the bone scattolds. As can be seen in
bath bone scattolds, after 8 days there are a number of cells that have entered inside the
bone scattold . These cells are only the ones out of the first seeding. This implies that nat the
number of cell seeding, but time is a parameter in positioning of cells in the bone scattold (see
tigure 54).
The picturestaken with the CLSM are viewed and qualitative rated on how much cells were to
be found on the specific plane of the bone scattold , total, living and dead. These number
ratings are put into the table 3.
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Figure 53: First seeded fibroblastic cells
(colored with CTO) lay together with the
second seeded cells (colored with CTG) at
the top view of the bone scaffold M.

Figure 54: Only first seeded fibroblastic cells
(colored with CTO) are seen in the middle of
the bone scaffold N.

Condusion
There is no ditterenee in position of the fibroblasts on the exterior of the bone scaffold due to
the double seeding .
Only fibroblasts of the first seeding enter the middle of the bone scaffold . This implies that not
the number of cell seeding, but time is a parameter in positioning of cells in the bone scaffold .
For the full experimental info see Addendum 1 Experiment 14.
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Validatien with osteoblastic cells, position tests with two seedings

Introduetion
The bioreactor system with the bone scaffold is previously tested with culture medium and
fibroblasts. This test is to validate the study with fibroblast cell (3T3 cells) distribution in
relation with double seedings in the bone scaffold in the bioreactor with osteoblasts (SaOS-2
cells). Bone scaffolds are similarly prepared and examined as in the previous test.
Method
Each bone scaffold is measured by the Micro Computed Tomograph to obtain calculated
values on its porosity and trabecular thickness. The bone scaffold is sterilized with alcohol ,
left to dry and put into 75 mi of cell culture medium in the bioreactor. Osteoblasts are added to
this cell culture medium . After 8 days a viability study is performed to position the fibroblasts
on and in the bone scaffold . 2 samples of bone scaffolds are examined alphabetically
numbered (Q, R).
Viability measurement on the samples is executed by staining the fibroblasts on the bone
scaffold with CTG/CTO. The first seeded cells are pre stained with CTG before seeded onto
the bone scaffold . The second seeding is pre stained with CTO before seeded onto the bone
scaffold 4 days after the first seeding (notice the coloring sequence is vice versa than the
previous experiment as CTG appears to be longer stable).
Aim
Validate the test if the cell distribution increases into the middle of the bone scaffold due to
double seeding of 3T3 cells with SaOS-2 cells .
Results
The amount of osteoblasts used was about the normal amount. The first cells seeded were
colored with Cell Tracker Green . The second seeding is colored with Cell Tracker Orange.
Both seeded SaOS-2 cells attached onto the bone scaffold in between each other (see tigure
55). This result is cernparabie with the results obtained using fibroblasts. There is in contrast
to the previous test no cell to be found inside the bone scaffold . This is on itself explainable
because as stated in experiment 15 time can be a parameter for the position of the cells .
Although the cells remained the same time in the bioreactor the time to divide for SaOS-2
cells is much slower as concluded in experiment 13.
The pictures taken with the CLSM are viewed and qualitative rated on how much cells were to
be found on the specific plane of the bone scaffold, total, living and dead. These number
ratings are put into the table 4.
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The PI stam1ng 1s not conducted therefore no mformat1on on the amount of dead cells 1s
available.
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Figure 55: First seeded osteoblastic cells (colared with CTG) lay tagether with the second
seeded cells (colared with CTO) at the top view of the bone scaffold

Condusion
There is no ditterenee in position of the osteoblasts on the exterior of the bone scaffold due to
the double seeding. This is the same result astheresult obtained using fibroblasts .

There are no cells to found in the middle of the bone scaffold . This is explainable because as
stated in experiment 13, the time to proliferate tor SaOS-2 cells is much slower as tor 3T3
cells .
For the full experimental info see Addendum 1 Experiment 1.
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4.2.2 Hydroxyapatite scaffold in bioreactor

16

Osteoblastic cell position tests with hydroxyapatite scaffold

Introduetion
The alternative tor bone scaffold is a manufactured piece of surrogate bone: a hydroxyapatite
scaffold. This hydroxyapatite scaffold is tested in the bioreactor system with cell culture
medium and osteoblasts. This test is to study the cell distribution in the hydroxyapatite
scaffold in the bioreactor with osteoblasts (SaOS-2 cel Is).
Methad
Each hydroxyapatite scaffold is measured by the Micro Computed Tomograph to obtain
calculated values on its porosity and trabecular thickness . The hydroxyapatite scaffold is
sterilized with alcohol, left to dry and put into 75 mi of cell culture medium in the bioreactor.
Osteoblasts are added to this cell culture medium. After 5 days a viability study is performed
to position the osteoblasts on and in the bone scaffold . 2 samples of hydroxyapatite scaffolds
are examined and alphabetically numbered (B, C) .
Viability measurement on the samples is executed by staining the osteoblasts on the
hydroxyapatite scaffold with CTG/PI.
Aim
Test the position of osteoblasts on a hydroxyapatite scaffold

Results
After approximately 20 experiments the silicon tubing pumping the cell culture medium tor
hydroxyapatite scaffold C round ruptured. On hydroxyapatite scaffold C no viabie or nonviabie cells are found . On hydroxyapatite scaffold B a small amount of cells is found on the
exterior and in the middle. This is possibly due to the open structure of the hydroxyapatite
scaffold. The scaffold is printed hexagonally and has as result of this structure open channels
trom top to bottorn where through the cells will flow.
The pictures taken with the CLSM are viewed and qualilalive rated on how much cells were to
be found on the specific plane of the bone scaffold , total, living and dead. These number
ratings are put into the table 5.
Table 5· Relative number of cells on the scaffold

nuinber of
cells

Relativa
numberof
cells on top
of scaffold

Reislive

total

Hydroxyapati
te scaffold B
Hydroxyapati
te scaffold C

CTG/
PI
CTG/
PI

SaO
S-2
SaO
S-2

16

5

2

2

0

2

2

0

16

5

0

0

0

0

0

0

.. :,~

0

0

0

1

1

0

2

2

0

0

0

0

0

0

0

1.600

0.475

0.335

0.395

0.336
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Figure 56: Top view (culture flow entering
side) of the hydroxyapatite scaffold B

Figure 57: Middle of the hydroxyapatite
scaffold B

Condusion
A small amount of cells attached to the scaffold due to the different structure.
The cells attach as well on the topside of the hydroxyapatite scaffold as in the middle
For the full experimental info see Addendum 1 Experiment 16.

4.2. 7 Overview of the experimental data on bone scaffolds

17

Overview of the experimental data on bone scaffolds

An overview of all the full experimental info obtained using the micro CT and the CLSM is put
Addendum 1 Experiment overview 17.
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5 Discussion, conclusion and recommendations
5.1 Discussion

Three parts are distinguished in this project. First, a bioreactor is developed, which was the
basic aim of this study. Second, a scaffold is obtained tor use in the bioreactor. The
development of a scaffold was not as such an aim of this study. Third, homogeneity of cell
seeding in the scaffold is studied, cell distribution, as this is an important boundary condition
tor appropriate tissue engineering.
A bioreactor was designed, based on the criteria mentioned in paragraph 3.1.2. The reactor
allows tor the use of smal! and large quantities of growth medium, continuous sampling of
medium during the culturing and stimulation of the cells with mechanica! compression and/or
fluid flow. The bioreactor is manufactured in duplo. Leak tests and sterility tests were both
negative. lt appeared that early changing of silicon parts, like tubing and strings, is
recommended within every 10 times. Preparing the bioreactor is still time consuming as all
items have to be sterilized separately and bolted together.
Random structure scaffolds tor this project are obtained trom dead bovine bone and
structurally well defined hydroxyapatite scaffolds are obtained via TNO. Bone is isolated,
sawed, precision circle sawed, treated with THF and sterilized tor the use as a biomimic
scaffold. A 1OX1 OX1 0 mm sterile bone scaffold, without bone marrow and other fatty
substances, is used to culture in the bioreactor cells onto. First the 3T3 cells are seeded onto
the scaffold to confirm that cells do attach and stay alive in cell culture medium with the bone
scaffold made. Then the bone scaffolds were incorporated in the bioreactor with 3T3 cells
over different number of days to see what the best experiment period is. Knowing this all, the
experimental use of the bioreactor started.
lt was hypothesized that the position of the 3T3 cells in the (middle of the) scaffold depends
on the trabecular thickness and porosity. Eight tests are executed with different scaffolds, all
being X-rayed to calculate the trabecular thickness and porosity. The outcome of this
experiment is, that it is likely that the more porous the bone scaffolds is the better the cells
enter the bone scaffold. When the porosity becomes to low the cells are not able to enter the
scaffold at all. As the trabecular thickness was consistent over the bones used it was
impossible to observe a dependency.
The disadvantage of using the bone scaffolds is that it is not possible to vary the porosity in a
standard way. There is a normal gradient in porosity in the bone structure as can be seen in
tigure 27, which means that no bone scaffold has exactly the porosity measured: this is an
average of an inhomogeneous structure. The second disadvantage is that the number of cells
seeded is not standard nor counted. Besides the number of cells seeded, the days of
incubation are not the same. lf one bone scaffold is seeded with half the normal number of
cells, but is incubated tor 5 instead tor the normal 3 (or 4) days, the total number of cells end
the end can be more than normaL Finally, the bone scaffold in not seeded with osteogenic
cells.
To validate the experiments executed with 3T3 cells hypothesizing that the position of the
cells in the (middle of) scaffold depend on the trabecal thickness and porosity, the same
experiments are executed with humane sarcoma osteoblasts (SaOS-2). Though the number
of experiments was 4, in general the same distribution of the cells was seen on the bone
scaffold. In the middle of the bone scaffold however practically no cells were found.
Unfortunately, this is only the result of 2 measurements, as 2 out of 4 bone scaffolds could not
be cleaved due to the low porosity. lt was also seen that the incubation time of 3-5 days tor
these osteoblasts was to short as the total number of cells was less than the experiments with
3T3 cells.
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The dependency of double seeding on cell distribution is tested. The first batch of cells was
colared with CTG befare seeding. The second cells were colared with CTO and were seeded
4 days after the first seeding. After 8 days in total the bone scaffold is viewed with the CLSM.
In the middle of the bone cells only the first cells seeded were to be found. On top of the
bioreactor both seeded cells lay together. Th is most likely means that it takes a langer period
to enter the bone scaffold regardless of the amount cells seeded.
The double seeding test is again validated with SaOS-2 cells. The same positions on the
scaffold were seen. In the middle there is no cell found, one out of two bone scaffolds could
not be cleaved due to the low porosity. This again indicates that the period of incubation is a
parameter: SaOS-2 cells grow slower than 3T3 cells.
TNO oftered a hydroxyapatite scaffold which has the advantage that the beams in the printed
hydroxyapatite have a constant diameter. Also the porosity can be easily adjusted. The use of
this scaffold is highly preferabie because geometry of the scaffold can principally be adjusted
to the needs of a specific patient. lt appeared that the hydroxyapatite scaffold well attach the
fibroblastic cells as well as the osteoblastic cells. Due to the structure the cells enter the
hydroxyapatite scaffold better than the bone scaffold. lt might be possible to optimize the
porosity of the scaffold such that optima! penetratien of cells during the seeding procedure is
obtained.
The cells on the scaffolds are stained with fluorescent agents tor viability studies. Pictures
taken with the CLSM are so called tile scans. The complete 10 mm square bone surface is
viewed using the tile scan. lt appeared that viewing the scans of the different stained cells
must be carefully interpreted. Depending on the setting, bone itself colars on the scan
vaguely. Groups of cells and cells are identified be highly colared spots.

5.2 Conclusions
In genera!, in the present study a bioreactor has been developed and successfully applied to
cell seeded scaffolds trom dead bone and trom hydroxyapatite . The cells seeded on these
scaffolds were checked on their distribution and position after several days of culture.
Specific conclusions are the following
The designed bioreactor set up is a good working tooi tor conducting experiments
regarding bone tissue engineering.
The bioreactor is leak tight for culture media and remains sterile tor at least one
week.
The bone scaffolds isolated trom a bovine femur head are good bio mimic scaffolds to
conduct experiments regarding bone tissue engineering
The cells seeded entered better when the porosity was higher, keeping in mind that a
limited range of porosity is used (trom 73.3 up to 93.8 %).
Fibroblastic 3T3 cells are good substitutes tor osteoblastic SaOS-2 cells tor cell
distribution experiments as both cell types had resembling positions on the scaffolds,
keeping in mind that fibroblastic 3T3 cells grow taster than osteoblastic SaOS-2 cells.
Double seeding the bone scaffold with fibroblastic 3T3 cells as well as double
seeding with osteoblastic SaOS-2 cells does not result in a shift of position of the first
nor the secondly seeded cells. The first seeded cells are found in the centre of the
scaffold after a 7 days culture period, while the second cell seeding does not reach
the centre after 4 days of culturing. Most likely this is a due to the elongated
incubation period.

The hydroxyapatite scaffolds are scaffolds that have the potential to conduct
experiments with regarding bone tissue engineering because of its flexibility in
printing different (gradients) of porosity and different trabecular thickness.
Fibroblastic 3T3 cells and osteoblastic SaOS-2 cells attach to the bone scaffold and
the hydroxyapatite scaffold.
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Bone cells withstand bone cleaving much better than bone sawing, possibly because
of the rough surface of the saw or because of heat development during sawing.
Bone cells are dissolved best out of the bone when 1 - 2 mg collagenase 11 is used
over a period of 24-48 hours. Using more collagenase and or over a longer will
dissolve more cells out of the bone, but will kill also more cells.
Bone scaffolds are best treated with tetrahydrofuran as this result in bone scaffolds
with good perfusion characteristics. The THF dissolves the fatty tissue between the
trabeculae without ruining the trabeculae themselves. The bone scaffolds bacomes
poreus enough so the cell culture medium can flow anywhere through the bone
scaffold.

5.3 Recommendations
The following items are research lines that could help better understanding the bone tissue
engineering process and could be studied using the currently designed bioreactor set up.
The bioreactor is designed to execute experiments with scaffolds in an incubator. The
bioreactor still can be improved. lnstalling the bioreactor is time-consuming. lt takes about 2
hours to load and unload the bioreactor (sterilizing, bolting, unbolting etc.). By reducing the
amount of bolts and using PE screw tops to close the bioreactor this will reduce time
substantially. The same is the issue for the scaffold. lt takes quite some time to jigsaw and
precision saw the bone scaffold into square cubicles. lt is easier to for instanee use a hollew
drill bit to drill out the right size scaffold.
The use of machanical loading is possible in the bioreactor but not yet used. Tested can be
what influence the mechanicalloading has on the cell distribution and activity on the scaffold.
The number of bioreactors is now 2. This means that the throughput of samples is low and
obtaining statistically reliable results takes long. A secend generation bioreactor could be
made in a set of e.g. 5 bioreactors to increase throughput.
Bone tissue engineering still depends largely on trial and error experiments, without
appropriate feedback of the process during the culturing period. Relevant questions for better
control of the process include: What do the osteogenic cells exactly need as nutrition, what
waste products are to be discarded of, which products are needed for the right ba la nee for the
right environment for bone remodelling? Better understanding of the need for particular
nutrients of the standard DMEM/HAM's F12 medium with fetal bovine serum might be
obtained from sampling medium during the time of culture and analyzing the change in
particular contents of the medium with time. At first, monitoring pH, p02, pC02, glucose and
lactate provides detail on the metabolic activity of the cells in culture. The bioreactor allows for
sampling of the medium as well as for insartion of on-line sensors.
Counting the number of cells seeded is also a good raferenee number to relate the
experimental results better. In this study the same amount of mi is seeded, but concentrations
differed approximately a decade.
The experiment using double seedings were interesting as first seeded cells did enter the
middle of the bone scaffold, while secend seeded cells did not. The question is whether this is
due to multiple seedings, to the number of seeded cells or to incubation time.
When incubation time is tested as one of the parameters nutrition concentratien in the
bioreactor has to be kept in mind. The medium is to be changed as few times as possible to
maintain the balance created by the cells. However, when to change the medium is not well
known. A good option could be to maasure a quickly depleted content of the medium and
react on this maasurement by adding the ran-out-nutrient or by changing the medium based
upon such maasurement
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When executing experiments for bone tissue engineering a standard scaffold is needed to
relate the results to standard structural parameters, like porosity and trabecular thickness.
The hydroxyapatite scaffold manufactured by TNO is a very good option. The hydroxyapatite
scaffold can be printed in a range of print thickness' (trabecalar thickness) and with different
(gradients of) porosity. lt might even be possible that a gradient of porosity is the best way for
cells toenter the (large) scaffold.
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